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ARTICLE INFO ABSTRACT
Keywords: Significant progress has been made over the years to improve the stability and efficiency of
Compositional engineering rapidly evolving tin-based perovskite solar cells (PSCs). One powerful approach to enhance the

Perovskite solar cells
Mixed cations

SnGe

SCAPS 1-D

performance of these PSCs is through compositional engineering techniques, specifically by
incorporating a mixed cation system at the A-site and B-site structure of the tin perovskite. These
approaches will pave the way for unlocking the full potential of tin-based PSCs. Therefore, in this
study, a theoretical investigation of mixed A-cations (FA, MA, EA, Cs) with a tin-germanium-
based PSC was presented. The crystal structure distortion and optoelectronic properties were
estimated. SCAPS 1-D simulations were employed to predict the photovoltaic performance of the
optimized tin-germanium material using different electron transport layers (ETLs), hole transport
layers (HTLs), active layer thicknesses, and cell temperatures. Our findings reveal that
EA.5Cs0.55n0 5Geg sI3 has a nearly cubic structure (t = 0.99) and a theoretical bandgap within the
maximum Shockley-Queisser limit (1.34 eV). The overall cell performance is also improved by
optimizing the perovskite layer thickness to 1200 nm, and it exhibits remarkable stability as the
temperature increases. The short-circuit current density (Js) remains consistent around 33.7 mA/
cm?, and the open-circuit voltage (Voc) is well-maintained above 1 V by utilizing FTO as the
conductive layer, ZnO as the ETL, CuzO as the HTL, and Au as the metal back contact. This
configuration also achieves a high fill factor ranging from 87 % to 88 %, with the highest power
conversion efficiency (PCE) of 31.49 % at 293 K. This research contributes to the advancement of
tin-germanium perovskite materials for a wide range of optoelectronic applications.
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1. Introduction

Compositional engineering (CE) is an effective approach for improving the performance of various applications, such as light-
emitting diodes, perovskite solar cells, and photodetectors. It also has the potential to create new opportunities for future optoelec-
tronic devices by increasing their effectiveness, stability, and ecological sustainability [1-4]. In the case of perovskite solar cells
(PSCs), CE is used to systematically modify and optimize the composition and/or material of ABX3, where A and B are cations, and X is
an anion in the crystal structure of perovskite materials. By changing the A, B, and X components of perovskite materials, CE can
provide desired features such as improved stability, better light absorption, and higher charge carrier mobility [5]. The A-site cation
can be modified to alter the lattice properties and crystal structure of perovskites. This allows for control over the bandgap and stability
of perovskite materials by using different A-site cations [6]. On the other hand, the B-site cation influences the electrical and optical
characteristics of perovskites. By changing the metal ions at the B-site, it is possible to customize defect formation, carrier transport,
and bandgap in perovskite materials, leading to greater stability [7].

In recent years, there has been a significant increase of interest in compositional engineering for tin-based perovskite materials,
specifically hybrid organic-inorganic tin (Sn) halide perovskites. According to Scopus statistics, there have been 2751 research articles
on Sn-based perovskite in just 5 years (2018-2022) [8]. The focus of these studies are on replacing lead (Pb) with tin (Sn) in perovskite
materials to overcome the drawbacks associated with Pb-based perovskites, particularly concerns about toxicity [9].

One of the main drawbacks of Sn-based perovskites compared to their Pb-based counterparts is their intrinsic volatility. To address
this, researchers have been exploring various approaches to increase their stability. Compositional engineering has proven to be highly
significant in this regard, as it has improved the stability of Sn-based perovskites by incorporating different A-site cations into the Sn
structure [10]. This technique also allows for control over the bandgap of Sn-based perovskite materials, making them suitable for a
range of optoelectronic devices with specific application requirements [11].

Typically, organic A-cations such as formamidinium (FA), methylammonium (MA), and caesium (Cs) are used in PSCs. However,
studies have shown that incorporating ethylammonium (EA) into the perovskite structure can result in improved power conversion
efficiencies and long-term stability [12]. EA has some unique properties that make it an interesting substitute. For example, its larger
size (2.74 A) compared to other cations can help increase the structural stability of the perovskite material. Additionally, the presence
of EA can slow down ion migration, which can improve the stability of the perovskite film. The larger size of the EA cation can also help
suppress the formation of defects within the crystal lattice, leading to longer carrier lifetimes and higher charge carrier mobilities.
These factors contribute to enhanced overall device performance by reducing recombination losses and improving charge extraction
[13,14].

In addition to Pb and Sn, germanium (Ge), which is a lighter member of group IV, can also be used to make perovskite [15].
However, similar to Sn>* materials, Ge-based perovskites have the same characteristics as Sn-based PSCs, where Ge?* is also prone to
oxidation into stable Ge**. The smaller radius of Ge (~73 p-m.) compared to Pb (~119 p.m.) and Sn (~115 p.m.) results in instability
in the ABXj3 structure [16]. Perovskites with mono-cations (A; FA, MA, Cs) and germanium triiodide (AGel3) have shown to have a
wider bandgap, ranging from 1.6 eV to 2.2 eV, respectively. However, this wide bandgap in Ge-based PSCs (FAGels>MAGel3>CsGels)
results in poor performance, with power conversion efficiency (PCE) of less than 0.20 % [17]. On the contrary, only ethylammonium
germanium triiodide (EAGel3) shows a theoretically calculated bandgap around 1.3 eV [18]. Additionally, the wide bandgap in
Ge-based PSCs is too large to successfully absorb light, making Ge-based perovskites unsuitable to be used alone. Instead, they are often
alloyed with other metals, such as Sn-based perovskites, or used as tandem perovskites via charge extraction, due to the challenges in
performance [19,20].

