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Abstract

Perovskite solar cells (PSCs) have emerged as a revolutionary photovoltaic technology, achieving remarkable power
conversion efficiencies (PCEs) above 26.61%, while offering low-cost and scalable fabrication. Among the critical com-
ponents of PSCs, the electron transport layer (ETL) plays a vital role in charge extraction, transport, and recombination
suppression. This review provides a comprehensive analysis of recent advancements in inorganic ETLs, particularly
focusing on widely studied materials such as TiO,, SnO,, and ZnO. While TiO, has historically been the benchmark ETL,
challenges such as high-temperature processing and photocatalytic instability have led researchers to explore alternative
materials. SnO: has gained prominence due to its superior electron mobility, low temperature processability, and excellent
optical transparency, making it a strong candidate for high-performance PSCs. ZnO, with its high conductivity and facile
synthesis, also shows promise, but faces stability concerns. The review further highlights the significance of surface modi-
fications, doping strategies, and interface engineering to optimize charge transport dynamics and enhance device longevity.
Additionally, we discuss emerging alternatives and future perspectives on scalable, cost-effective, and stable ETLs that
could drive PSCs toward commercialization. By bridging fundamental material properties with device performance, this
work provides insights into the next generation of high-efficiency and durable PSCs.
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1 Introduction

The scarcity of conventional energy sources and the esca-
lating environmental issues pose significant hurdles to sus-
tainable human progress [1]. Solar energy, as a novel kind
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increase in PCE from 3.8% [6] to 26.61% [7] over the pre-
vious 10 years, as well as notable improvements in opera-
tional stability, perovskite material and device stacks have
shown tremendous potential for commercial applications [3,
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contact electrode, and occasionally additional interfacial
layers to improve performance are the main components
of an n-i-p device stack. An efficient ETL/HTL can reduce
interfacial charge buildup and recombination. The charge
transport layers encompassing ETL and HTL are crucial for
sorting and extracting specific photogenerated carriers and
inhibiting countercharge carriers [12]. The perovskite layer
is coated on the n-type ETL in an n-i-p-structured PSC, and
the ETLs surface area and surface chemistry directly impact
the deposition and quality of the perovskite layer.

Organic electron transport materials include polymers,
fullerene derivatives, and norfullerene small molecules
suitable for low-temperature manufacturing and flexible
perovskite solar cells. The characteristics of organic materi-
als are greatly influenced by their structures, which subse-
quently dictate the efficacy of devices. In planar perovskite
solar cells, organic ETLs, particularly fullerene and its
derivatives, are predominantly used, with PCBM being the
most frequently employed ETL. The first use of PCBM as
an ETL in PSCs was documented by Jeng et al. this work
effectively illustrated the use of PCBM as an ETL in the
construction of NiO,/MAPbI,/PCBM perovskite solar cells,
achieving a PCE of 7.8% [13]. N-type organic small mol-
ecules as ETLs have garnered significant interest among
organic materials due to the simplicity of their synthesis and
the ability to modify their energy level bands to align with
the energy levels of the light-absorbing perovskite layer.
Moreover, including sulfur species into their structure by
establishing S-I or (S-Pb) bonds may enhance the interfa-
cial contact between the ETL and perovskite [14]. Lee et al.
created self-assembled organic nanocomposites (SAONSs)
as a novel ETL using n-type polyelectrolytes and fullerene
derivatives. This method effectively produced optimal and
self-organizing ETLs that operate both as electron acceptors
and surface work function modifiers [15]. A PCE of 17.3%
was achieved in PSCs using printed silver ammonium oxide
nanofilms. Notwithstanding the benefits of organic ETLs
like PCBM and SAONS in planar PSCs, identifying appro-
priate ETL candidates that can be synthesized economically
and processed quickly to provide high-performance prod-
ucts remains a significant challenge [15]. Organic n-type
materials serve as ETLs and provide benefits like excellent
flexibility and straightforward solution processing. None-
theless, these materials exhibit some disadvantages, such as
inadequate thermal, optical, and moisture stability, as well
as elevated costs [16].

Inorganic electron-transport materials are regarded as
substitutes for ETLs in PSCs. Their superior stability, lower
cost, wide bandgap, deeper conduction band, and high
electron mobility make them optimal candidates for use as
ETLs in PSCs. At present, the majority of highly efficient
PSCs and certified devices employ the conventional n—i—p
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configuration, common inorganic ETMs include TiO, [17,
18], ZnO [19] and SnO, [20]. Previous reviews have not suf-
ficiently emphasized the critical role of interface engineer-
ing in minimizing defects and reducing recombination rates
at the ETL surface. This aspect is essential for maximizing
ETL efficiency in PSCs and achieving high-performance
device operation. While TiO,, ZnO and SnO, remain the
most widely studied ETLs, their inherent limitations such as
the need for high-temperature annealing highlight the need
for alternative materials and fabrication techniques. How-
ever, these alternatives have not received adequate attention
in prior studies, leaving a gap in the exploration of more
efficient and scalable solutions. Additionally, the chemi-
cal stability and hydrophobicity of ETLs, crucial for pre-
venting moisture infiltration and unwanted reactions with
perovskite materials, have often been overlooked. Ensuring
these properties is fundamental to improving the long-term
durability and operational stability of PSCs. Another criti-
cal yet underexplored factor is the impact of crystal orienta-
tion on charge carrier mobility within SnO, films [21]. The
choice of precursor type and crystal structure significantly
influences ETL performance, and a deeper understanding of
these relationships can lead to more effective optimization
strategies.

Leveraging on these material level considerations, recent
advances in photovoltaic materials and architectures are
pushing device performance and deployment into new
directions, with perovskite-based technologies particularly
all-perovskite and perovskite/silicon tandems continue to
lead efficiency gains while industry efforts focus on scaling,
encapsulation and long-term stability for real-world use [22,
23]. At the same time, lead-free and tin-based perovskites,
and flexible/ultra-thin perovskite modules, are receiving
heightened attention as routes to reduce toxicity and enable
new form factors (indoor harvesting, building-integrated
and wearable photovoltaics) [24]. Complementary trends
include record-breaking large-area cells and industry invest-
ments aimed at commercialization, underscoring the shift
from lab-scale champions to manufacturable products. In
parallel, the field of solar-driven water photo decontami-
nation has matured from proof-of-concept photocatalysts
to hybrid, reactor-level solutions that combine adsorption,
membrane filtration, interfacial solar evaporation and engi-
neered photocatalyst support heterojunctions to improve
charge separation, broaden light absorption, and enable
scalable pollutant removal under natural sunlight [25, 26].

In this work, we have comprehensively reviewed and
demonstrated the superiority of SnO, as an ETL in PSCs by
systematically comparing key ETLs such as TiO, and ZnO.
Our analysis highlights SnO, exceptional electron mobil-
ity, which significantly enhances charge transport compared
to conventional ETLs. We emphasize the critical role of
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interface engineering in minimizing defects and improving
charge extraction, addressing a key gap in previous studies.
Furthermore, we explore advancements in surface modifi-
cation techniques that effectively reduce interfacial recom-
bination, leading to improved stability and efficiency of
SnO,-based ETLs. By presenting these insights, this review
reinforces SnO, position as a leading ETL for high-perfor-
mance PSCs and provides a valuable foundation for future
research aimed at further optimizing device performance.

2 Overview of inorganic ETLs development
for perovskite solar sells

The energy bandgap, electron affinity, doping densities of
electrons and holes, and the thickness of the ETL delineate
the essential attributes of an ETL for optimal photovoltaic
performance. The performance optimization of PSCs is con-
tingent upon these constraints. In addition to being mass-
producible and cost-effective, the ETL material must exhibit
high electron mobility, substantial optical transparency, and
appropriate energy-level alignment for efficient electron
transport and hole blocking. The most often studied ETLs,
such as phenyl-C61-butyric acid methyl ester (PCBM) and
C60, have mostly included n-type semiconducting oxides
including TiO,, SnO,, ZnO, and In,0;, as well as organic
materials [6, 10, 27-29]. The appropriate band energy align-
ment with the perovskite layer, high transmittance with a
broad bandgap, and high conductivity are some of the
essential characteristics of ETLs. Due to its proven deposi-
tion techniques and excellent optoelectronic characteristics,
the compact TiO,/mesoporous TiO, stack has historically
been a crucial part of effective n-i-p PSCs. However, TiO,
and SnO, have limitations that might prevent PSCs from
being commercialized, such as photocatalytic characteris-
tics under light and the need for high temperature annealing
to produce adequate crystallinity [30]. Numerous studies
have looked at potential replacements for TiO,, focusing on
low-cost, easily repeatable, and chemically stable produc-
tion procedures that are simple and low temperature.

With the best PCE of SnO,-based n-i-p PSCs above
26.61% [31], TiO,, ZnO, and SnO, are acknowledged as
potential ETLs with increasing attention recently; TiO,
and SnO, ETLs are outstanding candidates for highly effi-
cient and stable PSCs due to their advantageous properties,
including a wide bandgap with high transmittance, excellent
charge mobility, suitable band offsets in relation to conven-
tional perovskites, low-temperature processable synthesis,
and suitable chemical stability [32, 33]. Figure 1 shows the
evolution of using TiO, and SnO, in perovskite solar cells.
Various ETLs, such as TiO, [34], ZnO, [35], and SnO, [36],
are used as ETL materials. Among these, TiO, is commonly

used due to its simple device structure, high thermal sta-
bility, low cost, and high compatibility with flexible sub-
strates [37, 38]. However, insufficient charge separation at
the interface between the perovskite layer has been one of
the main issues with TiO, besides the low electron mobil-
ity and high surface defect density [39, 40]. In this review,
we have omitted alternative ETLs based on criteria such as
reduced effectiveness, reliability, compatibility with specific
substrates like FTO, or insufficient performance in terms of
charge extraction, shunt resistances, recombination cur-
rents, or wetting behavior on various surfaces. Hence, the
primary objective of the review is to emphasize the most
favorable ETLs for enhancing the efficiency of perovskite
solar cells, while discarding those that fail to satisfy the
acceptable standards or demonstrate poorer qualities [41].

Consequently, ETL development has emerged as a signif-
icant priority for producing highly reliable and efficient n-i-p
PSCs. Effective CBM adhesion to lead halide perovskite has
been accomplished by SnO,, hence enabling a minor open-
circuit voltage to be negative. Furthermore, femtosecond
transient absorption and UV spectroscopy measurements
indicate that SnO, exhibits superior electron extraction
compared to TiO,. Due to the substantial band gap of about
3.5 eV compared to 3.0 eV of TiO,, SnO, mostly permits
the passage of visible light. The exceptional UV light pro-
tection of SnO, arises from its ability to inhibit UV light
absorption. SnO, has a two-order-of-magnitude superior
bulk electron mobility compared to TiO, [18]. SnO, low-
temperature manufacturing is straightforward and suitable
for extensive commercialization [42]. Table 1 delineates the
advantages and disadvantages of frequently used ETLs in
PSCs for enhanced comprehension.

