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conditions to model semiconductor device behavior. The optimized
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10?° cm—3)—were systematically optimized to suppress recombination
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enhance electrical conductivity and reduce interfacial defects, thereby
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External factors such as temperature, series resistance (Rs), and shunt
resistance (Rsh) were analyzed, showing a 10.92% PCE loss, 13.16%
PCE loss, and 17.74% gain in PCE at increased temperature, Rs, and
Rsh, respectively. This work, thus, highlights the potential of Li-TiO;
as a high-performance ETL and the potential of Ge-based PSCs,
offering a pathway toward eco-friendly, cost-effective photovoltaic
technologies. The results provide critical insights for future
experimental validation and device optimization
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1. Introduction

The field of perovskite solar cells (PSCs) has witnessed tremendous progress, yielding substantial
enhancements in critical aspects such as power conversion efficiency, environmental sustainability,
and the potential to supplant traditional fossil fuel-based energy sources [1-3]. Furthermore, PSCs
have garnered significant attention due to their remarkable characteristics, including superior carrier
diffusion lengths, high optical absorption coefficients, cost-effectiveness, enhanced charge carrier
mobility, low exciton binding energies, tunable bandgaps, and reduced defect densities [4]. Kojima
et al. [5] first designed and implemented a PSC device with a turnover output of 3.8%. In just over
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a decade, the PCE has transformed to exceed 26% [1], positioning PSC as a candidate for the next
generation of photovoltaics.

The exceptional properties of metal halide perovskites are overshadowed by concerns about toxicity
associated with lead, hindering their widespread adoption [6]. This has fueled an ongoing search for
non-toxic, high-efficiency photovoltaic materials. Tin and Germanium halide perovskites have
emerged as promising lead-free alternatives, leveraging the similar electronic characteristics of tin
(Sn) and germanium (Ge) with lead (Pb) (7,8). Sn>" and Ge** both have an ionic radius smaller than
Pb?" with that of Sn?*" as (1.35 A), Ge?" as (0.73 A), and Pb>" as (1.49 A), so when Sn** and Ge?*
replaced Pb** as divalent cations, there will not be distortion in the perovskite crystal structure [9—
11]. The ionic radius of Sn*" and Pb*" is bigger than that of Ge**, which means that Ge-based
perovskites have higher conductivity than Pb-based and Sn-based perovskites. Furthermore, Sn and
Ge-based perovskites offer distinct advantages, including a tunable direct bandgap and exceptional
solar energy absorption capabilities [6]. Among these alternatives, MAGels perovskites, notable for
their remarkable dielectric properties and mechanical flexibility, remain a relatively underexplored
option in the field. A novel hybrid organic-inorganic germanium perovskite, MAGels, has shown
great promise due to its tunable bandgap and simple synthesis via solution processing [12]. This
material exhibits enhanced optical and electronic properties, as well as improved charge carrier
dynamics, particularly in terms of hole mobility, surpassing that of other perovskite materials [13—
15]. Furthermore, germanium's inherent thermal stability, maintaining its integrity up to 150°C,
makes it an attractive choice for various perovskite solar cell applications [15]. The unique
combination of properties in germanium-based perovskites may potentially lead to the development
of more efficient and environmentally friendly solar cells in the future.