Alloying Ge with Sn-based materials or vice versa through compositional engineering can enhance device performance and reduce
defects [21]. When Ge is mixed with Sn-based materials, the Ge atoms can replace Sn atoms in the crystal structure. This substitution
helps prevent the formation of vacancies that can occur when Sn atoms are absent. The addition of Ge fills these vacancies, stabilizing
the crystal structure and reducing defects. Ge can also act as a substitute ion, specifically Ge?", which helps maintain the charge
balance in the crystal lattice and reduces the occurrence of charged defects [22]. Charged defects can negatively affect the electrical
and optical properties of the material [23]. By alloying Ge with Sn-based materials, the number of defects is reduced, and the crystal
lattice is stabilized, leading to improved device performance. This, in turn, improves the optoelectronic characteristics and stability of
Sn-based perovskite [22]. Additionally, compositional engineering can be used to introduce passivating agents or surface modifica-
tions that decrease trap states and prolong the lifetimes of charge carriers [24]. These approaches have been successful in enhancing
the performance and stability of Sn-based perovskite devices [25].

Interestingly, combining mixed A cations with alloyed B cations in perovskites allows for even greater control over the material
properties. These combinations can lead to improved stability, enhanced light absorption, and optimized charge transport properties
[26]. One notable example is the synthesis of mixed-cation perovskites by incorporating mixed A-cations (FAMA) into an alloyed
Sn-Ge perovskite structure. The evaluation of the perovskite materials’ electrical and optical properties using ultraviolet-visible
spectrophotometry and photoacoustic spectroscopy revealed that the materials’ bandgap values ranged from 1.40 to 1.53 eV, sup-
porting the idea that mixed A cations with alloyed B cations can be used for solar cell applications. The device’s performance improved
from 3.31 % to 4.48 % due to reduced defects and lower trap density in the perovskite material [27]. The use of mixed A cations with
alloyed B cations has demonstrated promising results in improving device performance, stability, and efficiency [28,29].

To date, a total of 42 articles on SnGe thin film have been published until 2022. Out of these, 24 % of researchers have successfully
synthesized SnGe perovskite, while 19 papers focused on theoretical calculations. However, only 3 simulation studies have been
conducted so far. The majority of studies on mixed A-cations (19 % of them) have used a combination of FA, MA, Cs, and occasionally
other materials such as ethylenediamine, phenethylamine, rubidium, potassium, and butylammonium in their theoretical,
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experimental, and simulation approaches [30].

The choice of specific mixed A and B cation combinations depends on the desired properties and performance requirements for the
intended applications. Continuous exploration of new combinations and optimization of the ratios of these cations through compo-
sitional engineering are crucial to achieving the desired balance between stability and efficiency in Sn-based perovskites. While mixed
cations offer advantages such as improved stability, careful optimization of the cation combinations and ratios is necessary to avoid
detrimental effects on the material properties. The stability and performance of mixed cation Sn-based perovskites are still actively
researches and ongoing efforts aim to further understand and optimize these systems for practical applications. However, the specific
combination of mixed A-site cations with alloyed B-site cations in perovskite has not been extensively explored. Therefore, we present
the first theoretical and numerical simulation insight into mixed A-site cations with alloyed Sn-Ge PSC, through a compositional
engineering technique.

2. Materials and methods
2.1. Crystal structure

This study describes the estimation of the crystal structure (Fig. 1) of hybrid perovskite (AxA’1.xByB’1.yX3) with mixed A cations
(formamidinium; FA, methylammonium; MA, ethylammonium; EA, caesium; Cs), mixed B cations (tin; Sn, germanium; Ge), and X
anion (iodide, I). The crystal structure is characterized using the octahedral factor and tolerance factor. The octahedral factor (Eq. (1))
and the tolerance factor (Eq. (2)) are terms used to describe the geometry of a crystal structure, particularly in relation to perovskite-
like structures.

The octahedral factor (p) measures the distortion from a perfect octahedral coordination geometry in B cations with different values
of y (0, 0.25, 0.5, 0.75, and 1). The tolerance factor (t) describes the distortion in overall perovskite structures with a value of x = 0.5.
The elemental atomic radii (r,, (Eq. (3)), rgg (Eq. (4)) and rx) are given in angstrom (f\) and can be found in Table 1 [31]. The main A
and B cations are denoted as A and B, while the doped cations are denoted as A" and B', respectively. A p value greater than 0.41
indicates a stable structure [32], and a tolerance factor (t) between 0.9 and 1 indicates that the structure is more likely to be cubic and
can form a perovskite structure [33].

h="22 )
rx
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2.2. Optoelectronic properties