Table 1 serves as a critical reference for comparing the
electrical properties of different inorganic ETLs, including
TiO,, ZnO, and SnO,. By analyzing the data presented in
this table, researchers and scientists can gain a deeper under-
standing of how various ETLs influence the performance
of PSCs. The key parameters to focus on include electron
mobility, CBM, bandgap energy, and processing tempera-
ture, as they directly impact charge transport, recombina-
tion losses, and device stability [45]. Each parameter plays
a distinct role in optimizing ETL performance, and evaluat-
ing their values helps in selecting the most suitable ETL for
achieving high efficiency and long-term stability in PSCs.
Among these parameters, electron mobility is one of the
most critical because it determines how efficiently elec-
trons can be transported through the ETL. A higher elec-
tron mobility ensures faster charge extraction and reduces
recombination losses, leading to improved PCE. Typically,
ETLs with electron mobility values in the range of 107
to 10° cm?[V'!| s are considered suitable for high-per-
formance PSCs. SnO,, for example, exhibits significantly
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Fig. 1 Recent developments in PSCs incorporating TiO,, ZnO, and SnO, as ETLs

Table 1 Comparison between the electrical properties of TiO,, ZnO, and SnO, [43, 44]

TiO; ZnO SnO
Crystal structure Rutile, anatase, brookite Rocksalt, zinc blende, wutzite Rutile
Energy band gap (eV) 3.0-3.2 3.2-3.3 3.50-4.0
Surface work function (eV) 4.5-5.0 4.45-5.30 4.71-5.33
Bulk ZnO: 205-300;
i 2y -1 ’
Electron mobility (cm=Vs™) 0.1-4.0 Nanowire: 1000 240
Refractive index 25 2.0 2.0
Electron effective mass (m*) 9 0.26 0.3
Relative dielectric constant 170 8.5 9.6
Electron diffusion coefficient Bulk TiO,: 0.5; nanoparticle: Bulk ZnO: 5.2; nanoparticle ’ : i
(cm?s-1) 120,8_10,4 P film: 1.7 x 103 nanoparticle film: 6.22 x 1076

higher electron mobility up to 240 cm?V !|s™' compared
to TiO, (~ 1 em?V!| s71), making it a superior choice for
ETL applications [46]. Another crucial parameter is the
CBM, which should be well-aligned with the perovskite
layer to facilitate efficient electron transfer while blocking
hole recombination. A CBM range of —4.0 to —4.5 eV is
ideal to ensure effective charge extraction without energy
mismatches that could hinder performance. SnO,, with a
CBM of approximately — 4.2 eV, provides excellent band
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alignment with common perovskite materials, making it an
optimal candidate for ETLs. Additionally, bandgap energy
is an important consideration because it affects optical trans-
parency and electron selectivity. A wide bandgap greater
than 3.2 eV is preferred to minimize parasitic absorption
and ensure that the maximum amount of light reaches the
perovskite absorber layer. TiO,, ZnO, and SnO, all have
suitable bandgaps, typically in the range of 3.0 to 3.8 eV,
making them effective ETLs in PSCs [47, 48].



Review of progress in inorganic electron transport layers for perovskite solar cell applications

Page 50f31 859

It is highly recommended to emphasize the significance
of simulation-based studies in advancing perovskite solar
cell research, particularly when exploring the use of inor-
ganic ETLs. These simulations play a crucial role in under-
standing device behavior, optimizing material combinations,
and guiding experimental efforts toward more efficient and
stable solar cell designs. Recent simulation-based investi-
gations have confirmed the critical role of inorganic ETLs
in boosting perovskite solar cell performance. For example,
SCAPS-1D studies reveal that SnO, ETLs, especially at
optimized ultrathin thicknesses (~ 10 nm), deliver outstand-
ing simulated performance Voo = 1.118 V, Jgo = 26.95
mA/cm?, FF = 78.1%, and PCE =~ 23.5% [49]. Meanwhile,
ZnO ETLs in lead-free perovskite systems achieve Jsc
~ 27 mA/cm?, exceptional FF (~ 88%), and PCE up to ~
24.8%. In contrast, TiO, ETLs, while common, suffer from
optical losses; their optimal simulated cells reach Voo =
1.06 V, Jsc = 10.7 mA/cm?, FF = 80.9%, and PCE = 9.2%.
Additionally, simulations demonstrate that engineering ETL
interfaces such as using ZnO/AZO bilayers can significantly
elevate performance metrics (e.g., Voo to ~ 1.09 'V, Jsc
to ~ 20.6 mA/cm?, FF ~ 72%, PCE ~ 16.1%). Moreover,
facet-engineered SnO, layers in SCAPS models have simu-
lated PCEs of ~ 20.3% with improved charge extraction and
device stability [50].

Reza et al. study reveals that the ZnO ETL was optimized
by analyzing key photovoltaic parameters, helping to nar-
row down the most promising device structure. Once the
best performing ETL was established, each of the three
HTLs was tested to see which combination yielded the
highest efficiency. Several factors were varied during this
process, including the thickness of the absorber and ETL
layers, the defect density in the absorber, and the doping
levels in both the ETL and HTL. From this analysis, the
device structure using Sb,S; as the HTL with the full stack
being Al/FTO/Zn0O/Ca;Asl;/Sb,S;/Ni emerged as the top
performer, reaching PCE of around 29.12%, which was
higher than the other two configurations. After identifying
the best-performing device, the study further examined how
factors such as temperature, charge carrier generation and
recombination, and resistive losses series and shunt resis-
tance influenced the performance. The comparison of J-V
curves and QE spectra between the original and improved
designs clearly showed that the ZnO-based ETL signifi-
cantly contributed to higher efficiency [51]. Rahim et al.
evaluated and optimize the performance of the device by
incorporating SnO, as the ETL structure consisting of ITO/
SnO,/CH;NH,;Pbl;/CuSCN; it was determined that the
device achieved optimal performance under the following
conditions: a working temperature of 300 K, a SnO, layer
thickness of 100 nm, a donor doping concentration of 10"
cm? in the ETL, an acceptor doping concentration of 10'8

cm > in the HTL, and a low defect density of 10'* cm™2 at
the ETL/absorber interface. Under these optimized param-
eters, the simulated PCE reached an impressive 24.14%
[52]. Basit et al. demonstrated, in their recent simulation
results, an optimized performance with a PCE of 21.93%,
FF of 77.50%, a Jgc of 34.05 mA/cm?, and a Vpe of
0.83 V. These promising outcomes highlight the potential
of tin-based perovskite solar cells as a viable alternative to
their lead-based counterparts. The findings offer valuable
insights for future research focused on improving device
efficiency, enhancing long-term stability, and narrowing the
performance gap between lead-free and conventional PSCs
[53]. Meskini et al. results showed that introducing a small
amount of Ti;C, MXene (1.0 wt%o) into the SnO, ETL sig-
nificantly improved device performance. In particular, the
cell structure ITO/ETL/CH;NH;Pbl;/Spiro-OMeTAD/Ag,
with the modified SnO,_Ti;C, ETL, achieved an impressive
PCE of 27.81% [54].

These findings highlight that simulation-based studies
offer high granularity and, in some cases, predictive power
that guide experimentalists toward the most promising inor-
ganic ETL materials and architectures. By integrating such
virtual insights into material selection, thickness optimiza-
tion, and interface engineering, your work can both align
with state-of-the-art trends and convincingly argue for the
role of simulations in accelerating PSC innovation.

2.1 Electron transport layer charge conduction in
perovskite solar cell

Apart from being a light-absorbing material inside the
device, the perovskite light absorption layer has bipolar
charge transport characteristics and acts as both an electron
and hole transport medium. In a standard perovskite solar
cell, sunlight absorption excites electrons from the valence
band to the conduction band, generating excitons and holes.
At the perovskite/ETL interface, these excitons then sepa-
rate to produce free charges. Under the effect of the intrinsic
electric field, electrons are moved from the conduction band
of the perovskite layer to the conduction band of the ETL
being gathered by the ITO electrode. Minimizing charge
recombination is a key strategy for improving device per-
formance as free charges often recombining at the interface
and within the internal defects during transport [55], usually
consisting of an n-type inorganic semiconductor material,
the ETL in conventional PSCs. With electrons undergoing
directed diffusion and drift movement owing to the impact
of concentration gradients and built-in electric fields, inor-
ganic electron transport materials generally show better
electron mobility than organic electron transport materials
(Fig. 2(a) [56].
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Fig. 2 Illustrates the schematic representation of the electron transport
process in (a) regular and (b) inverted perovskite solar cells

2.2 Charge dynamics within the electron transport
layer of perovskite solar cells

The perovskite captures light and produces excitons, which
are then dissociated at the interface between the perovskite
and the ETL. This process involves the transfer of electrons
from the conduction band of the perovskite layer to the
LUMO level of the electron transport material, ultimately
leading to their collection by the metal electrode in the trans-
PSC. Generally regarded as an n-type organic semiconduc-
tor, the electron transport material utilized in the trans-PSC.
The electron mobility in n-type organic semiconductors is
generally limited due to the necessity for electrons to over-
come a considerable potential barrier, with their transmis-
sion predominantly dependent on the conjugated orbitals
that exist between organic molecules (Fig. 2(b) [57].

2.3 Function and impact of the electron transport
layer in perovskite solar cells

In PSCs, ETL is essential for the extraction and transport
of photogenerated electrons, while simultaneously obstruct-
ing holes and mitigating charge recombination. The efficacy
of electron extraction and collection, hysteresis in current-
voltage measurements, and overall device stability are
intricately connected to the characteristics of the ETL. In
comparison to TiO,, SnO, has surfaced as a viable alter-
native ETL owing to its enhanced stability, elevated elec-
tron mobility, and improved energy level alignment with
perovskite materials [58]. In contrast to TiO,, which experi-
ences oxygen vacancies (Ti’" defect states) that lead to insta-
bility during UV exposure, SnO, demonstrates a reduced
density of deep trap states, hence decreasing non-radiative
recombination and improving device durability. TiO,-based
PSCs deteriorate swiftly under UV irradiation owing to the
creation of oxygen vacancies and interactions within charge
transfer complexes (O,_Ti*"), resulting in diminished per-
formance. Conversely, SnO exhibits less vulnerability to
degradation processes, making it a more durable ETL option
for prolonged operation [59].

Under UV radiation, TiO, has a bifurcated degradation
process attributed to defect-assisted charge trapping and
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perovskite disintegration. SnO, exhibits enhanced robust-
ness owing to its reduced density of oxygen vacancies,
which alleviates deep trap formation and charge buildup at
the interface. Moreover, the wide bandgap of SnO, (about
3.64.0.6.0 eV) guarantees little parasitic absorption, hence
enhancing light consumption in PSCs. In typical PSCs, a
SnO, ETL with an optimized shape enhances perovskite
crystallization quality, hence reducing interfacial recombi-
nation. In inverted PSCs, a thick, pinhole-free SnO, ETL
offers superior coverage for the perovskite layer while
guaranteeing good ohmic contact with the upper electrode.
Furthermore, contaminants and flaws inside the SnO, layer
might affect the efficiency of photoelectric conversion.
Donor and acceptor impurities may enhance charge car-
rier density and conductivity, whereas defects may create
recombination sites that reduce carrier lifespan [60].

3 New material for the electron transfer
layer in perovskite solar cells

3.1 AdvancementsinTiO2, Sn02, and ZnO electron
transport layers

TiO,, SnO,, and ZnO are pivotal ETL materials in opto-
electronic devices like PSCs, organic solar cells, and LEDs,
valued for their high electron mobility, suitable band align-
ment, and stability. Recent advancements in experimental
and simulation-based studies have significantly enhanced
their performance, stability, and scalability. This report
explores these developments, focusing on experimental
findings, simulation insights, and comparative analyses of
TiO,, Sn0O,, and ZnO ETLs. Experimental and simulation
studies have highlighted critical advancements in SnO, and
Zn0O, as well as hybrid and doped formulations, to overcome
intrinsic limitations of each material. The development of
these ETLs is increasingly driven by both experimental
thin-film engineering and numerical simulation platforms
(e.g., SCAPS-1D, wxAMPS, or TCAD tools) that predict
behavior under realistic device operating conditions [61,
62].