Researchers have explored the properties and potential of germanium-based perovskites in solar cell
applications. For instance, a study investigated the impact of thickness, defect concentration, and
dopant concentration on the performance of CsGels-based perovskite solar cells (PSCs) [16]. In
another breakthrough, researchers successfully fabricated CsGels-based PSCs, achieving a power
conversion efficiency (PCE) of 0.11%, although Ge** oxidation during fabrication posed a challenge
[17]. Furthermore, investigations have been conducted on the optoelectronic, thermodynamic, and
mechanical properties of RbGels perovskites, examining the effects of various exchange correlations
[18]. Additionally, researchers have explored the use of different hole transport materials (HTM)
and electron transport materials (ETM) in conjunction with RbGels as the light-absorbing layer [5].
Also, Jan and Noman [19] explored the potential of MAGels perovskite cells with novel charge
transport material optimization and obtained proposed structures, TiO2/Per/CuAlO: and
SnO»/Per/CuAlO;, with the highest PCEs of 25.08% & 25.43%, respectively. In another study by
Ekwu et al. [7], a PCE of 3.6% was reported by varying the absorber and ETL thickness. Deepthi et
al. [20] achieved a remarkable PCE of 12.98%. Their result was achieved by combining a variety
of ETL and HTL materials, along with the SCAPS-1D simulation tool. Recent theoretical
investigations have demonstrated the potential of Germanium-based Perovskite Solar Cells (Ge-
PSCs) to achieve power conversion efficiencies (PCEs) exceeding 15% [19]. To further enhance
the performance of Ge-PSCs, researchers have identified the selection of appropriate charge
transport layers (CTLs) as a crucial strategy [15,19]. The CTLs comprise two distinct components:
the hole transport layer (HTL) and the electron transport layer (ETL), each playing a vital role in
facilitating efficient charge transport [21].

The exclusion of an ETL in various solar cell designs has resulted in subpar PCEs compared to
planar PSCs incorporating an ETL [12,13]. Titanium dioxide (TiO2) has emerged as a preferred
ETL material due to its exceptional charge transfer and collection capabilities, as well as its
compatible conduction band alignment with perovskite materials. Furthermore, TiO, has a wide
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bandgap, high stability, electron mobility, and transparency in the visible spectrum, facilitating
efficient electron transport and enhanced PCE.

However, the application of TiO2 ETLs in PSCs is hindered by limitations such as poor conductivity
and a high defect density, leading to carrier recombination [21-24]. To address these challenges,
researchers have explored strategies to enhance TiO2 ETL performance, including doping, nano
structuring, and interface engineering [25-27]. Specifically, introducing a small amount of extrinsic
lithium (Li) impurity has been shown to improve TiO:'s electrical conductivity [28-30]. The
substitution of Li* ions for Ti*" ions at lattice positions, facilitated by the larger ionic radius of Li”,
enables the TiO2 ETL to function as an additional dopant, enhancing conductivity while preserving
transparency [21,29,30]. To the best of our knowledge, there is rarely or no information in the
literature about planar Pb-based HTL-free perovskite solar cells with modified Li ETL by device
simulation; hence, it was utilized in our present study.

With regard to the costly, commonly used Spiro-OMeTAD, which has brought limitations to the
commercialization of PSC technologies, it has been used constantly as the HTL layer in extremely
competitive PSCs [21,31]. This organic molecule is, however, expensive due to challenging
synthesis procedures and strict purity requirements, and they are especially vulnerable to
degradation in moisture and air. Organic HTL materials are chemically detrimental to perovskite
absorbers, they are unable to sustain a long-lasting superior efficiency [22]. Additionally,
eliminating the HTL can provide insights into the fundamental properties of the perovskite layer
itself, leading to a better understanding of the intrinsic properties of the absorber layer and its
interaction with the ETL while minimizing the complexity introduced by the HTL [8]. The structure
can help address challenges related to interface engineering, charge extraction, and recombination
mechanisms by having a reduced number of discontinuous interface layers, a strategy that can lessen
recombination and improve device efficiency and stability. HTL-free PSCs, which have a simple
structure, a cost advantage, and enhanced stability, can solve the issues that have put restrictions on
the commercialization of PSC technologies [8]. Etgar et al. [32] developed the first PSC without
HTL, in which a Pb-based perovskite absorber served as both a light-collecting component and a
hole-transport component. 5.5% PCE was attained in their structure. Although it is lower than that
of PSCs with HTL, the best recorded PCE for Pb-based HTL-free PSCs 1s 15.56% [33], which was
accomplished by substituting Multi-Wall Carbon Nanotubes (MWCNTs) for Au as the counter
electrode. To the best of our knowledge, mesoscopic Ge-based HTL-free perovskite solar cells with
improved charge extracted ETL have not or scantly been reported in the literature.