Predicting the optoelectronic properties, particularly the bandgap, of mixed cation perovskite materials can be challenging due to
their complex nature. However, an empirical model is often used as an initial overview of these novel materials. In this study, a simple
linear interpolation model is adapted, assuming a linear relationship between the lattice constant and the bandgap of a mixed com-
pound based on the compositions of its constituents. This model is compared with the Shockley-Queisser (SQ) limit for Sn-based
perovskite solar cells (PSCs), which falls between 1.2 and 1.4 eV [34]. The bandgap of a mono A-cation with mixed B-cations
(ASnGels) is derived from pure materials (Table 2) using Eq. (5), while Eq. (6) is used for mixed cations (AA’SnGels) and derived from
the bandgap of mono A-cations into SnGe with x, y = 0.5. The bandgap is denoted as Eg (eV), with mono and mixed A-site cations

Q.....K\,.....G..../’ °

Fig. 1. Crystal structure of perovskite (ABX3).
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Table 1
Atomic radii of proposed materials [31].
Element Atomic radii (A)
s+ 1.15
Ge?t+ 0.73
FA* 2.53
MA* 2.17
EAT 2.74
Cs™ 1.67
I 2.20
Table 2
Pure Sn and Ge bandgap in ABX3 [18,35-38].
Sample Band Gap (eV)
FASnl; 1.4
FAGel; 2.2
MASnI3 1.3
MAGel3 1.9
EASnI3 1.17
EAGel; 1.3
CsSnl3 1.3
CsGel3 1.6

represented by A, A’ = FA, MA, EA, Cs, and mixed B-site cations represented by BB’ = SnGe, respectively [35-38].

E, (ABB,_,) =VE,(AB) + (1 - y)E,(4B) ®)

E, (A,A,_,BB) =xE,(ABB) + (1 — x)E,(A’BB’) (6)

2.3. Numerical simulation study

The simulation study [39] was conducted to verify the simulation parameters and revalidate them under the illumination of
AM1.5G spectrum, 1000 w/rnz, and 300 K (K). This was done using a one-dimensional solar cell capacitance simulator (SCAPS 1-D)
[40]. The active layer material used was caesium tin germanium triiodide (CsSnGels), and the transparent conductive layer (TCO) was
made of fluorine tin oxide (FTO). Additionally, titanium dioxide (TiO»), 2,2',7,7'-tetrakis(N,N-di-p-methoxyphenylamine)-9,9-spi-
robifluorene (Spiro-OMeTAD), and gold (Au) were used as the electron transport layer (ETL), hole transport layer (HTL), and metal
back contact, respectively. The layer thickness in the validation model was modified, and it served as the base model for the opti-
mization study, as shown in Fig. 2(a and b).

The study aimed to optimize the performance of mixed cation SnGe perovskite solar cells (PSCs) by using different electron
transport layers (ETL) such as zinc oxide (ZnO), tin (iv) oxide (SnO3), tungsten (iv) oxide (WO3), and indium gallium zinc oxide (IGZO),
as well as different hole transport layers (HTL) including copper oxide (Cuz0), poly(3,4-ethylenedioxythiophene): polystyrene sul-
fonate (PEDOT:PSS), poly(3-hexylthiophene-2,5-diyl) (P3HT), and graphene oxide (GO). The effects of active layer thickness (ALT)
ranging from 300 to 1500 nm and cells operating temperature (T) ranging from 293 to 313 K (K) were also investigated.

Table 3 to Table 7 present the initial material parameters considered in the simulation which are the front and back metal contacts
[41] (Table 3), defects [39] (Table 4), electrical properties (Table 5) and the ETL (Table 6) and HTL (Table 7) properties. These pa-
rameters were obtained from published experimental, theoretical, and simulation works [42-45]. The parameters include layer

1500 nm

50 nm E f CsSnGeli

400 nm_ _ CGM%
FM%

Fig. 2. Cell architecture. (a) Validation model, (b) base model.
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Table 3
Properties of front and back metal contact [41].
Parameter Front contact Back contact
Au
Work function (eV) 4.4 5.1
Electrons surface recombination velocity (cm/s) 1 x 10° 1% 107
Holes surface recombination velocity (cm/s) 1 x 107 1x10°
Table 4
Defect properties of reference and base model [39].
Parameter ETL/AL AL/HTL ETL AL HTL
Defect type Neutral
On 1x107"®
op 1x107%°
N, 1 x 10'2 1 x 10"
Energetic distribution Single Single Single Gaussian Single
E, 0.6 eV above highest E,
Table 5
Electrical properties of base and optimization model [39].
Parameter TCO ETL AL HTL
FTO SnO, CsSnGely AA’SnGels Cu0
th 0.15 0.05 0.3 0.3-1.5 0.05
E; 3.5 3.6 1.5 This study 2.17
X 4.4 3.9 3.9 3.2
& 9 8 28 7.11
N, 2.2 x 108 3.16 x 108 3.1 x 10'® 2 x 10"
N, 1.8 x 10%° 2.5 x 10'° 3.1 x 10" 1.1 x 10%°
pun 20 15 974 20
uh 10 0.1 213 80
Ny 1x10'® 1 x 10" 0 1 x 107
N, 0 0 1 x 10*° 1x10'®
Table 6
Properties of different ETL [41-44].
Parameter ETL
TiOy ZnO WO3 1GZO
th 0.05
E, 3.2 3.3 3 3.05
X 4 4 4.1 4.16
er 10 9 5.76 10
N, 5 x 10" 3.7 x 10'° 1.96 x 10'° 5 x 10'®
N, 5 x 10" 1.8 x 10" 1.96 x 10" 5x 10"
un 6 x 1072 100 10 15
uh 6x1072 25 10 0.1
Ny 1 x 108 1x 108 3.68 x 107 1.8 x 108
N, 0

thickness (th) in micrometres (um), bandgap (E,) in electron volts (eV), electron affinity () in eV, relative dielectric permittivity (e,) in
dimensionless units, conductive and valence band density of states (N and N,) in cm’s, electron and hole mobility (un and ph) in
cmZ/Vs, donor and acceptor concentration (N; and N,) in cm’3, defect density (N; ) in cm~3, electron and hole capture cross section
(0, and 0p) in cm’z, and energy with respect to reference (E; ) in eV.