TiO, has historically been used due to its suitable con-
duction band level (~—4.0 eV), chemical stability, and
low cost. However, its relatively low electron mobility (~
0.1-4.1 cm?[V Y| s7!) and tendency to catalyze photocata-
lytic degradation under UV exposure have limited its further
application in high-efficiency PSCs. Experimental advance-
ments now focus on modifying the morphology and crys-
tallinity of TiO, via low-temperature synthesis, enabling
compatibility with flexible substrates. Doping with Nb, F,
or Ta has been shown to enhance its conductivity and sup-
press charge recombination. In parallel, heterostructures
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like TiO,/SnO, bilayers are being developed to leverage the
high surface area of mesoporous TiO, with the smoother
interface of SnO, [63—65]. From a simulation perspective,
studies now integrate the effect of defect states, trap-assisted
recombination, and interface energetics to model how oxy-
gen vacancies or surface hydroxylation affect performance.
Simulations further validate the role of compact vs. meso-
porous TiO, layers and support the shift toward bilayer
ETLs for improved performance stability [66—68].

SnO, has become a leading ETL for PSCs because of its
higher electron mobility (~ 100250 cm?[V | s7), excel-
lent optical transparency, and better energy alignment with
perovskite conduction bands. It also exhibits significantly
lower photocatalytic activity compared to TiO,, offering
improved long-term stability [43, 69]. Recent experimen-
tal research shows progress in colloidal SnO, nanoparticle
synthesis, which allows for low-temperature deposition (<
150 °C), critical for flexible substrates. Researchers have
developed dopant-engineered SnO,, including Li-, Sb-, or
Nb-doped SnO, to reduce the deep trap densities and further
boost conductivity. Additionally, SnO, with surface pas-
sivation using self-assembled monolayers (SAMs) or alkali
halides (e.g., CsF) has dramatically improved open-circuit
voltages in PSCs [70, 71]. On the simulation front, SnO,
ETLs are analyzed with detailed modeling of nonparabolic
conduction bands, especially for degenerately doped films
where the effective mass and carrier concentration evolve
with energy. These simulations are essential for under-
standing mobility degradation at high carrier densities and
optimizing ETL thickness. Studies also compare SnO,-
perovskite interfacial recombination velocities, helping
explain improved fill factors and long-term stability relative
to TiO, [72].

ZnO has a higher electron mobility than both TiO, and
Sn0, (~200-300 cm?V 2| s ') and a wide bandgap (~ 3.3
eV), making it ideal for transparent optoelectronic applica-
tions. However, its Achilles’ heel has been chemical insta-
bility in contact with perovskites, leading to unwanted
interfacial reactions that degrade the active layer. Experi-
mental advancements focus on stabilizing the ZnO interface
through surface functionalization or incorporation of buffer
layers (e.g., fullerene derivatives, MgO) to prevent direct
contact with the perovskite. Doping with Al, Ga, or Mg can
tune ZnO conduction band while improving film crystal-
linity and reducing defect densities. Studies also explore
sol-gel processes and atomic layer deposition (ALD) for
conformal and defect-tolerant ZnO layers [73, 74]. Simula-
tions now play a vital role in guiding ZnO applications by
analyzing band alignment, built-in potential, and interface
recombination dynamics. Hybrid ETLs like ZnO graphene
or ZnO/TiO, are modeled to assess how charge transport
improves when ZnO high mobility is combined with a

chemically inert buffer layer. ZnO role in UV photodetec-
tion and transparent electrodes is also being increasingly
evaluated with multi-physics models [75, 76].

Table 2 summarizes the key physical, chemical, and
simulation-related attributes of TiO,, SnO,, and ZnO. This
comparative matrix highlights how each material performs
in terms of electron mobility, energy alignment, UV stabil-
ity, deposition temperature, and modeling focus, enabling
a holistic evaluation of their suitability for different device
architectures. The table also outlines their primary chal-
lenges, providing context for why hybrid or modified ETL
systems are gaining traction in current research.

3.2 Fabrication techniques of low temperature
processed ETLs

The methods of depositing low-temperature ETLs onto con-
ductive substrates or directly onto the perovskite absorber in
solar cells. Here, we highlight the key features of the most
used approaches.

3.2.1 Solution process

The solution process is commonly employed to deposit
low-temperature-processed ETLs, either through thermal
decomposition of metal salt precursors or by direct synthe-
sis of nanocrystals and nanocolloids (Fig. 3(a) [47, 82, 83].
In the thermal decomposition approach, a metal salt precur-
sor is dissolved in a suitable solvent and deposited onto the
substrate using techniques such as spin-coating or spray-
coating. Therefore, the deposited films are then converted
into the desired layers by thermal annealing. In the nanoma-
terial-based route, the crystallization of the oxide is decou-
pled from the film-formation step, allowing the nano-sized
solution to be directly deposited through methods like spin-
coating, slot-die coating, or ink-jet printing. Notably, slot-
die coating and ink-jet printing offer significant potential for
large-scale manufacturing of ETLs. The solution process
has been widely adopted in fabricating low-temperature
ETLs for high-performance planar perovskite solar cells,
as it enables good crystallinity and minimizes film defects.
However, factors such as ambient humidity and annealing
temperature play a critical role in ensuring the preparation
of high-quality films during the thermal decomposition pro-
cess [84].

3.2.2 Atomic layer deposition process
ALD is a key technique for finely controlling film growth,
widely used to fabricate compact, uniform, and conformal

thin films in the semiconductor industry [85]. It allows
precise control over film thickness and is suitable even for
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Table 2 Comparative summary of trends in TiO,, SnO, and ZnO

Property TiO, [77,78]  SnO, [69, 79] ZnO [80,
81]
Electron Low (0.1-4.1  Moderate-High High
mobility em?V7Y s (100250 cm?[V7!|  (200-300
s ecm?V|
sh
UV stability Poor (UV Good (chemically ~ Moderate
photocatalytic ~ stable under UV) (better than
activity leads TiO, but
to degradation) prone to
instability
without
passivation)
Processing High (=450 Low (<200 °C, Moderate
temperature °C, sintering solution-process- (150-250
often required) able) °C)
Deposition Spray Solution-process-  Sol-gel,
methods pyrolysis, ing, ALD, chemical sputtering,
sol-gel, ALD,  bath deposition, chemi-
hydrothermal  spin-coating, slot-  cal bath
growth die coating deposition,
spin-coating
Material High crystal- ~ Amorphous or Nanocrys-
crystallinity linity required  nanocrystalline lay- talline or
for good ers effective; good  polycrystal-
conductivity;  surface coverage at line; prone
mesoporous low temperature to defect
structures formation
widely used at grain
boundaries
Band Moderate (OK  Excellent (close Slight
alignment with most match with mismatch
perovskites but perovskite conduc-  with some
not optimal) tion band) perovskites
Simulation Defects, Nonparabolicity, Interface
focus mesoporosity, doping effects stability,
interface traps passivation
strategies
Major UV degrada-  Deep-level defects, Interface
limitation tion, recom- synthesis control reactiv-
bination, high ity with
processing cost perovskites,
chemical
instability
Device perfor- Historically Currently the most  High elec-
mance impact dominant ETL  promising ETL for  tron mobil-
in PSCs but high efficiency and ity can
UV instabil- scalable PSCs due  give good
ity limits to low-temperature  efficiencies,
long-term processing, good but chemi-
stability; lower stability, and excel- cal reactiv-
efficiency in lent band alignment ity with
large-area perovskites
devices causes sta-
bility issues
unless
properly
passivated
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growth on rough substrates. A single ALD cycle typically
consists of four steps: (1) exposure of the first precursor in
the reactor chamber to form a layer on the substrate; (2)
purging of excess precursor and by-products; (3) exposure
of the second precursor; and (4) removal of the excess sec-
ond precursor and by-products. The ALD deposition pro-
cess of ZnO is illustrated in (Fig. 3(b) [44]. Importantly,
ALD is compatible with flexible substrates, and crystalline
films can be obtained at relatively low growth temperatures.
So far, ALD has been successfully applied in preparing low-
temperature-processed ETLs such as TiO, [86], ZnO [87],
and SnO, [88] for high-performance perovskite solar cells.
However, ALD remains costly, time-consuming, and highly
sensitive to substrate purity, which limits its suitability for
scalable production.

3.2.3 Chemical bath deposition process

CBD is a widely used technique for depositing semiconduc-
tor layers, where substrates are immersed in dilute solutions
containing metal ions and sources of hydroxide or sulfide
ions, as shown in (Fig. 3(c)) [89]. It has been proven effective
for preparing semiconductor layers in thin-film solar cells,
such as CdS or Zn (S, O, OH) for Cu (In, Ga)Se, and Cu,Zn-
SnS, [90]. More recently, CBD has also been employed to
fabricate efficient ETLs such as TiO,, ZnO, and SnO, for
planar perovskite solar cells with an n-i-p structure [91].
This method is particularly attractive because it is compat-
ible with low-temperature and large-scale processing, offer-
ing advantages such as low fabrication cost, ease of growth
adaptation, and high reproducibility [84]. However, growth
conditions including temperature, concentration, and pH of
the solution play a critical role in determining the quality of
the resulting thin films.

3.2.4 Other deposition processes

In addition to the deposition processes mentioned above,
several other effective methods are available for prepar-
ing low-temperature-processed ETLs, depending on the
physicochemical properties of the materials. For instance,
electrochemical deposition (ED) is a common approach for
producing high-quality thin films and has been successfully
applied to TiO,, ZnO, and SnO, ETLs in regular perovskite
solar cells [92]. The ED technique offers the advantages
of a simple and rapid deposition process, low-temperature
preparation, and precise control over film quality. By adjust-
ing parameters such as current density and deposition time,
films with strong adhesion to the substrate can be achieved
[36]. Additionally, physical deposition techniques such as
magnetron sputtering (Fig. 3(d)) and electron-beam evapo-
ration have also been employed for ETL fabrication [93].
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Fig.3 Schematic illustration of typical deposition methods for ETLs: (a) solution processing, (b) atomic layer deposition for ZnO films, (¢) chemi-

cal bath deposition, and (d) magnetron sputtering

These methods show great potential in flexible device appli-
cations since crystallization can occur during deposition,
eliminating the need for post-annealing.

3.3 Titanium oxide (TiO,)

TiO, is often used as an ETL in traditional PSCs owing to
its chemical stability, superior charge transport characteris-
tics, affordability, and simplicity of fabrication [94]. TiO,
has a low refractive index ranging from 2.4 to 2.5 and a
substantial band gap 3.2 eV for anatase, 3.1 eV for brookite,
and 3.0 eV for rutile. The CBM is approximately — 4.1 eV,
marginally lower than the LUMO level of perovskite, facili-
tating effective electron transport from the perovskite layer
to the TiO, ETL. Conversely, the VBM is significantly deep,
providing exceptional hole blocking capability. The ETL of
TiO, may be categorized as a mesoporous layer and a dense

layer of TiO, [78]. Mesoporous TiO, facilitates the devel-
opment of perovskite crystals, but dense TiO, is crucial for
electron transport. The TiO, film typically requires calcina-
tion at temperatures over 400 °C to eliminate the organic
binder (e.g., ethyl cellulose) and provide a porous structure
that enhances transport capabilities; however, this process
is detrimental to the deployment of the device in flexible
configurations. A low-temperature method for the fabrica-
tion of nanostructured TiO, films is regarded as a technical
advancement [95].