In this paper, the MAGels-based PSCs have been focused upon. To enhance the efficiency of the
PSC, Li-doped TiO; was utilized as ETL. This study's primary aim is to identify a dependable and
efficient MAGelz-based solar cell through numerical simulations, serving as an initial assessment
before engaging in resource-intensive experimental characterization processes. The investigation
systematically explores the impact of MAGels absorber layer thickness, carrier (donor/acceptor)
density, and defect density, as well as the influence of ETL thickness on the overall design.
Additionally, the study extends to the effects of operating temperature, series resistance, and shunt
resistance on the electrical parameters of the optimized cells, along with the corresponding quantum
efficiency. This comprehensive exploration aims to identify parameters contributing to potential
shortcomings in Ge-based solar cells and propose viable solutions. The proposed architecture is
illustrated in Fig. 1. The simulations, conducted using SCAPS-1D, are validated by comparing
results with the literature. These validated simulation outcomes provide valuable insights into the
potential of Ge-based PSC in contemporary photovoltaic and optoelectronic devices, highlighting
their environmentally friendly characteristics.
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2. Methodology

2.1 Theoretical methods and device simulation

In this study, a Solar Cell Capacitance Simulator (SCAPS-1D) software was utilized for the
simulation [34]. The SCAPS-1D tool is based on Poisson and Continuity equations, which are
illustrated in Equations [1-3].

dp, . Py~ Puw _ dE _ _dp, d’p, (1)
T A e A
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dt ! T, e T e T g @
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Where N, (x) represents ionized acceptor doping concentration and N, (x) denotes ionized donor
doping concentration. The trapped holes are p,(x), while the free electrons are n(x) . Finally, the
free holes are p(x) . The direction along the thickness is x, the coefficient of diffusion is D, the rate
of generation is G, electric force field is E, the charge of electron is q, £ permittivity and ¥ is the
electrostatic potential.

The SCAPS-1D software has advantages over other simulation tools (SILVACO ATLAS, AMPS,
COMSOL, etc.) [1,21], which include (i) the ability to simulate up to seven various layers without
routine measurements, (ii) calculation of many parameters such as spectral response, energy bands,
ac characteristics, J-V curve, Q-E curve and defect density, by just solving three basic equations of
semiconductor (1). For the simulation to be effective, the layer’s parameters must be chosen with
precision from experiments and literature. The details for each layer are shown in Table 1 [1,11].
Additionally, Table 2 provides the interfacial defect layers' input parameters.

In the current work, the perovskite absorber layer is regarded as the p-region and the TiO2 ETL as
the n-region of the Ge-based perovskite HTL-free device. The transparent oxide here is represented
as fluorine-doped tin oxide (FTO) and gold (Au) as the back contact for the device. After a
successful investigation, a Li-TiO2-based ETL with the same thickness as TiO2 is used in place of
the TiOz-based ETL. Figure 1 shows the schematic layout of the device. The work function (Wr) of
front and back contacts are 4.40 eV and 5.10 eV. The scanning voltage is from 0-1.5 V, the operating
temperature was at 300 K. The simulation evaluation is completed under 100 mW/cm? light
intensity. The simulations in this study were conducted under steady-state conditions using a one-
dimensional planar geometry, assuming no photon recycling or Auger recombination processes.

Defect distributions were uniform throughout both the bulk materials and the interfaces. Ideal ohmic
contacts were assumed at the fluorine-doped tin oxide and gold electrodes, with no Schottky barriers
unless explicitly stated. All material parameters, including carrier mobility and lifetimes, were
treated as temperature-independent except in simulations where temperature effects were
specifically evaluated. The perovskite absorber layer, MAGels, was modeled as a p-type material
with high hole mobility, enabling the exclusion of a hole transport layer. Furthermore, lithium
doping in titanium dioxide was assumed to enhance electrical conductivity and reduce trap-assisted
recombination, without significantly affecting the material's optical transparency.
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Perovskite absorber
TiO; and Li-TiO2

illumination
Figure 1. Schematic of the device

Table 1: SCAPS-1D parameters for simulating the structure of perovskite solar cells