The thermal velocity of electrons and holes for this study was set at 1 x 107 cm/s while the absorption constant used for all
materialsis 1 x 10° cm™!. The absorption coefficient (a) is given by Eq. (7), where A is absorption constant, E is photon energy and 4 is
wavelength. Similar absorption interpolation was also used in other studies incorporating mixed cations SnGe-based PSCs [46-48].

a(4)

—(4) (E _ Eg)o.s

(7)

Defects in the bulk layers and between layers (ETL/AL and AL/HTL) were also included in the cell architecture to ensure reliable



M.S. Adli Azizman et al. Heliyon 10 (2024) 29676

Table 7
Properties of different HTL [42,45].
Parameter HTL
PEDOT:PSS Spiro-OMeTAD P3HT GO
th 0.05
E, 1.6 3 1.7 2.48
7 3.4 2.2 3.5 2.3
& 3 3 3 10
N, 2.2 x 108 2.2 x 108 2 x 10% 2.5 x 108
N, 1.8 x 10%° 1.8 x 108 2 x 102! 2.2 x 1017
un 45x 1072 21 %1073 1.8 x 1073 26
uh 4.5 x 1072 2.16 x 107° 1.86 x 1072 123
Ny 0
No 1 x 108 1 x 108 1 x 108 2 x 108

conditions were observed. The best performance among the optimized materials was highlighted and compared with CsSnGels, which
served as the control variable for this study.

3. Results and discussions
3.1. Structure characteristic

To maintain charge neutrality, the cations in the A-site occupy the voids in the 3D network formed by the corner-sharing BXe
octahedra in the ABX3 perovskite structure. The stability of the BXg octahedra is determined by the octahedral factor (1), which takes
into account the ionic size limitations imposed by the X¢ octahedron. The inclusion of the B-site cation is restricted based on these
limitations [49]. An estimation of distortion in the proposed mixed B cation (SnyGe;yI3; y = 0, 0.25, 0.5, 0.75, 1) shows that a mixed
composition of Sn and Ge at equivalent concentrations and above (<50 %) can theoretically produce a stable structure with p > 0.41,
as shown in Fig. 3. The ratio of mixed Sng 5Geg 5 (rgy = 0.94 A) compounds with iodide (ry = 2.2 A) produces stable structures (p =
0.427) due to the phenomenon known as substitutional solid solution. This proves that Sn atoms can be substituted with Ge atoms in a
crystal lattice, as described by Hume-Rotary rules [50].

The stable structure of Sng 5Geg sl3 is due to the similar chemical properties of Sn and Ge, as they both belong to Group 14 in the
periodic table. They have similar configurations of four valence electrons in their highest-energy orbitals (Ge; 4s24p? and Sn; 5s25p2)
and exhibit similar bonding behaviours, such as covalent and metallic bonding. This similarity allows them to substitute for each other
in crystal structures without causing significant disruptions. Additionally, they have comparable atomic radii, which allows for easy
substitution without creating strain or distortion in the lattice. Furthermore, both Sn and Ge commonly exhibit a +4 oxidation state,
indicating their ability to maintain the same valence state. This facilitates their substitution in crystal structures without introducing
significant charge imbalances [51]. By incorporating Ge into a Sn-based crystal lattice, or vice versa, a solid solution can form,
maintaining the overall stability of the structure. This substitution can provide unique properties and allow for the tuning of the
material’s physical, chemical, or electronic characteristics, making it valuable for optoelectronics applications [27]. Therefore,
Sng 5Geo sl3 is selected as the mixed B-cations for further investigation.

0.6
\ }
x
— B 0.52 %
T 054 g
=
g o 0.48 ¥
= s
'-«' 7]
3 0.43 %
= [ e il et S | e ] | e i | i e e
S04
&
© *
0.38
0.33
0'3 T T T T
0.00 0.25 0.50 0.75 1.00

B-cation composition (y)

Fig. 3. Octahedral factor of SnGe.
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In order for the A, B, and X ions to form structures resembling perovskites, their ionic radii must satisfy the conditions for the
Goldschmidt tolerance factor (t). The formability and stability range for ABX3 perovskite structures are empirically determined based
on the ionic size limits for the relevant cations and anions. This suggests the existence of a cubic-crystalline structure in ABXs. Fig. 4
shows an AzA;.4Sng 5Geo 513 structure with A cation materials consisting of a combination of FAMA, FAEA, FACs, MAEA, MACs, and
EACs, with x at 0.5. Calculated results show that the cubic perovskite structure (t = 0.9 to 1) can be formed with MA/FA/EA doped
with CsSnGels (t = 0.93, 0.97, 0.99) respectively. Meanwhile, other compositions (FAMA, MAEA, and FAEA) have a hexagonal
structure with t values greater than 1.