3.3.1 TiO, displaying diverse morphologies
The morphology of TiO, is greatly affected by its manu-
facturing method, which in turn dramatically influences the

performance of perovskite solar cells. The morphology and
dimensions of nanomaterials are closely associated with the
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specific surface area and pore size of the membrane, hence
affecting the device’s efficacy. Lee et al. used TiO, nanopar-
ticles measuring 25 nm and 41 nm as the mesoporous layer
by spin coating mp-TiO, [96]. The enlarged dimensions of
TiO, nanoparticles led to an augmented total pore volume
and average pore diameter, hence enhancing perovskite
penetration, and diminishing electron transport resistance.
Small TiO, nanoparticles have a significant specific surface
area, enabling the injection of photoelectrons. Adjusting the
thickness resulted in PCEs of 18.03% for 25 nm and 18.72%
for 41 nm, respectively. Liu et al. used commercial TiO,
nanoparticles, with a diameter of 6 nm, to construct a dense
ETL by spin coating, in conjunction with the creation of the
mesoporous layer. The small size of the TiO, nanoparticles
is tightly clustered, perhaps obstructing the perovskite from
infiltrating the TiO, ETL. It may also provide a rough sur-
face to enhance wettability and facilitate the nucleation and
growth of perovskite. The PCE of 11.0% was attained by
thickness optimization [97].

Well-aligned and carefully arranged nanoarray structures
nanorods, nanowires, nanotubes may provide direct paths
for efficient charge transfer and improve the penetration of
perovskites compared to nanoparticles. The porous TiO,
nanorod array developed by Yang et al. used Pulsed laser
deposition as the ETL in perovskite solar cells, with a PCE
of 14.1%. The resulting anatase TiO, nanostructures mark-
edly increase the contact area between the TiO, layer and
the perovskite layer, exhibiting enhanced electron-hole pair

Fig.4 The growth process of
TiO, nanorod arrays using pulsed
laser deposition (PLD) is shown
in a schematic picture. SEM
photographs of TiO, nanorods
formed on silicon substrates by
PLD at ambient temperature and
cross-sectional SEM images of
TiO, nanostructures produced

on ITO glass substrates by PLD
at 300 °C are also shown [98].
Copyright 2016 Royal Society of
Chemistry.

separation and electron extraction efficiency at the interface
(Fig. 4). Wu et al. fabricated an amorphous titanium oxide
nanowire (Am-TNW) thin film to function as an ETL for
PSC via a low-temperature (< 150 °C) solution method. The
Am-TNW thin film needs no annealing treatment and has
exceptional transmittance. It may be next to the perovskite
layer, promoting perovskite penetration and effectively
reducing charge recombination. The device attained an
average PCE of 18.3% [99]. Titanium dioxide nanotube
arrays were fabricated using electrochemical anodization
on a titanium substrate and used in PSCs devoid of hole
transport materials. The optical band gap and conductivity
of the material fluctuated with the structural length of the
TiO, nanotube, achieving an optimal PCE of 3.64% at a
tube length of around 9.4 ym. Additionally, Chen et al. con-
structed a three-dimensional flower-like TiO, nano-array
layer, including one-dimensional anatase TiO, nanorods on
the FTO substrate, using a low-temperature 80 °C chemical
bath deposition method to replace the traditional mesopo-
rous TiO, layer. The 3D flower-shaped TiO, nano-arrays sig-
nificantly impede charge recombination and improve light
harvesting efficiency (LHE), which increases with extended
chemical bath deposition reaction time of the nano-arrays.
The device achieves a maximum PCE of 15.71% with nota-
ble repeatability and little hysteresis [100].

@ Springer
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3.3.2 TiO, element doping and interface modification

Device performance is affected by TiO, intrinsic defects
include low valence Ti*" ions and oxygen vacancies. Ele-
mental doping and surface modification might improve
material qualities and lower charge recombination in
devices. With the main aim of constructing an interface
structure that enables quick carrier transfer and inhibits
recombination, surface modification is a useful method
for changing carrier dynamics at the interface. An efficient
modification approach to improve photovoltaic performance
and reduce hysteresis in PSCs is the passivation of surface
trap states in the TiO, and perovskite layers. Using TiCl,
treatment, Tan et al. produced TiO, chlorine-modified col-
loidal nanocrystalline films [101]. Interfacial Cl atoms may
reduce charge recombination at the interface by preventing
the development of surface deep trap states, hence improv-
ing interface binding. With TiO,-Cl, the small area device’s
0.049 cm? PCE is 20.1%; the PCE of the big area device 1.1
cm? is 19.5%, thereby indicating good stability. Han et al.
synthesized an 18.9% PCE device by combining TiO, with
a bifunctional 4-picolinic acid (4-PA) self-assembled mono-
layer (SAM) [102]. Little hysteresis was detected when
4-PA treatment of TiO, improved the grain size of MAPbI,,
effectively passivate the interface of UK3 perovskite, and
optimally transmit electrons and holes. Shen et al. showed
on the surface of mesoporous TiO, film a modified layer
of ultra-thin graphene quantum dots (QGD). While lower-
ing contact resistance at the perovskite/mesoporous TiO,

(a) Au

Electron Transport

interface, the GQD incorporated into the mesoporous TiO,
film improves electron extraction and transmission. From
18.57% to 20.45% the photoelectric conversion efficiency
of the device rose [103]. TiO, helps to reduce charge recom-
bination on the FTO surface and enable effective electron
collecting. C60 helps to efficiently extract carriers from the
perovskite layer; ZnO assures good energy level alignment
between the TiO, layer and the C60 layer, thereby improv-
ing the open-circuit voltage. With a PCE of 18.63% the
PSC using TiO,/ZnO/C60 three-layer electron-transporting
material attained (Fig. 5 (a)).

Introduction of dopant ions into the lattice sites of Ti*"
changes the band gap, energy level arrangement, carrier
and (surface) trap state density and distribution, so improv-
ing photovoltaic performance, lowering hysteresis, and
strengthening the stability of PSC. High-valence metal
elements doping into the TiO, layer (n-type doping) may
provide extra electrons, move the conduction band of the
TiO, higher, enhance photoelectron injection process, and
raise conductivity. Reduced trap state density, greater con-
ductivity and electron mobility, and improved injection and
extraction efficiency of photoelectrons indicate that the
Nd-doped TiO, made by chemical bath deposition by Yin
et al. enhances these parameters [106]. Better device stabil-
ity and more than 19% PCE are obtained by the PSC with
1% Nb-doped TiO, although there are no surplus electrons
in the dopant, the doping of comparable metal elements
into the TiO, layer may modify the band gap, energy level
arrangement, carrier mobility and trap state density. This
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Fig. 5 (a) Schematic representation of the device architecture and
energy level configuration for the TiO,/ZnO/C60 electron transport
trilayer planar PSC, J-V characteristics of PSCs utilizing four distinct
compound ETLs, and the optimal PSC performance (the inset illus-
trates maximum power point tracking over 10 min, yielding a stabi-
lized PCE of 18.12% at 0.892 V) [104]. Copyright 2018 American

Chemical Society. (b) The device architecture using Mg-doped TiO,,
conductivity measurement outcomes for films with varying Mg treat-
ment concentrations (the inset illustrates the sample structure for this
measurement), Nyquist plots at 700 mV, and J-V curves [105]. Copy-
right 2016 Royal Society of Chemistry.
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will not produce the change in carrier density. Sn-doped
TiO, nanorod arrays, for instance, may raise band gap and
enhance electron mobility, thereby improving device effi-
ciency relative to undoped ones [107]. While the doping
of suitable low concentration can reduce the defects of the
TiO, (oxygen vacancies, Ti>" gaps, etc.), so improving the
conductivity, the doping of low-valent metal elements into
the TiO, layer (p-type doping) usually results in the decrease
of conductivity due of the decrease of electron density. By
lowering the resistivity and moving the Fermi level higher,
the TiO, layer doped with low concentration of Y and Mg
may minimize the trap state density, thereby boosting the
capacity to transport electrons and block holes. The device
gets PCE of 19.3% and 19.08% respectively (Fig. 5 (b))
[107, 108], and displays greater open circuit voltage and
fill factor. Usually found in the lattice gap, the metal ions
with lower radius are doped into the TiO, layer. Li-doped
TiO, may, for instance, lower the electron trap density and
increase conductivity. From 14.2% to 17.1% the photoelec-
tric conversion efficiency of PSC based on Li-doped TiO,
increases the hysteresis is negligible [108].

3.3.3 Low temperature manufacturing TiO,

Cost-effective and flexible devices are incompatible with
the high temperature manufacturing method of TiO,. Many
researchers have lately done significant study on the low-
temperature manufacturing process of TiO, for flexible
electronics. Kim et al. fabricated mesoporous TiO, as the
ETL in high-efficiency PSCs using the reactive ion etching
(RIE) technique instead of the conventional high-tempera-
ture annealing method. While the flexible device reached a
PCE of 17.29%, the RIE-mp-TiO, showed improved elec-
tron extraction capacity and J-V hysteresis [109]. You et al.
created TiO, nano-sols in acidic aqueous solution, Using
the sol-gel method, then dispersed the dried TiO, nanopar-
ticles in many solvents, then spin-coated and low-temper-
ature annealed to produce the ETL. A homogeneous and
hydrophilic TiO, ETL was created by using N, N-dimeth-
ylformamide (DMF) as a solvent, therefore reaching a PCE
of 15.8% in the flexible device, which also showed good
mechanical stability [110]. Xie et al. used a TiO,/SnO, thin
film created at a low temperature of 150 °C as the ETL in
perovskite solar cells. They found a notable driving force
for electron extraction at the SnO,/perovskite interface, and
a defect-free physical contact was created at the TiO,/FTO
interface. The bilayer thin film showed good hole blocking
and effective electron extraction. With a maximum PCE
of 18.85%, the device much outperforms the TiO,-based
device’s PCE, which makes it very interesting for flexible
PSC [111].

@ Springer

3.4 Tin(IV) oxide (Sn0,)

Sn0O, is regarded as a promising ETL material owing to its
extensive band gap (conduction band minimum: —4.2 to
—4.5 eV, band gap: 3.5 to 4.0 eV), low refractive index less
than 2, high electron mobility approximately 250 cm?|V |
s~!, and appropriate energy band structure, which facilitates
efficient electron extraction and transport, mitigates charge
accumulation and recombination losses, and eradicates J-V
hysteresis in planar PSCs [112].

3.4.1 SnO, exhibiting various morphologies

Baena et al. used ALD to fabricate a 15 nm thick, pinhole-
free, dense layer of SnO, for application in a planar PSC.
The film demonstrates extensive coverage and superior
electron extraction capability, while the device displays
high and steady current density with a PCE over 18%. Hag-
feldt et al. fabricated a high-quality SnO, ETL using spin
coating and chemical bath deposition (SC-CBD) for use
in a planar PSC, achieving a high fill factor, effective hole
blocking capability, enhanced stability, and reduced hyster-
esis, with a PCE approaching 21% (Fig. 6 (a)) [113]. Ke et
al. fabricated a thick, thin film of SnO, using spin-coating a
precursor solution of SnCl,-2H,0O at ambient temperature.
The thin film exhibits a smooth surface, high transmittance,
effective electron extraction, and hole blocking capabilities,
resulting in the device achieving an optimal PCE of 17.21%
(Fig. 6 (b)) [114]. Jiang et al. applied a spin-coating tech-
nique to deposit a solution of diminutive SnO, nanoparti-
cles onto an ITO substrate, resulting in a pinhole-free, dense
SnO, layer intended for a planar perovskite solar cell. The
increased crystallinity of the SnO, nanoparticles facilitates
a reduction in the density of defect states in SnO,, resulting
in a device with a PCE of 19.9% devoid of hysteresis. Li
et al. fabricated a mesoporous SnO, film with large SnO,
nanoparticles for mesoporous perovskite solar cells, achiev-
ing a PCE of 6.5% by optimization of the SnO, film thick-
ness. Following the treatment of the SnO, film’s surface
with TiCl, aqueous solution, its PCE rose to 10.18% [115].