[2,3,16,19,20]
Parameters FTO TiO2 Li-TiO> Absorber
Thickness (um) 0.4 0.05 0.05 0.8
Eg (eV) 3.5 3.20 3.0 1.9
¥ (eV) 43 42 42 10
€& 9.0 10.0 13.6 3.98
Nc (em™) 2.2x10"%  2.2x10'®  3.0x10'® 1x10%
Nv (em™) 1.8x10°  2.2x10®  2.0x10"Y 1x10%
fn (em? V717 20 20 2x104 162x1072
pp (cm? V71s 10 10 3x10° 101x1072
Electron thermal velocity (cm/s) 1x107 1x107 1x107 1x107
Hole thermal velocity (cm/s) 1x107 1x107 1x107 1x107
No (em™) 1x10'8 1x10" 1x10% 1x10°
Na (em™) 0 0 0 1x10°
Nt (em™) 1x10% 1x10% 1x10M 1x10M
Table 2: Parameters of interface layer
-
interface
Defect type Neutral Neutral
Cross section for electrons (cm?) 1x1071 1x10°"°
Cross section for holes (cm?) 1x1071 1x10°"°
Energetic distribution Gaussian Single
Energy level with respect to Ev (eV) 0.600 0.650
Characteristic energy (eV) 0.1 0.1
Total density (cm™) 1x10' 1x10'°

3. Results and Discussion

The simulation results obtained using SCAPS-1D demonstrate the potential of using lithium-doped
titanium dioxide (Li-Ti0O;) as an electron transport layer (ETL) in MAGels-based hole-transport-
layer (HTL)-free perovskite solar cells (PSCs). The study systematically investigated the effects of
key parameters such as thickness, defect density, doping concentrations, and resistance on device
performance. In this section, the results are elaborated and their influence on the observed trends
discussed.
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3.1 Analysis on TiO2 and Li-TiO2 ETL-based devices
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Fig. 2: (a) J-V curve under illumination and in the dark for devices with TiO: and Li-TiO2
ETL, (b) QE vs. wavelength curve with TiOz and Li-TiO2 ETL, (¢) carrier generation rates vs.
thickness of device with TiO2 and Li-TiO2 ETL, and (d) recombination rates vs. thickness of
device with TiO: and Li-TiO2 ETL.

The initial comparison between TiO, and Li-TiO, as ETLs revealed significant performance
improvements due to the introduction of lithium doping. The current-density (J-V) curves in Figure
2a show that the Li-TiO2 ETL significantly improved the device performance compared to pure
TiO2. The pure TiO2 device achieved open-circuit voltage (Vo) = 1.033 V, short-circuit current
density (Jic) = 15.663 mA/cm?, fill factor (FF) = 64.930%, while the Li-TiO, device exhibited Vo,
=0.959 V, Jic = 15.398 mA/cm?, FF = 78.159%. Doping TiO, with lithium introduces Li* ions into
the TiO lattice, replacing Ti*" ions. This substitution improved electrical conductivity by increasing
free electron concentration and reducing defect density, thereby improving charge extraction and
reducing recombination. It also increases electron mobility in TiO2 by reducing grain boundary
resistance, as demonstrated by Liu et al. through Hall effect measurements [29]. This supports the
enhancement noticed in the PCE and FF. The PCE increases from 10.51% for TiO> to 11.568% for
Li-TiO2, which is a 10.07% improvement. Likewise, the FF increased from 64.930% to 78.159%.
The enhanced FF aligns with studies showing that Li* doping reduces trap-assisted recombination
by passivating oxygen vacancies in TiO, thereby improving charge extraction efficiency [28].
Whereas the V. experiences a slight dip from 1.033 V to 0.959 V, likely due to a minor conduction
band misalignment at the ETL/absorber interface (Figure 3b) [35].
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On its own, MAGel; exhibits exceptional hole mobility (~162 cm?/Vs), surpassing conventional
perovskites like MAPDI3. This allows the perovskite layer to simultaneously act as the light absorber
and hole transporter, eliminating the need for a dedicated HTL. The p-type nature of MAGel;
facilitates direct hole transport to the Au back contact (work function = 5.1 eV), which aligns well
with the perovskite’s valence band, minimizing Schottky barriers [36].