Several factors contribute to the nearly cubic structure of EACsSnGels (0.99) compared to FACsSnGels (0.97) and MACsSnGels
(0.93). One factor is that the atomic radii of the EACs, Sn, and Ge cations, as well as the I anion, are relatively well-matched. This
balanced size relationship between the A-site and B-site cations, along with the X-anions, leads to minimal distortion from the ideal
cubic perovskite structure [52]. Additionally, the presence of strong ionic bonds between the A-site and B-site cations and the X-anions
is crucial for maintaining structural stability and minimizing distortion. The balanced ionic interactions help keep the atoms close
together, allowing the compound to approach a cubic arrangement [53]. Furthermore, the specific arrangement and bonding pref-
erences within the crystal lattice can contribute to the high tolerance factor [54].

The arrangement of these ions and the resulting crystal structure may facilitate a nearly cubic geometry with minimal distortion.
However, other factors such as temperature, pressure, and chemical composition can also influence the tolerance factor and the
resulting crystal structure [55]. Further experimental validation and advances in computational modelling can provide additional
information on the specific factors contributing to the tolerance factor of 0.99 in EACsSnGels.

3.2. Optoelectronic properties

Vegard’s Law can be used to estimate the relationship between the lattice parameter and the composition of a solid solution. It can
also be used to infer certain optoelectronic properties, especially in the case of alloyed perovskite materials [56]. The bandgap energy
of a material determines the range of wavelengths of light it can absorb or emit. In the case of new alloyed perovskites and limited
experimental data, Vegard’s Law can provide an initial estimate of the bandgap energy based on the composition of the proposed
materials [57]. By considering the calculated tolerance factor in doped CsSnGels into FA, MA, and EA, the structure of perovskite can
be resembled. The bandgap predictions of EACsSnGels, FACsSnGels, and MACsSnGels are tabulated in Table 8, which describes the
theoretical estimation of mixed cations SnGe from pure single Sn and Ge mixtures.

The material EACsSnGels has a bandgap of 1.34 eV, which falls within the optimal range suggested by the Shockley-Queisser (SQ)
limit for Sn-based perovskite materials. This indicates that the material has good light absorption properties and has the potential to
efficiently convert solar energy. The SQ limit is a theoretical upper limit for the efficiency of a solar cell, and it states that the maximum
efficiency is achieved when the bandgap of the material matches the energy of photons in the solar spectrum [58]. For Sn-based
perovskites, a bandgap of around 1.2-1.4 eV is considered optimal because it allows for efficient absorption of visible light and a
significant portion of the solar spectrum [59].

The fact that the theoretical bandgap of EACsSnGels falls within the optimal range suggests that it is well-suited for absorbing
sunlight and converting it into useable energy. This also indicates that EACsSnGels has the potential to be used in photovoltaic ap-
plications, where it can effectively capture and convert solar energy into electricity. Due to its advantageous bandgap for maximizing
energy conversion efficiency, EACsSnGels is chosen as the perovskite active layer in the following simulation analysis.

1.1
[
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Fig. 4. Tolerance factor of mixed cation SnGe.
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Table 8
Estimated bandgap of mixed cation SnGe
Single A-cation Mixed A-cation
Mixture Estimate Bandgap (eV) AA’SnGels Estimate Bandgap (eV)
FASnGels 1.80 FACs 1.63
CsSnGels 1.45
MASnGels 1.60 MACs 1.53
CsSnGels 1.45
EASnGels 1.24 EACs 1.34
CsSnGels 1.45

3.3. Base modelling

The simulation configuration of the n-i-p structure (FTO/ETL/EACsSnGel3/HTL/Au) for the optimization study of solar cells is
shown in Fig. 5. The initial photovoltaic (PV) characteristics of the selected perovskite material, FTO/TiO2/EACsSnGels/Spiro-
OMeTAD/Au, show improved performance in terms of short-circuit current density (Jsc; 27.22 mA/ cmz), fill factor (FF; 86.84 %), and
power conversion efficiency (PCE; 24.25 %) compared to CsSnGels (Jsc = 19.08 mA/cmZ, FF = 79.65 %, PCE = 16.99 %). However,
the open circuit voltage (Voc) decreases by 8.04 % from 1.12 V to 1.03 V for CsSnGels and EACsSnGels, respectively, as shown in the
current-voltage (I-V) curve (Fig. 6). The decrease in Voc for EACsSnGels is expected due to the increase in Jsc, as both parameters scale
logarithmically and as the result of the broadening of absorption spectrum (Fig. 7) with the addition of an EA and Ge into Sn-based
active layer. Generally, the introduction of a mixed component with broaden and redshifted absorption spectra can potentially
reduce Voc with enhance the Jsc [60]. Nevertheless, the Voc is considered to be in good agreement for perovskite solar PV (1.0-1.2 V)
compared to single and multi-crystalline silicon cells (0.58-0.7 V) [61].

Table 9 tabulated the type of band offset obtained between ETL/HTL and AL. Generally, there are three type of band offset which is
cliff, flat, and spike. These shapes are influenced by the valence band offset (VBO) between the HTL/AL layer and the conduction band
offset (CBO) between the ETL/AL and calculated using Eq. (8) to Eq. (9) [62].