SnO, ETL preparation in PSCs has been described using
a variety of approaches. By spin-coating a SnCl,:2H,0
precursor made at an ambient temperature and then ther-
mal annealing it at 180 °C, Fang et al. implemented a low-
temperature solution-based method to incorporate a SnO,
ETL in PSCs. They achieved this by applying a SnCl,:2H,0
precursor onto the cells via spin-coating at room tempera-
ture, followed by thermal annealing at 180 °C. This novel
strategy presents a substitute for conventional high-tem-
perature manufacturing techniques used for SnO, ETLs,
offering numerous advantages: such as (1), the utilization
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Fig.6 (a) Presents SEM images and J-V curves with the inset showing
maximum power point tracking for SnO, layers produced by atomic
layer deposition, spin coating, and chemical bath deposition scale
bars are 200 nm [8]. Copyright 2016 Royal Society of Chemistry. (b)

of a low-temperature solution-processed SnO, ETL method
results in decreased energy consumption in comparison to
high-temperature processes, hence enhancing its environ-
mental sustainability and cost-efficiency [117]. (2), through
the optimization of metal precursors concentration and
deposition conditions, a polished In,S; film was achieved,
resulting in enhanced efficiency in the extraction and trans-
portation of electrons compared to TiO, ETLs [118]. (3), the
low-temperature solution-processed SnO, ETL approach
offers a practical benefit in terms of efficiency and scal-
ability due to its simplicity and fast processing, which may
be completed in minutes [119]. (4), PSCs that utilize the
low-temperature processed SnO, ETL demonstrated supe-
rior stability when compared to devices based on TiO,. This
suggests that the long-term performance and durability of
the PSCs were improved [120]. (5), the low-temperature
processed SnO, ETL has efficient charge transport due to
its excellent charge mobility, broader bandgap, and advanta-
geous band energy alignment. This leads to increased PCEs
in PSCs [119].

A PCE of 17.21% was attained by SnO,-based devices,
which may be ascribed to the suitable characteristics of
nanocrystalline SnO, material [121]. The term “suitable
characteristics” of nanocrystalline SnO, material generally
refers to specific material qualities that render it optimal for
diverse purposes. Such as band Gap, SnO, has a broad band
gap, usually measured at 3.6 eV or above. This property has
a significant impact on the optical and electrical character-
istics of SnO,, making it well-suited for applications such
as gas sensors and varistors [122]. The capacity to modify
the electrical characteristics of SnO,, such as its conduc-
tivity and the mobility of its charge carriers, increases its
usefulness in various applications such as catalysts, resis-
tors, and electrochemical devices [122]. The microstructural
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2015 American Chemical Society.

properties of nanocrystalline SnO,, such as grain size and
surface composition, have a substantial impact on its per-
formance in gas sensors and other electronic devices [122].

The electronic structure of SnO, is affected by changes
in its surface composition, specifically as it transitions from
stoichiometric to reduced surfaces. This alteration results in
the production of surface states and a decrease in the work
function, making SnO, very suitable for gas sensor applica-
tions [122].The sensitivity of nanocrystalline SnO, particles
to gases such as hydrogen is influenced by the thickness of
the space charge layer. Improved performance is observed
when the grain size is approximately twice the depth of the
space charge layer [122]. To create SnO, ETLs in PSCs,
Hagfeldt and coworkers used a combination of spin-coating
SnCl,-5H,0 precursor and a chemical bath SnCl,-2H,0
solution with additives post-treatment approach. This
method increased interest in using the alternative wide band-
gap oxide. Their findings showed that using SnO, as the ETL
produced a significant open-circuit voltage and a high, sta-
ble PCE of close to 21% and (V) of 1.21 V [123]. Another
example is the low temperature 150 °C solution processed
SnO, Nanoparticles produced from the SnO, colloid precur-
sor serve as the ETL in PSCs. This use of the ETL exhibited
PCE of up to 20.54% in PSCs with improved charge extrac-
tion [124]. Wang and coworkers have described a Sol-gel
wet chemical method for fabricating crystalline SnO, ETL
below 80 °C. During refluxing, adding ambient O, and H,O
significantly speeds up Sn>" oxidation from Sn** to Sn*" and
the hydrolysis of the SnCl,-2H,0O alcohol solution. After
ageing at room temperature, ultra-small SnO, nanoparticles
less than 5 nm in diameter are produced, which produced
PSCs with a PCE of 19.2% [42].

Correa-Baena et al. have developed a low temperature
120 °C ALD technique for the fabrication of devices using

@ Springer



859 Page 14 of 31

A. S. Yusuf et al.

SnO, as the ETL. They were the first to document a SnO,
ETL that had a barrier-free energetic arrangement and pro-
duced a nearly hysteresis-free PCE of over 18% with a high
Voc of up to 1.19 V [125]. Shin et al. also showed that
ALD is a potent method for depositing high-quality SnO,
film as the ETL in PSCs. Kiani et at. In their research find-
ings demonstrated that SnO, ETLs had superior perfor-
mance compared to conventional materials such as TiO,.
This was attributed to their enhanced electron extraction and
transport efficiency, resulting in increased performance of
solar devices and higher PCEs. SnO,-based PSCs exhibited
superior stability and endurance when compared to devices
that employed alternative ETL materials. This highlights the
promise of SnO,-based PSCs for long-term reliability and
high performance in solar cell applications. The introduc-
tion of a novel and efficient method for fabricating SnO,
ETL in high-performance PSCs was achieved by combining
spin-coating with a chemical bath post-treatment approach.
This creative approach encourages future study and optimi-
zation of the process [126].

Zafoschnig et al. discovered that after post-annealing
at high temperatures 300 °C, ALD SnO, films had highly
conductive leakage channels that had poor hole blocking

Fig. 7 Diagram of the silicon/ Ao
perovskite tandem solar cell with <
ALD-deposited SnO, next to the LiF
PC60BM ETL layer [127]. Copy-
right 2017, Macmillan Pubhlish-
ers Limited. o
LiF
NI1O)

a-SiH (n*)

a-Si:H (p*)
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abilities [128], demonstrating the need of low temperature
annealing for ALD SnO, films to achieve high PCE in PSCs
[129]. Due to its great surface coverage and conformality
[130], ALD-deposited SnO, has been extensively used in
tandem solar applications. Figure 7 illustrates that the ALD-
deposited SnO, functions as a buffer layer to mitigate sputter
damage from the succeeding transparent conductive oxide
layers necessary for the clear front contact. To enhance
efficiency, a thin layer of fullerene (C60 or PCBM) ETL is
often interposed between the perovskite and SnO, layers.
This layer facilitates electron movement across the inter-
face, reduces the density of trap states, and has shown the
ability to passivate grain boundaries [131]. These innova-
tions show how useful ALD may be as a deposition method
for massive procedures to deposit SnO, ETLs for PSCs.
Al,O; and other passivation layers are often deposited using
ALD in the crystalline silicon solar cell sector [132].

There are still a lot of problems that need to be resolved
even though SnO, has gained recognition in the scientific
community and is widely utilized as a standard ETL in
PSCs. The differences in the characteristics of SnO, films
formed from Sn(II) and Sn(IV) salt precursors are among
them, as is a full knowledge of the CI residue from the
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SnCl,-2H,0 or SnCl,-5H,0 precursor. Additionally, the
difference between the dominant and favored crystal orien-
tations ((110) and (200)) should be considered, because the
crystal orientation can affect the mobility of charge carri-
ers (electrons or holes) within the material. The presence of
specific crystal planes may influence the ease with which
charge carriers move through the lattice. In some cases,
one orientation may exhibit higher carrier mobility than the
other [133]. The colloidal synthesis methods used for SnO,
nanoparticles may not offer the same level of accuracy and
control over crystal orientation as the chloride preparation
route. Although colloidal methods are simple and scalable,
the chloride preparation route is particularly notable for its
capacity to customize crystal orientations, improve charge
carrier mobility, and optimize material properties for spe-
cific applications. Therefore, it is the preferred choice when
precise control over crystal orientation and charge carrier
mobility is essential [134].

Fluoride migration and consequent over doping of the
SnO, ETL have, too, made it difficult for SnO, to sinter at
higher temperatures on FTO substrates. The detrimental
effect of fluorine doping is commonly used to enhance the
electrical conductivity of tin oxide. However, excessive flu-
oride migration and over-doping can lead to increased car-
rier concentration beyond the optimal level. This may result
in a decrease in carrier mobility, a phenomenon known as
carrier freeze-out, which can hinder the overall electrical
performance of the mater [135]. This has had an influence on
device topologies using mesoporous SnO, because sinter-
ing the nanocrystal-line mesoporous electrode is necessary
[136]. The negative impact of fluoride migration and exces-
sive doping on SnO,, specifically in the context of SnO,
ETLs on FTO substrates, has resulted in difficulties in sin-
tering at elevated temperatures due to the excessive move-
ment of fluoride. Fluorine doping is frequently employed
to improve the electrical conductivity of tin oxide. How-
ever, excessive doping can cause the carrier concentration
to exceed the ideal threshold, resulting in decreased carrier
mobility and a phenomenon referred to as “carrier freeze-
out.” This can ultimately impede the electrical performance
of the material [137]. The excessive doping of fluorine in
SnO, has had a significant impact on device topologies that
use mesoporous SnO,. This has led to the need for sinter-
ing the nanocrystalline mesoporous electrode. The transi-
tion of SnO, from facilitating low-temperature sintering to
encountering difficulties caused by excessive fluorine dop-
ing emphasizes the need for careful optimization of SnO,
characteristics for individual applications [138]. Concern-
ing the mesoporosity of sintered SnO,, the sintering pro-
cess generally entails the compaction of particles to create a
cohesive solid structure. Although sintering could decrease
the porosity of the material, it is still feasible to maintain a

certain degree of mesoporosity based on the sintering cir-
cumstances and the original structure of the material. Thus,
sintered SnO, can retain mesoporous properties to a cer-
tain degree, however the level of mesoporosity may differ
depending on the precise sintering settings and the desired
application demands [139].

3.4.2 Modification of surface and doping of elements in
Sno,

SnO, has been shown to be an optimal material for ETLs,
exhibiting superior performance. Nonetheless, the intrinsic
flaws of SnO, film such as tin vacancies and oxygen vacan-
cies lead to significant interface recombination at the SnO,/
perovskite junction, resulting in decreased open circuit volt-
age and fill factor [140]. The efficacy of SnO, devices may
be enhanced by interface modification. Hao and colleagues
used KCI to passivate the flaws at the SnO,/perovskite inter-
face, enhancing the device’s efficiency and stability while
mitigating the hysteresis problem. A planar PSC achieved a
PCE of 20.5% [141]. Yang et al. introduced self-assembled
monolayers (SAMs) with diverse functional groups onto
the SnO, surface to facilitate multiple chemical interactions
with the perovskite layer, therefore reducing the density of
trap states and enhancing interfacial charge transfer [142].
The device surface, modified with a 4-picolinic acid self-
assembled monolayer, attained a PCE of 18.8%. Xie et al.
enhanced the electronic characteristics of SnO, films by
using a tiny quantity of graphene quantum dots [143]. The
photogenerated electrons in the GQDs are transferred to the
conduction band of SnO,, thereby filling electron traps, aug-
menting electron density, and enhancing SnO, conductivity.
This process facilitates improved electron extraction rates
and diminishes interface charge recombination. The device
achieves an optimal PCE of 20.23% (Fig. 8).