The quantum efficiency (QE) curves further support these observations. The QE curves (Figure 2b)
show Li-TiO; outperforming TiO: in the long-wavelength region (>600 nm), where lower-energy
photons are more effectively collected. This is consistent with the findings by Giordano et al., who
attributed such improvements to Li*-induced crystallinity enhancements in TiO2, which lower
interfacial resistance [25].

Although both ETLs exhibit similar carrier generation rates (Figure 2c), Li-TiO> significantly
reduces recombination rates (Figure 2d), particularly at the interface (0.45 um vs. 0.60 um for TiO»),
highlighting its superior charge extraction capabilities. Further analysis confirmed that Li-TiO2
reduced peak recombination rates by 25%, mirroring results from Teimouri et al. on Li-TiO2’s role
in suppressing carrier loss [25]. This reduction in recombination is consistent with the enhanced
charge extraction properties of Li-TiO; [37]. In addition, the HTL-free structure minimizes
interfacial defects (e.g., between HTL and perovskite), which are a major source of non-radiative
recombination in conventional PSCs [38].
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Fig. 3: (a) Device energy band diagram based on TiO2 ET9L and (b) device energy band
diagram based on Li-TiO: ETL.

The energy band diagrams (Figure 3a—b) highlight Li-TiO2’s smaller conduction band offset (CBO)
with MAGels, forming a "spike" that facilitates electron injection while blocking hole backflow.
This aligns with first-principles calculations by Hossain et al., showing Li" modifies TiO:’s
electronic structure, lowering its CBM by ~0.2 eV [7]. This, thus, compensates for the absence of
an HTL by suppressing interfacial recombination [2]. In contrast, TiO>’s "cliff" alignment promotes
interfacial recombination, as observed by Liu et al. [29].
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3.2 Optimization of Li-doped ETL Thickness
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Fig. 4: (a) J-V curve under illumination for device with different Li-TiO2 ETL thicknesses, (b)
QE vs. wavelength curve with different Li-TiO2 ETL thicknesses (¢) Variation of PCE, Vo,
Jse, and FF with different Li-TiO2 ETL thicknesses.

The thickness of the Li-TiO2 ETL was varied from 0.01 to 0.10 um (Figure 4a—c). A thickness of
0.01 um yielded the best results, achieving a PCE of 11.69%, a Jyc of 15.556 mA/cm?, a Vo 0of 0.962
V, and an FF of 78.153%. Thicker ETLs (>0.05 um) lead to a reduction in PCE, dropping to 11.43%,
due to increased series resistance and reduced photon absorption within the perovskite layer. This
is consistent with the findings of Agresti et al., who noted that thicker ETLs impede light penetration
into the absorber [39]. Thin ETLs minimize series resistance and maximize the number of photons
reaching the absorber layer, enhancing charge generation. However, if the ETL is too thin (<0.01
um), incomplete coverage can increase recombination at the interface. Conversely, thicker ETLs
can absorb incident light and increase the path length for electrons, leading to higher recombination
rates [40]. Optical simulations by Lan et al. revealed that ETLs >0.05 um absorb ~15% of incident
light in the 400—600 nm range, directly reducing photogeneration in the perovskite [30]. QE stability
at shorter wavelengths (<500 nm) suggests Li-TiO> maintains transparency, while marginal long-
wavelength losses align with the study by Zhao et al. on ETL thickness-dependent carrier collection
[41].
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3.3 Optimization of Absorber Thickness
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Fig. 5: (a) J-V curve under illumination for device with different absorber thicknesses, (b) QE
vs. wavelength curve with different absorber thicknesses (c¢) Variation of Voc, PCE, Jsc, and FF
with different absorber thicknesses.