CBO=xu — Xerimm @®

VBO = (7, + Egar) — <)( erimmL t EgETL/HTL) (©)]

Majority of proposed ETLs has cliff band offset for both conduction band and valence band expect for SnO (flat CBO and cliff VBO).
Meanwhile, Cup0 has spike CBO and cliff VBO while other HTLs owned spike band. Various materials have different energy levels at
different positions, poor band alignment is likely to occur at the heterojunction contact [63]. In particular, the charge transport and
device performance may be impacted by the CBO and/or VBO, which is defined as the conduction/valence band difference between an
absorber layer and an n-type layer due to the discontinuous band [64]. The interface band alignment is classified into three types based
on the difference’s energy of CBO/VBO: flat-band (CBO/VBO = 0), spike (CBO>0, VBO<0), and cliff (CBO<0, VBO<O0). The flat-band
offset means no band offset and consequently no barrier for the transport of generated electrons or holes (charge carrier). The spike
band will prevent recombination at the interface. However, broad spike type (CBO>0.3) may block the interface carrier transport at
ambient temperature. On the other hand, cliff band will increase and facilitate faster recombination at the interface [62,64]. For

Energy (eV)

ETL HTL

Fig. 5. Cell configuration.
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Type band offset of proposed ETL/HTL and absorber

Layer CBO (eV) VBO (eV) Band Type (CBO/VBO)
SnO, 0 2.26 Flat/Cliff
TiO, -0.1 1.96 Cliff

ZnO -0.1 2.06 Cliff

WO;3 -0.2 1.86 Cliff

I1GZO -0.26 1.97 Cliff

Cu,0 0.7 0.13 Spike/Cliff
PEDOT:PSS 0.5 -0.24 Spike
Spiro-OMeTAD 1.7 —0.04 Spike
P3HT 0.4 —0.04 Spike

GO 1.6 —0.46 Spike

thin-film solar cells, a flat-band or spikes band is usually preferred as the photogenerated holes go towards the back electrode instead of
the n-type layer, which means that the valence band discontinuity between an absorber layer and an n-type layer is less significant [64,

65].

The ETL and HTL are responsible for transporting electrons and holes from the perovskite layer to the electrode. They should have
appropriate energy levels and good electron and hole mobility. An ETL/HTL with a higher electron affinity or lower energy level
compared to the perovskite layer can help extract electrons/holes efficiently and reduce energy losses, resulting in a higher Voc [66,
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67]. Additionally, the quantum efficiency (QE) of selected materials is also observed, showing a broader range of light wavelengths up
to 920 nm compared to CsSnGels (820 nm) as shown in Fig. 7. The broadened visible light capture range in EACsSnGels contributes to
improved power conversion efficiency (PCE), enhanced performance in different lighting conditions, and better utilization of available
light [68].

3.4. Performance with different ETL and HTL

In perovskite solar cells, the Voc can be affected by various factors, including the energy levels and properties of the charge
transport layers. These layers include the ETL and HTL. By carefully selecting and engineering these layers, it is possible to compensate
for Voc losses and improve the overall cell performance [69]. Different ETL materials can have significant effects on the performance of
these devices, such as electron injection efficiency and mobility, energy level alignment, optical properties, stability, and durability
[70,71]. Instead of using typical ETL materials like TiOy, ZnO, SnO3, and WOs3, IGZO is used in FTO/ETL/EACsSnGels/Spir-
0-OMeTAD/Au, and the photovoltaic performance is analysed as shown in Fig. 8.

The comparison of PV performance between all ETLs shows that ZnO exhibits better performance in EACsSnGels cells. In terms of
Jsc, all ETL materials displayed nearly identical values at 27 mA/cm?, and the Voc was closest between SnOs, TiO5, and ZnO, with the
highest Voc recorded at 1.0425 V (SnOy), surpassing the typical ETL (TiOg; 1.027 V), and the lowest Voc recorded by WO3 (0.8313 V).
All ETL materials also show excellent fill factor (FF) above 80 %, with ZnO having the highest FF (88.12 %), contributing to improved
power conversion efficiency (PCE; 24.84 %) compared to others. Key properties in ZnO enable effective charge extraction and
minimize energy losses at the ETL interface. Additionally, ZnO has a wide bandgap of around 3.3 eV, making it transparent to visible
light and having relatively high electron mobility, which facilitates efficient charge transport in the device, making it a suitable
material for optoelectronic applications [72]. Furthermore, the offset of the conduction band (CB) of ZnO (—4.0 eV) with EACsSnGels
(—3.9 eV) indicates a favourable energy level alignment for efficient electron extraction from the perovskite layer to the ZnO layer
[73]. In this case, ZnO can potentially serve as a good ETL for the EACsSnGels layer.

The HTL in perovskite solar cells, similar to the electron transport layer, plays an important role in facilitating efficient extraction of
holes, preventing recombination, and optimizing charge selectivity. The choice of HTL material and its properties can have a sig-
nificant impact on the performance, efficiency, and stability of the device [71]. In this study, a cell consisting of FTO/Z-
nO/EACsSnGel3/HTL/Au is examined using different organic HTLs, namely Spiro-OMeTAD, PEDOT:PSS, and P3HT, as well as
inorganic HTLs, such as CuzO and GO.