Doping elements is a significant method to enhance the
performance of SnO, devices. Doped SnO, enhances con-
ductivity and elevates the Fermi level, facilitating interface
charge transfer and diminishing interface charge recombina-
tion. The current investigation focuses on the impact of dop-
ing metals, including Li, Mg, Zn, Al, Y, Ga, La, Mo, Nb, and
Sb, into SnO, as dopants on device performance [144—152].
Anaraki et al. synthesized a 5% Nb-doped SnO, ETL using
CBD for use in a planar PSC. The device exhibits reduced
series resistance, increased short-circuit current, and an
enhanced fill factor, attaining an ideal PCE of 20.5% with
improved repeatability. Xu et al. included La into the SnO,
precursor solution to mitigate the aggregation of SnO, crys-
tals and achieve a homogeneous surface devoid of pinholes.
The La-doped SnO, significantly decreased the energy
band offset, enhanced conductivity, and transparency, and
facilitated charge injection and transfer. The open-circuit
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Fig.8 Shows a cross-sectional
SEM picture of PSCs including
GQD-modified SnO,, a schematic
illustrating hot electron transfer
from GQD to SnO, under illumi- %
nation, the J-V curve for devices
using SnO, and Sn0O,:GQD,

and the results of stability tests
[143]. Copyright 2017 American
Chemical Society.
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voltage measured was 1.11 V, and the PCE recorded was
17.08% [153]. Song et al. synthesized Y-doped SnO, by
the solvothermal process, resulting in a more compatible
energy level structure with the perovskite layer, enhancing
carrier transport and achieving an optimal PCE of 20.71%,
with minimal hysteresis [154]. Furthermore, Hui et al.
doped the SnO, film, synthesized at low temperature, with
red carbon quantum dots (RCQ) abundant in carboxylic
acid and hydroxyl groups. They discovered that the RCQ-
doped SnO, film exhibited superior electron mobility and
enhanced hydrophilicity, facilitating the passivation of traps
and defects at the TiO, perovskite interface and promoting
the development of highly crystalline perovskite films [155].
The RCQ-doped SnO, device attains a peak PCE of 22.77%
and demonstrates remarkable humidity stability. The persis-
tent endeavors of scientists have enhanced the photoelectric
conversion efficiency of SnO, planar PSCs to above 23%,
indicating significant development potential [156].

3.4.3 SnO, synthesized at low temperatures

Sn0O, is extensively used in flexible PSCs owing to its low
crystallization temperature. Liu et al. synthesized a highly
crystalline SnO, ETL devoid of ligands at a low temperature
100 °C utilizing spin coating and hydrothermal treatment
for flexible PSCs. They discovered that hydrothermal treat-
ment facilitated the thorough elimination of organic active
agents from the surface of SnO, nanoparticles via hot water
vapor, while also enhancing crystallization through the
elevated vapor pressure of water, resulting in high-quality

@ Springer

SnO,. The device attains a peak PCE of 18.09% and exhib-
its commendable environmental stability, retaining over
90% of the original efficiency after 1000 bends. Chen et al.
produced a high-quality SnO, ETL for flexible devices by a
low-temperature 120 °C production method and examined
the influence of various solvents and deionized water on the
crystallization process of SnO,. A continuous, pinhole-free,
compact, and highly crystalline SnO, film may be synthe-
sized using a solvent composed of 5% water and butanol.
The device has an ideal PCE of 18% and demonstrates com-
mendable mechanical stability [157]. Zhong et al. used a
SnO, film synthesized at a low temperature 140 °C in the
flexible PSC and included a hydroxyl-modified fullerene
derivative (CPTA) layer at the SnO,/MAPbI; interface,
enhancing conductivity and diminishing the interface bar-
rier to optimize device performance. The device achieved
a peak PCE of 18.36% and demonstrated commendable
environmental stability and mechanical bending resilience
[158].

3.5 Zinc oxide (Zn0)

Another popular ETL in PSCs is ZnO. ZnO has a compara-
ble CBM (—4.3 eV, relative to the vacuum level) and broad
bandgap (>3 eV) to TiO, and SnO. Compared to TiO, and
SnO,, ZnO has several benefits. The electron mobility of
bulk ZnO crystals may reach 300 cm? V!s™!, that of ZnO
thin films is >600 cm?V"!| s!, and that of 1D materials is
1000 cm?[V ™! s7! [159]. Compared to TiO, and SnO,, ZnO
has less reports and applications as an ETL while having
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these promising features. This might be caused by two
things: (i) have a historically lower device efficiency which
prevents efficient perovskite annealing and (ii) poor ther-
mal stability [160]. The historical performance of electronic
devices using ZnO as an ETM might have been lower com-
pared to devices using TiO, or SnO,. Device efficiency is a
crucial factor in the adoption of materials for specific roles
in electronic devices, such as solar cells or other optoelec-
tronic applications.

The historical lower device efficiency and poor thermal
stability of ZnO as an ETL in electronic devices, particularly
in perovskite solar cells, have limited its widespread adop-
tion. These drawbacks can be attributed to the following
reasons [161]. ZnO has historically exhibited lower device
efficiency compared to other ETLs like TiO, or SnO,, which
can hinder the overall performance of electronic devices.
This lower efficiency may be due to challenges in achieving
efficient perovskite annealing when using ZnO as an ETL,
impacting the device’s overall functionality and energy
conversion efficiency [161]. Another significant drawback
of ZnO is its poor thermal stability, which can lead to deg-
radation or performance issues in electronic devices, espe-
cially under high-temperature operating conditions. The
lack of robust thermal stability in ZnO-based devices can
limit their long-term reliability and operational efficiency,
making them less favorable for certain applications [161]. If
ZnO-based devices historically exhibited lower efficiency,
it could have led to a preference for TiO, or SnO, in certain
applications. The efficient perovskite annealing suggests
that ZnO might face challenges in supporting the process-
ing conditions required for perovskite solar cells. Efficient
perovskite annealing is essential for achieving high-quality
perovskite layers, and if ZnO is less effective in supporting
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Fig. 9 (a) Device architecture including c-ZnO thin film, schematic
representation of combustion synthesis, organization of material
energy levels, and J-V curve of the devices [167]. Copyright 2019
John Wiley & Sons. (b) Device architecture including a ZnO nanowire

this process, it could contribute to its lower adoption in such
applications [160]. As an efficient ETL in p-i-n devices,
ZnO layers formed from synthetic nanoparticles have been
shown to be more stable than organic ETLs [162].

3.5.1 ZnO exhibiting various morphologies

The elevated electron mobility and low temperature pro-
cessability of ZnO have resulted in the extensive use of
homogeneous, dense ZnO films characterized by few flaws
and pinholes in planar devices. Magnetron sputtering, ALD,
and spray pyrolysis are efficient techniques for fabricat-
ing dense ZnO films with adjustable characteristics. For
instance, Ngo et al. synthesized compact ZnO thin films
by Spray pyrolysis under nitrogen gas flow results in high
transmittance, excellent homogeneity, and comprehensive
substrate covering [163]. The device attains a PCE of 12.7%
and has commendable stability. Zheng et al. used combus-
tion synthesis for the first preparation of high-quality ZnO
thin films, which exhibit intrinsic passivation, high crys-
tallinity, little carbon contamination, suitable energy level
alignment, optimal shape, and excellent chemical compat-
ibility with perovskite layers [164]. Devices using com-
bustion synthesis ZnO thin films may get a PCE of 17% to
20% (Fig. 9(a)) [165]. Zhang et al. synthesized extremely
crystalline and ultra-uniform ZnO nanoparticles of varying
sizes using the solvothermal method [166]. The dimensions
of the nanoparticles influence the filling and contact area
of perovskite, the electron injection efficiency at the ZnO-
perovskite interface, and the charge recombination capacity.
The device using a 40 nm ZnO nanoparticle mesoporous
layer attains an optimal PCE of 15.92%.

(b)
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array, J-V curve, and cross-sectional SEM picture of the PSC, together
with a cross-sectional SEM image of ZnO NW cultivated for 75 min
[168]. Copyright 2016 MDPL.
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Effective PSCs have employed ZnO thin films from vari-
ous nanostructures because of the simple crystallization of
ZnO, hence enabling the creation of different nanostructures.
Unlike nanoparticles, one-dimensional ZnO nanostructures
are single crystals that provide a direct channel for electron
transport. While creating high-quality perovskite films on
their surfaces, ZnO nanorods vertical structural arrange-
ment increases the contact area with perovskite. Li et al.
used the hydrothermal method to create ZnO nanorods as
an ETL and heated the substrate before spin-coating the
perovskite to improve the surface coverage, grain size,
and crystallinity of the perovskite [169]. The PCE of the
device is 10.34% upon thickness adjustment. The high
aspect ratio of ZnO nanowires helps perovskite to penetrate
and improves electron transport. Etgar et al. created ZnO
nanowires for PSC by hydrothermal techniques, tailor-
ing their length and diameter to reach PCE of 9.06% and
6.39% for rigid and flexible devices, respectively, showing
exceptional stability (Fig. 9 (b)) [170]. Furthermore, Isla-
vath et al. built vertically aligned three-dimensional (3D)
ZnO nanowall arrays on transparent conductive substrates
using a seed layer-assisted low-temperature solution growth
approach for a hole-free perovskite solar cell. The shape
of the ZnO nanostructure may be gradually changed from
one-dimensional nanowires to three-dimensional nanowall
arrays by changing the aluminum concentration in the seed
layer. With a high device PCE of 2.56%, the highly aligned
3D ZnO nanowires have a huge surface area and a unique
cage-like structure that promote electron transport. One-
dimensional ZnO nanowires are then grown on the surface
of three-dimensional ZnO nanowires, hence improving the
ZnO/perovskite contact and raising the PCE of the device to
3.28% [171]. The section below elaborates more on the ZnO
surface modification.

3.5.2 ZnO surface modification and element doping

Despite the notable improvement in the performance of
devices using ZnO ETLs, the considerable interface recom-
bination and instability of ZnO thin films hinder their future
development. For example, the inherent imperfections of
ZnO include zinc vacancies, oxygen vacancies, dangling
bonds, and defects resulting from the sudden disruption of
the ZnO crystal structure. The newly introduced defects dur-
ing the solution fabrication process may provide additional
recombination pathways and diminish device performance.
The ZnO surface is alkaline and will deprotonate CH;NH;*
upon contact with perovskite, resulting in the facile disin-
tegration of the perovskite deposited on the ZnO surface
after thermal treatment [172, 173]. Surface modification or
elemental doping may provide a solution to this issue. Sur-
face modification effectively reduces charge recombination.
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Coating the ZnO ETL with a wide band gap oxide may pas-
sivate the interface and enhance device performance. Using
the ALD technique, Li et al. deposited an Al,O; monolayer
on ZnO nanorods, which effectively passivates interface
defects and enhances carrier separation, thereby increas-
ing the device’s photoelectric conversion efficiency from
11.72% to 16.08% and mitigating the chemical instability
caused by residual chemicals [174]. Block copolymers such
as PCBM and polyethyleneimine, with a lower conduc-
tion band edge than ZnO, are used to modify the interface
between ZnO and perovskite, hence inhibiting interfacial
recombination (Fig. 10 (a)) [175]. Zhang et al. developed
a perovskite solar cell using a ZnO-PCBM bilayer electron
transport material, employing PCBM as an interfacial modi-
fication layer [176]. The ZnO layer may enhance the energy
level configuration and boost carrier extraction efficiency;
the PCBM layer may augment the thermal stability of the
perovskite and reduce hysteresis. This PSC offers enhanced
device performance relative to the PSC of a single-layer
ETL.