Varying MAGels thickness (1.0-10.0 um) revealed a PCE peak of 13.22% at 3.0 um (Vo =0.98 V,
Jse = 16.908 mA/cm?, FF = 79.728%) (Figure 5a—c). Thinner layers (<3.0 pm) suffered from
incomplete light absorption (Jsc= 15.85 mA/cm? at 1.0 um), while thicker layers (>3.0 pm) increased
bulk recombination, reducing PCE to 10.32% (10.0 pm). Thicker absorber layers offer a larger
surface area for light absorption, boosting the J;.. However, an excessive thickness (>3.0 um) can
increase recombination rates, as charge carriers must travel longer distances to reach the electrodes.
This optimal thickness closely matches the carrier diffusion length of MAGels (1.2 — 3.0 um),
ensuring photogenerated carriers reach contacts before recombination [20]. The FF improvement
from 78.52% (1.0 um) to 79.73% (3.0 um) correlates with enhanced electric field strength and
reduced series resistance as reported by Min et al. [42]. QE analysis reveals minimal losses in the
UV region. This represents a 9.5% increase in PCE compared to a 1.0 um thickness (12.07% PCE).
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3.4 Optimization of ETL Doping

80 -

75+

70

65

60

55

s0 L

7(2) 2025 pp. 34-50

-
o
T

Current density (mA/cm?)
“

0.2

04 0.6

08 1.0

QE (%)
&

J,.(mAlcm?) V. (V)

< 15.40Z]
 15.398]
<4 15.393
o 15.384]

- 15.375]

Voltage (V)
FF (%) PCE (%)
85 - ©
120 |
15}
110 | —a— PCE
—a—FF
105 | —-—,
—=—V,
100 | ol
9s |
9.0 |
85 x A A 2 s N N
10™ 10% 10" 10" 10" 10" 10%
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Increasing Np from 10 —10%° cm™ (Figure 6a—c) enhanced PCE by 33.4% (8.84% to 11.79%). At
Np = 10?° cm?, the device achieved PCE = 11.79% (Jyc = 15.402 mA/cm?, FF = 82.39%), though
Voe dropped from 1.055 V to 0.929 V due to bandgap narrowing. Density functional theory (DFT)
studies by Mohammed et al. suggest that excessive doping (>10?° cm™) introduces mid-gap states
in TiOy, accelerating non-radiative recombination [43]. Similar results were reported by Lan et al.,
who linked high Np to improved TiO> conductivity but cautioned against excessive doping-induced

defect states [30].
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Increasing N; from 10'*-10?° cm™ (Figure 7a—c) reduced PCE by 99.8% (11.57% to 0.02%). At N
10'* cm?, Shockley-Read-Hall (SRH) recombination was minimized (PCE = 11.57%), while N;
10%° cm™ caused severe non-radiative losses (PCE = 0.02%). Recent work by Zhang et al.
demonstrated that Ge-based perovskites are prone to Ge*" oxidation defects, which can be mitigated
using antioxidant additives like hydrazine [44]. These results are in agreement with those of Yang

et al., who emphasized defect passivation for Ge-based perovskites [45].

3.6 Effect of Interface Defects
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On the other hand, varying interfacial N, from 10'°-10'¢ cm™ (Figure 8a—c) had a negligible impact
up to N;= 10" cm? (PCE = 11.57%), indicating effective defect passivation by Li*. Cross-sectional
TEM studies by Teimouri et al. revealed that Li* segregates at the TiO2/perovskite interface, forming
a Li-rich layer that passivates dangling bonds [25]. This aligns with Mohammed et al., who
demonstrated Li-TiO’s ability to suppress interfacial recombination via chemical bonding [43].

3.7 Optimized Device Performance

Table 3: Electrical performance of the simulated results

Device PCE (%) FF (%) Jse (mA/cm?) Voc (V) Remark
Unoptimized device | 11.568 78.159 15.398 0.961 This work
Optimized device 13.679 81.894 17.065 0.979 This work
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Fig. 9: (a) J-V of the devices with Li-TiO2 ETL for optimized (black) and unoptimized (red)

and (b) QE curves of the devices with Li-TiO2 ETL for optimized (black) and unoptimized
(red).