Fig. 9 shows the results of comparing different HTLs. Spiro-OMeTAD, P3HT, and CuyO all had a similar Jsc (approximately 27 mA/
cm?) as the ETL. On the other hand, PEDOT:PSS and GO had nearly identical Jsc of 0.9 mA/cm?. Interestingly, P3HT had the highest FF
of 88.18 % and a promising PCE of 25.19 %, surpassing Spiro-OMeTAD. P3HT is known to have a relatively high FF compared to other
organic HTLs due to better carrier extraction and hole mobility. However, its PCE is lower than Cuy0, possibly due to poor physical
contact with the perovskite and a higher highest occupied molecular orbital (HOMO) energy level [74]. Additionally, PEDOT:PSS and
GO showed low performance in terms of PCE, Jsc, and Voc compared to other HTLs. This suggests efficient hole transport and
extraction, as both materials have a higher valence band (VB) energy level at —5.0 eV and —4.78 eV, respectively, compared to
EACsSnGels (—5.24 eV).

By using Cuy0 as a HTL, the PCE is improved to 25.23 % compared to the typical Spiro-OMeTAD (24.84 %) and is also the highest
among other materials. Cuz0 has shown promise as an HTL material in photovoltaic devices, offering advantages over perovskite.
Several studies have demonstrated that Cuy0 effectively enhances the performance of PSCs. Cup0 as an HTL exhibits high PCE due to
efficient hole extraction and transport, which reduces recombination losses and improves charge collection. Additionally, the use of
Cu20 as an HTL results in a longer voltage diffusion length, indicating improved charge carrier migration within the device [75-77].

Furthermore, Cu0 has a valence band (VB) at —5.37 eV, slightly lower than EACsSnGel3. This lower VB facilitates efficient hole
extraction and transport, minimizing recombination and enhancing device performance [78]. These studies collectively provide
substantial evidence for the utilization of CuyO as an HTL, supporting its potential to achieve high PCE, long voltage diffusion, and a
favourable VB compared to perovskite. It is important to note that further research is still needed to explore the full potential of Cuz0 as
an HTL material in EACsSnGels and to validate its applicability in various device architectures and conditions. Considering the findings
from this study, CusO emerges as a promising candidate for HTL applications, paving the way for advancements in PV technology,
especially for narrowed bandgap perovskites.

3.5. Effects of EACsSnGels layer thickness

The thickness of the active layer has a significant impact on the performance, efficiency, and stability of optoelectronic devices,
such as PSCs. It is crucial to optimize this parameter in order to maximize light absorption, promote charge transport, and ensure
structural integrity [79]. In this study, a configuration of FTO/ZnO/EACsSnGels (0.3-1.5 pm)/Cu0/Au was used to investigate the
effects of perovskite thin film thickness. The results, shown in Fig. 10 (offset 65 mA/cm? on y-axis) and Table 10, indicate that as the
thickness of the active layer (AL) increases, the overall PV performance also increases until it reaches 1200 nm. After that, there is a
slight drop in Voc, but it is not significant (<0.01 %). Meanwhile, the FF remains above 88 % until a maximum thickness of 6000 nm.
Interestingly, the PCE dramatically increases to 29.48 % with just an additional 300 nm of thickness (>16 % increment) from the initial
thickness. This demonstrates that the thickness of the active layer has a significant effect on the performance and efficiency of the solar
cell.

The main reason for this performance is the efficient capture of light across a wide range of wavelengths, as shown in Fig. 11(a). The
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Jsc and QE steadily increase up to a thickness of 6000 nm, indicating that the optimization of light absorption and charge production
processes depends on the thickness of the perovskite layer. The high PCE of 31.73 % (6 pm) is achieved by increasing the thickness,

which allows for more photons to be absorbed and increases the current output [80]. This study highlights the potential for PSCs with
optimized thickness to achieve high efficiency levels, making them practical for real-world applications in the renewable energy sector.
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Table 10
Calculated PV performance in active layer
AL thickness (nm) Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
300 (initial) 1.0410 27.4995 88.14 25.23
600 1.0446 32.0239 88.12 29.48
900 1.0453 33.2963 88.11 30.66
1200 1.0454 33.7958 88.11 31.13
1500 1.0453 34.0385 88.11 31.35
6000 (max) 1.0426 34.5235 88.11 31.73
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Fig. 11. (a) QE curves of initial, optimized and maximum thickness, (b) Photovoltaic performance of varied thickness.

The increase in captured light at the maximum wavelength (920 nm) from 20.36 % to 58.89 % as the perovskite layer thickness in-
creases from 300 nm to 1200 nm indicates improved light-trapping and reduced reflection losses. A large fraction of the incident light
is absorbed within the active layer, minimizing losses due to reflection or transmission [81]. The optimum thickness of 6000 nm results
in an impressive absorption of 93.69 % of the incident light, maximizing the utilization of photons for efficient energy conversion.

The observed trend in quantum efficiency (QE) highlights the importance of optimizing the thickness of the perovskite layer to
achieve high efficiency across a wide range of wavelengths. The thickness-dependent QE behaviour is influenced by factors such as the
perovskite bandgap and absorption spectrum [82]. A maximum thickness of 6000 nm allows for effective light absorption in the visible
and near-infrared spectrum, resulting in a higher QE. However, it is important to note that increasing the thickness beyond this
optimized value may have negative effects on photovoltaic (PV) performance, such as higher charge recombination or deteriorated
film quality.