Moreover, element doping serves as an excellent method
to enhance charge recombination and elevate the quality of
ZnO thin films. Metal dopants including Li, Na, K, Mg, Al,
Sn, In, and Ni may mitigate surface defects in ZnO, enhanc-
ing electron mobility and elevating the Fermi level [84, 179—
183]. The PSC of the K-doped ZnO ETL attained a PCE of
19.9%, exhibiting remarkable air stability and no hysteresis
(Fig. 10 (b)) [184]. Currently, substantial advancements
have been attained in the modification of ZnO thin films;
nevertheless, issues related to long-term stability need more
optimization and investigation, this will further be discussed
in the ZnO synthesis section.

3.5.3 ZnO synthesized at low temperatures

Increasing attention has been paid lately on flexible devices
made using low temperature methods. The development
of flexible technologies is greatly influenced by the low
temperature processability of ZnO thin films. For flexible
devices, Liu et al. created ZnO nanoparticle films by spin-
coating at temperatures below 100 °C, hence increasing the
creation of low-temperature ZnO films in flexible applica-
tions with a PCE of 10.2% [185]. Jung et al. fabricated the
ZnO ETL at a temperature under 100 °C for use in flexible
electronics. By adjusting the ZnO layer thickness, the size
and shape of MAPDI;, and the remaining Pbl, phase, the
device attained a peak PCE of 12.34% and exhibited com-
mendable mechanical stability [186]. Lim et al. fabricated
ZnO thin films at low temperatures for flexible devices and
incorporated a PEIE modification layer on the ZnO surface,
which prevented the decomposition of the perovskite layer,
enhanced the crystallinity of perovskite thin films, and
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Fig. 10 (a) Depicts the schematics of perovskite growth on PC61BM-
coated ZnO and PEl-coated ZnO during thermal annealing, the J-V
curves of PSCs employing PC61BM-coated and PEl-coated ZnO,
along with SEM images and grain size distribution of the perovskite
film deposited on PEI-coated ZnO, both prior to and following thermal
annealing at 100 °C for 1 h [177]. Copyright 2015 American Chemi-

lowered the electron transport barrier, resulting in a device
efficiency of 11.9% PCE [165].

Table 3 highlights the key photovoltaic parameters Vo,
Jsc, FF, and PCE of PSCs employing various oxide based
ETLs. By comparing device configurations that utilize com-
mon ETLs such as TiO,, ZnO, SnO,, and emerging alter-
natives like ZnTiO; and In,S;, the table offers a concise
overview of how different ETL materials influence overall
device performance. This comparative data is essential for
identifying high-performing oxide ETLs and understand-
ing the trade-offs between efficiency, voltage output, and
current generation in various architectures. It serves as a
valuable reference for researchers aiming to optimize ETL
selection in the design of efficient and stable PSCs.

3.6 Large area modules and commercial prospects
of inorganic ETLs

The transition from laboratory-scale solar cell prototypes
to commercially viable large-area modules is a critical step
toward the widespread adoption of photovoltaic technolo-
gies [210]. ETLs play a fundamental role in determining
device stability, efficiency, and scalability. Inorganic ETLs
have attracted significant attention due to their inherent
thermal, chemical, and photostability compared to organic
counterparts [211]. When solar modules are scaled up from
small active areas (typically a few mm? or cm?) to large mod-
ules exceeding hundreds of cm?, challenges such as uniform
film deposition, charge extraction efficiency, and long-term
operational stability become more pronounced. Inorganic
ETLs such as TiO,, SnO,, and ZnO, owing to their robust
physicochemical properties, offer promising solutions to
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cal Society. (b) Energy level configuration of devices employing ZnO
and various element-doped ZnO, cross-sectional SEM imagery, J-V
characteristics, and stability evaluation of devices utilizing K-ZnO
(preserve unpackaged devices in a dark, ambient environment with
relative humidity of 40% to 50% and temperature of 25 + 3 °C) [178].
Copyright 2018 American Chemical Society.

these scale-up challenges [212-214]. Large-area module
fabrication demands ETL materials that can be deposited
uniformly over wide surfaces with high throughput, mini-
mal cost, and compatibility with industrial processes such as
roll-to-roll coating, spray pyrolysis, or slot-die coating [215,
216]. Inorganic ETLs are often amenable to these deposition
methods, especially when engineered at the nanocrystalline
level to improve surface coverage and reduce recombina-
tion losses [217]. Seen SnO, has emerged as a front-runner
in perovskite solar modules due to its high electron mobil-
ity, wide bandgap, and low-temperature processability,
making it suitable for flexible and tandem architectures.
Furthermore, its compatibility with scalable techniques like
chemical bath deposition and atomic layer deposition makes
it particularly suited for industrial adoption [218].

From a commercial perspective, inorganic ETLs pro-
vide a cost-performance-stability trifecta that is essential
for economic viability. Organic ETLs, while initially easier
to process, tend to degrade faster under UV exposure and
high humidity conditions often encountered in real-world
installations [219]. Inorganic ETLs, by contrast, offer supe-
rior long-term stability, an essential requirement for solar
modules expected to operate efficiently over 20-25 years.
This reliability translates into lower maintenance costs and
better return on investment for solar farms and residential
systems, further reinforcing the commercial appeal of inor-
ganic materials. Additionally, their environmental benignity
and abundance (e.g. TiO, and ZnO) support sustainable
manufacturing at scale, a key criterion for green energy
technologies [117]. Another notable commercial prospect
of inorganic ETLs lies in their integration into tandem
solar cells especially perovskite/silicon tandems which are
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Table 3 Photovoltaic parameters of PSCs based on different oxide ETLs [117]

Device configurations ETL Voc[V] Jsc¢ FF  PCE long- Ref.
[mA [%]  term light
cm 2] stability
FTO/SnO,/MAFAPbI,/Spiro-OMeTAD/Au SnO, 1.10 25.25 7492 2098 -
[187]
ITO/SnO,/FAPbI,/spiro-OMeTAD/Au SnO, 1.14 247 79.50 2240 -
[188]
ITO/SnO,/perovskite/spiro-OMeTAD/Au SnO, 1.13 25.0 77.03 2237 -
[189]
FTO/SnO,/MAPDI;/spiro-OMeTAD/Au b-SnO, 1.11 233 067 172 -
[190]
FTO/c-TiO,/paa-QD-SnO,/FAPbI;/Spiro-OMeTAD/Au ¢-TiO,/paa-QD-SnO, 1.17 26.09 83.84 254 Sealed
devices: [191]
~95% of
initial PCE
retained
after 100 h
MPP track-
ing; ~70.5%
retained
after 700 h
light-soak
in open/
unsealed
condition.
FTO/c-TiO,/mp-TiO,/FAPbI;/Spiro-OMeTAD/Au ¢-TiO,/mp-TiO, 1.17 26.17 82.47 24.68 -
[192]
FTO/Sn0O,/(FAPbL;), s(MAPDbBT3;), ;5/spiro-OMeTAD/Au  ALD-SnO, 1.14 213 074 184 -
[125]
ITO/ZnO/Cs,, \FA,, yPbly/spiro-OMeTAD/Au ZnO 1.08 247 074 198 -
[193]
FTO/SrSnO;/FA, s MA,, 1sPb(I gsBr( 5)3/spiro-OMeTAD/  SrSnO; 1.13 223 067 169 -
Au [194]
FTO/In,S;/MAPbI,/spiro-OMeTAD/Ag In,S; 1.03 225 078 182 -
[195]
ITO/InGaZnO,/MAPbDI;/spiro-OMeTAD/Ag InGaZnO, 1.14 22.7 0.67 174 -
[196]
ITO/ZnTiOs/Csy osFA( 51 MA 14PbL, 55Brg 45/ ZnTiO, 1.14 226 0.78 20.1 Holds~
sprio-OMeTAD/Au 90% of [197]
initial PCE
after 100 h
UV-soaking
(365 nm, 8
mW cm 2)-
UV-stability
test reported
in the paper.
FTO/SnS,/MAPbI;/spiro-OMeTAD/Au SnS, 0.95 237 060 13.6 -
[198]
FTO/c-TiO,/TiO,-B/(FAPbI;),_ (MAPbBr3),/ TiO,-B 1.05 249 072 188 -
spiro-OMeTAD/Au [199]
FTO/c-TiO,/MAPbDI4/spiro-OMeTAD/Au ¢-TiO, 1.10 234  0.77 20.0 >82% reten-
tion after 60 [200]
h of real-
operating
light test
FTO/c-TiO,/mp-TiO,/FAPbl,/spiro-OMeTAD/Au ¢-TiO,/mp-TiO, 1.13 259  0.82 240 -
[201]
ITO/SnO,/(FAPbI;) (MAPbBI;),_/spiro-OMeTAD/Au ¢-Sn0, 1.09 249 076 20.5 -
[202]
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Table 3 (continued)

Device configurations ETL Voc[V] Jsc FF  PCE long- Ref.
[mA [%]  term light
cm 2] stability
FTO/r-TiO,/MAPbl,/spiro-OMeTAD/Au r-TiO, 1.17 233 077 209 -
[203]
FTO/c-TiO,/mp-SrTiO3/MAPbI;_ Cl /spiro-OMeTAD/Au  ¢-TiO,/mp-SrTiO4 0.93 149 055 76 -
[204]
ITO/ZnO/MAPbI,/spiro-OMeTAD/Ag ZnO 1.03 204 075 157 -
[205]
FTO/TiO, coated WO,;/MAPDI;/spiro-OMeTAD/Ag TiO, 0.87 170 076 112 -
[206]
FTO/c-TiO,/ALDSnO,/(FAPbL,), ss(MAPbBr3), ;s/PTAA/  ¢-TiO,/ALD SnO, 1.13 227 78.0 20.0 -
Au [125]
FTO/In,S;/CsPbIBr,/spiro-OMeTAD/Ag In,S; 1.09 78 066 5.6 -
[207]
ITO/ZxrSnO/(FAPbI;), os(MAPDbBT3), os/spiro-OMeTAD/Au  ZrSnO,, 1.00 248  0.67 168 -
[208]
FTO/c-TiO,/La-BaSnO;/MAPbI;/PTAA/Au ¢-TiO, 1.12 234  0.81 213 LBSO-
based PSCs  [209]
retained
~93% of
initial PCE
after 1000 h
of full-sun
illumination

rapidly emerging as the next frontier in photovoltaics due
to their potential to exceed 30% PCE. Inorganic ETLs offer
the necessary band alignment, minimal parasitic absorption,
and interface stability required for these advanced architec-
tures. Moreover, their mechanical and chemical robustness
enables better yield during module lamination and encapsu-
lation processes, which are critical for large-scale produc-
tion [210].

Therefore, inorganic ETLs represent a pivotal technology
enabler for the commercial success of large-area photovol-
taic modules. Their compatibility with scalable fabrication,
superior durability, and performance make them indispens-
able in the roadmap toward cost-effective, high-efficiency,
and long-lasting solar energy systems [220]. As the photo-
voltaics industry continues to move toward terawatt-scale
deployment, the role of inorganic ETLs will only become
more central, not just in improving cell performance, but
also in ensuring manufacturability, reliability, and economic
competitiveness at scale [220].