Post-optimization (ETL: 0.01 pm, Np = 10** cm?; absorber: 3.0 um, N, = 10'* cm™, ETL/absorber:
N:=10'" cm™), the device achieved PCE = 13.68% (Voc = 0.979 V, Jic = 17.065 mA/cm?, FF =
81.894%) (Figure 9a-b, Table 3). This 18.3% improvement over the baseline (11.57%)
demonstrates the effectiveness of Li-TiO2 in enhancing charge extraction within MAGels-based
HTL-free PSCs. At the time of this study, there has not been a better performance for an HTL-free,
Li-TiOz-based MAGels that we are aware of.

3.8 Effect of Series Resistance
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Increasing Rs from 0—7 Q-cm? (Figure 10a—c) reduced PCE by 13.16% (13.68% to 11.88%) and
FF by 13.15% (81.89% to 71.12%). A negligible shift in the V, and Jsc confirms Rs primarily affects
charge collection, as noted by Du et al. [46]. Interfacial engineering strategies, such as inserting a
MoOs buffer layer, have been suggested to reduce Rs by improving contact adhesion [47].

3.9 Effect of Shunt Resistance
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Raising Rsh from 10' =107 Q-cm? (Figure 11a—c) boosted PCE from 0.73% to 13.68%, with V,.
stabilizing at 0.979 V for Rsh >10! Q-cm?. Low Rsh (<10' Q-cm?) induced leakage currents, which
is consistent with the study done by Patel [48]. However, the atomic layer deposition (ALD) of
ADOs3 at the perovskite/ETL interface can be integrated in future studies to enhance the Rsh by
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sealing pinholes [49]. On the other hand, high Rsh values (>10? Q-cm?) are essential for industrial-
grade PSCs.

3.10 Effect of Temperature
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Temperature increases (7 — 97 °C) reduced PCE by 10.92% (14.01% to 12.48%) and FF by 4.02%
(82.61% to 79.29%) (Figure 12a—c). The initial Vo rise (0.994 V to 0.922 V) stems from lattice
expansion, while subsequent efficiency losses reflect enhanced SRH recombination, as detailed by
Qasim et al. [50]. In-situ XRD study by Jiao et al. revealed that similar to MAPbI;, MAGel;
undergoes a phase transition above 46.9 °C, exacerbating ion migration [51]. In addition, the Au
back contact provides stability, as MAGels’s thermal resilience (up to 150 °C) prevents degradation
at the perovskite/metal interface [52]. This aligns with experimental HTL-free designs, such as Etgar
et al.’s pioneering work (5.5% PCE with CH3NH;3Pbl3) [32], but the MAGel; simulation achieves
higher efficiency (13.68%) due to superior material properties.

4. Conclusion

This study evaluates the effectiveness of Li-TiO2 as an ETL for MAGels-based HTL-free PSCs,
achieving a 13.68% PCE through defect control, optimized doping, and thickness control. The
optimized HTL-free device achieves a high FF (81.894%) and a V,. of 0.979 V, indicating minimal
resistive losses and effective charge separation. The high Ji. (17.065 mA/cm?) reflects efficient
photon absorption and carrier collection, enabled by MAGelz’s broad optical absorption and Li-
TiO2’s enhanced conductivity. While HTL-free designs risk increased recombination at the back
contact, the simulation shows that optimizing the ETL/perovskite band alignment mitigates this.
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The Au electrode’s high work function ensures efficient hole extraction, avoiding the need for an
HTL. Also, removing the HTL reduces fabrication complexity and cost, thus addressing challenges
associated with organic HTLs like Spiro-OMeTAD (e.g., hygroscopicity, high cost, etc.). This
study, therefore, provides a clear pathway for developing high-efficiency, low-cost, eco-friendly
Ge-based perovskites, highlighting MAGels’s potential as a lead-free alternative. Future research
should focus on the experimental validation of these findings and exploration of hybrid doping (e.g.,
Li*/Mg*") and interfacial layers to further suppress recombination in MAGels solar cells.
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