Combined PV performance (Jsc, Voc, FF, PCE) versus active layer thickness is also shown in Fig. 11(b) to justify the selection of
active layer thickness at 1200 nm. The results show that the thickness of the absorber layer has influence on PV parameters. At 0.3 pm
and 0.6 pm, respectively, absorber layer thickness drops an FF from 88.14 % to 88.12 % respectively before relatively saturated beyond
0.9 pm. The measured value of Voc is 1.041 V at 0.3 pm, climbs to 1.0454 V at 1.2 pm, and then continuously to decline to 1.0426 V at
6 pm. The rise in dark saturation current is believed for the drops in Voc with thickness as a result of increase in charge carrier
recombination [83]. Meanwhile, Jsc rises linearly until the absorber thickness reaches 0.9 pm, at which point it almost reaches
saturation with a rising absorber thickness resulting more electron-hole pairs are created in the perovskite, which increases PCE and
accounts for the significant rise in Jsc from initial absorber thickness [84]. The degree of a solar cell can extract carriers from incoming
photons of a specific energy is indicated by its quantum efficiency. As also can be seen from Fig. 11(a), there is less photon absorption
and photogenerated electron-hole pairs within the absorber layer at longer wavelengths, due to the decrease in absorber thickness
[39]. With a 1.2 pm thick perovskite layer, the best-performing device ultimately has Jsc of 33.7958 mA/cm?, PCE of 31.13 %, FF of
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88.11 %, and Voc of 1.0454 V. Therefore, a thickness of 1.2 pm is selected for optimizing cell conditions at different operating
temperatures.

3.6. Effects of different temperatures in optimized cell

The researchers evaluated the performance of perovskite solar cells (FTO/ZnO/EACsSnGels/Cuz0/Au) in different environmental
conditions to determine their practical usability. They specifically studied how the optimized cells performed and remained stable at
various temperatures ranging from 293 K to 313 K during realistic operation [85]. It was found that temperature has an impact on the
performance of perovskite solar cells, as indicated by the data in Table 11 and Fig. 12.

The production of photocurrent in the cell remains steady as the temperature increases. This is supported by the Jsc, which is
maintained at 33.7 mA/cm?. This suggests that the EACsSnGels PSCs efficiently convert incoming light into electrical current due to
the cell’s absorption capabilities. Additionally, the Voc achieved a potential difference of more than 1 V, which is consistent with the
rising temperature. This indicates that the energy levels inside the perovskite cell are well-maintained, allowing for effective charge
separation and the generation of a significant voltage difference [86]. The FF also remains consistent at 87 %-88 % as the temperature
increases, suggesting that the cell’s ability to receive and transfer charge carriers remains unchanged. The quality of charge extraction
and minimizing losses within the device are important factors that determine the overall efficiency of a solar cell [87].

The decrease in PCE from 31.49 % to 30.52 % as the temperature rises indicates a decrease in overall performance. This decrease in
PCE may be due to increased carrier recombination, which occurs more frequently at higher temperatures and leads to a loss of
produced photocurrent [88]. Additionally, the reduced efficiency may also be caused by changes in ionic motion and heat deterio-
ration of the perovskite material [89]. It is worth noting that the decline in PCE in this specific cell (FTO/ZnO/EACsSnGels/Cu0/Au)
is minimal, and the cell can still achieve high efficiencies above 30 %. Absorber layer thickness and band offset between electron
acceptor and donor layer has optimized the cell’s PV performance. The ideal thickness of the light absorber was found to be 1.2 pm,
combined with cliff band offset at ZnO/AL interface with combination of cliff/spike (CB/VB) at AL/Cuy0 has considerably improved
the PCE, leading to a remarkable result of nearly 31 % as shown in Fig. 13.

4. Conclusion

The investigation into the effectiveness of various mixed cations in alloyed SnGe-based perovskite materials, configured with
different electron transport and hole transport layers, has shown improved performance for Sn-based PSCs through compositional
engineering. Additionally, the optimization of the active layer thickness and cell temperatures has also been examined. The initial
evaluation of the crystal structure and optoelectronic properties indicates that EAg 5Csg 5Sng 5Geg sIs has a nearly cubic perovskite
structure with a tolerance factor of 0.99 and an appropriate bandgap within the Shockley-Queisser limit for Sn-based perovskite (1.34
eV). The PV performance of Jsc, Voc, FF, PCE, and QE was further examined using the SCAPS 1-D simulator.

The solar cell, configured with FTO/ZnO/EACsSnGel3/Cuy0/Au, was optimized at a temperature of 293 K with a perovskite layer
thickness of 1200 nm, demonstrating remarkable stability in terms of Jsc and Voc. The cell’s ability to produce photocurrent was
shown to be unaffected by temperature changes, as Jsc remained unchanged at 33.7 mA/cm?. The achieved Voc of 1 V also indicates
that the energy levels inside the perovskite cell were well-maintained, allowing for effective charge separation. Additionally, the FF
between 87 % and 88 %, with a PCE increase from the initial configuration of 24.25 % to an optimum condition of 31.49 % at 293 K,
shows that these solar cells have successfully collected and transported charge carriers. However, experimental validation is essential
to assess the accuracy of models, verify assumptions, identify discrepancies, refine parameters, and provide a robust foundation for
further research and development.
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Table 11

PV performance in different temperature
Parameter 293 K 298 K 303K 308 K 313K
Voc (V) 1.0532 1.0476 1.0421 1.0362 1.0302
Jsc (mA/cm?) 33.7928 33.7949 33.7970 33.7991 33.8010
FF (%) 88.4852 88.1695 88.0713 87.9392 87.6391
PCE (%) 31.4930 31.2143 31.0201 30.7999 30.5189
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