3.7 ETLs impact on device stability

Despite being in the nascent phase of research, PSCs have
yielded some favorable outcomes, with testing procedures
meeting and exceeding significant stability test criteria as
outlined by IEC standards, including IEC61215 for crystal-
line silicon and IEC61616 for thin-film modules. Despite
these advancements, the commercialization of emerging
photovoltaic technologies, specifically PSCs, is obstructed

by challenges stemming from two sources: intrinsic factors
related to the structural (chemistry/crystallinity) and inter-
facial stability of materials, and extrinsic factors concern-
ing environmental conditions and the mitigation of external
influences on the devices under evaluation. Numerous
effective methodologies, such as compositional engineering
[221], mixed-cation engineering [222], and dimensionality
engineering, have been used to enhance the intrinsic stabil-
ity of perovskites [223]. ETLs are crucial for the extrinsic
stability of the device. ZnO, functioning as a Lewis base,
is susceptible to MA deprotonation, leading to perovskite
degradation, which may be exacerbated by the presence
of surface hydroxyl groups and/or residual acetate ligands
[224]. The interface issue may be mitigated by including a
buffer layer and replacing MA with the less acidic FA cation
or mixed cations, such as Cs, in perovskite materials [225].
The photocatalytic activity of TiO,, caused by trapped holes
at the TiO, and perovskite interface, leads to the degrada-
tion of MAPbI, into Pbl, upon exposure to UV light [226].
A multifunctional fluorinated photopolymer coating may
inhibit and mitigate UV damage [227]. Another drawback
of using TiO, as an ETL is the relatively elevated trap den-
sity resulting from oxygen vacancies and interstitial defects
in TiO,. This results in device degradation. Chlorine dop-
ing in TiO,-based devices effectively mitigates trap states
and diminishes interfacial recombination [60]. Following
sustained operation at the maximum power point under
AM 1.5G illumination with a 420 nm cutoff UV filter, the
chlorine modified TiO, device retained 90% of its initial
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Fig. 11 Optimized modification
role of the target ETLs

Improve electron mobility

Adjust energy level
Good hole-blocking ability
Good electron extraction and transport
Low charge recombination
Improved stability

Target ETMs

performance [228]. A chemical linker, 4-imidazole acetic
acid hydrochloride, has been incorporated between the SnO,
and perovskite layers. This molecule establishes a chemical
linkage between SnO, and perovskite by an esterification
process and electrostatic interaction, therefore eliminating
interface defects and enhancing device stability in 40-60%
relative humidity settings [229].

Kim et al. devised an interface passivation method by
treating SnO, ETL with KOH, resulting in the formation of
KBr that effectively passivates defects and reduces J-V hys-
teresis, hence enhancing the device’s stability [141]. Fig-
ure 11 presents a consolidated overview of the optimized
modification strategies applied to various inorganic ETLs
in PSCs. This figure serves to illustrate how different dop-
ing methods, surface treatments, and interface engineering
techniques have significantly enhanced the performance
of ETLs especially SnO,, TiO,, and ZnO by improving
charge transport, reducing recombination, and increasing
device stability. Each segment of the figure visually encap-
sulates the role of these modifications in tailoring energy
level alignment, boosting electron mobility, and mitigating
interface defects. Collectively, these advancements under-
score the critical role of materials engineering in pushing
the boundaries of PSC efficiency and longevity.

3.7.1 Scalability

The practical integration of ETLs into PSCs demands more
than just high laboratory-scale performance. For ETLs to be
viable in real-world photovoltaic modules, they must meet
stringent requirements in scalability, reproducibility, and
long-term stability [230]. These three factors are deeply inter-
linked and collectively determine whether an ETL material
can transition from research to industrial production. Even
the most efficient lab-scale ETL can become a bottleneck if
it fails in large-area coating uniformity, exhibits batch-to-
batch variation, or degrades over time under environmental
stressors [230]. Scalability refers to the ability to reproduce
high-performance ETL films over large substrate areas using
industrially compatible deposition techniques. While spin-
coating remains the dominant method in research settings
due to its ease and control over small areas, it is inherently

@ Springer

non-scalable [231]. Industrial-scale manufacturing requires
scalable techniques such as blade coating, slot-die coating,
inkjet printing, or spray pyrolysis. In this context, the ETL
must be chemically and physically compatible with these
methods, exhibiting good wetting, film-forming properties,
and rapid drying at low temperatures [231]. Inorganic ETLs
like SnO, and ZnO, especially in colloidal or sol—gel form,
show promise due to their tunable rheology and process-
ability. However, achieving uniform thickness, surface cov-
erage, and crystallinity over large areas remains a technical
challenge. Defects or pinholes at the ETL level can severely
impact device performance by inducing shunt pathways and
recombination losses [190].

3.7.2 Reproducibility

Reproducibility is another critical challenge in the practi-
cal use of ETLs. The consistency of device performance
across batches and production runs is essential for commer-
cial reliability and consumer confidence. However, many
ETLs especially those involving complex synthesis steps
or sensitive precursor chemistries are prone to variation in
properties such as thickness, stoichiometry, morphology,
and defect density [232]. Even slight inconsistencies in
ETL quality can significantly affect charge extraction effi-
ciency, energy level alignment, and interfacial recombina-
tion, leading to fluctuating device efficiencies [232]. This
issue is particularly prominent with solution-processed or
low-temperature ETLs, where environmental factors like
humidity, solvent evaporation rate, or precursor aging can
introduce variability. To mitigate this, standardization of
precursor preparation, automation of coating processes,
and in-line quality control measures are being developed
in industrial pilot lines. Additionally, the use of robust and
stoichiometrically stable materials, such as pre-synthesized
SnO, nanoparticles, offers a pathway to more consistent
film properties [233, 234].

3.7.3 Long-term stability in practical ETL integration

Perhaps the most pressing concern for commercial ETL inte-
gration is long-term stability under operational conditions.
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In a practical solar module, the ETL must endure prolonged
exposure to sunlight (UV irradiation), heat, moisture, and
electrical bias conditions under which many lab-scale
devices deteriorate [235]. Some ETL materials, particularly
ZnO, are known to catalyze the degradation of the adjacent
perovskite layer, especially in the presence of moisture or
acidic decomposition products. This degradation arises from
chemical incompatibilities at the ETL/perovskite interface,
which can trigger the breakdown of the perovskite struc-
ture or lead to ion migration and trap formation. Moreover,
some low-temperature ETLs may contain residual organ-
ics or precursors that destabilize the perovskite or lead to
unwanted interface reactions. As a result, interface engi-
neering including passivation layers, self-assembled mono-
layers, or buffer interlayers is increasingly used to suppress
chemical reactions and improve device durability [236,
237]. Thermal stability is another key aspect of long-term
ETL reliability. During outdoor operation, solar cells can
reach temperatures above 60 °C. The ETL must maintain its
structural and electronic integrity without undergoing phase
transitions, film cracking, or delamination [238]. Inorganic
materials generally outperform organic ETLs in this regard,
but even within inorganics, material selection and process-
ing conditions significantly influence thermal robustness.
Encapsulation can mitigate some degradation, but it adds to
manufacturing complexity and cost, underscoring the need
for inherently stable ETL materials [239].

Achieving successful integration of ETLs into scalable,
reproducible, and stable perovskite solar modules is a mul-
tifaceted challenge. It demands not only materials with
excellent intrinsic electronic properties but also compat-
ibility with industrial processing, environmental resilience,
and reproducibility across large batches. Moving forward,
research must focus not only on new ETL materials but
also on process engineering, interface design, and system-
level optimization to bridge the gap between laboratory
prototypes and commercial photovoltaic products. Only
by addressing these practical constraints can ETLs unlock
their full potential in accelerating the commercialization of
perovskite solar technologies.

3.8 Sn0,: the superior electron transport layer for
perovskite solar cells

SnO, has emerged as the superior ETL in PSCs, surpass-
ing traditional materials like TiO, and ZnO. One of the
primary reasons for its superiority is its exceptional elec-
tron mobility, which facilitates faster and more efficient
charge transport. Unlike TiO,, which suffers from rela-
tively low electron mobility and higher trap densities, SnO,
enables rapid charge extraction, minimizing recombination
losses and enhancing overall device efficiency [149]. This

characteristic is crucial in PSCs, where efficient electron
transport directly influences PCE and operational stabil-
ity. In addition to its high electron mobility, SnO, offers a
more favorable conduction band alignment with perovskite
materials, reducing the energy barrier for electron trans-
fer. This optimized energy-level alignment ensures better
charge extraction while suppressing charge accumulation
at the interface, which can otherwise lead to recombina-
tion losses and device degradation [37]. Furthermore, SnO,
exhibits excellent optical transparency, allowing maximum
light absorption in the perovskite layer and contributing
to higher photocurrent generation. Another key advantage
of SnO, over other ETLs is its superior chemical stability.
TiO,, for instance, is known to undergo photocatalytic deg-
radation under UV exposure, leading to instability in PSCs
over time. In contrast, SnO, remains stable under UV illu-
mination and harsh environmental conditions, making it an
ideal choice for long-term device performance. Addition-
ally, SnO, can be processed at low temperatures, making it
compatible with flexible and large-scale manufacturing, a
significant advantage for commercial applications [42].

Moreover, advancements in interface engineering and
surface modification techniques have further solidified
SnO, position as the leading ETL [240]. Surface passiv-
ation strategies effectively reduce defect states at the SnO»/
perovskite interface, mitigating non-radiative recombina-
tion losses. Doping and nanostructuring techniques have
also been explored to optimize SnO, electrical properties,
further improving the efficiency and stability of PSCs.
These collective attributes make SnO, the most promising
ETL for next-generation perovskite solar cells, offering a
balance of high efficiency, stability, and scalability.

4 Conclusion

In this review, we have demonstrated the pivotal role of
inorganic ETLs in advancing the efficiency and stability of
PSCs. We explore the properties, morphologies, prepara-
tion methods, and optimization strategies of various ETLs
for PSCs. Each ETL presents unique advantages and limi-
tations. TiO, offers excellent chemical stability and charge
transport but suffers from high-temperature processing and
UV-induced degradation. ZnO boasts high electron mobility
and low temperature processability but faces severe inter-
face recombination and instability. SnO,, with its favorable
energy band alignment, high electron mobility, low-tem-
perature synthesis, and weak photocatalysis, emerges as a
promising candidate, though it still faces challenges like
surface defects and interface recombination. Despite signifi-
cant progress, no single ETL fully meets the requirements
of efficiency, stability, and scalability. Therefore, ongoing
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research focuses on optimizing ETLs to enhance energy
alignment, crystal structure, electron transport, and film
morphology while minimizing defects. Achieving higher
efficiency and stability in PSCs remains a key challenge,
as inherent defects in ETLs impact performance and induce
hysteresis. Numerous ETLs with promising stability and
nanostructures have been developed alongside optimiza-
tion strategies to enhance device performance. However,
commercialization demands scalable, cost-effective, and
high-quality ETLs that are dense, uniform, and defect-
free. Additionally, low-temperature fabrication is crucial
for reducing costs, minimizing energy consumption, and
enabling flexible devices. Continued research in ETL devel-
opment and device physics is essential to advancing high-
performance PSCs toward commercial viability.

5 Future prospect

Future research should focus on discovering and synthe-
sizing new inorganic materials that can outperform current
ETLs like TiO,, ZnO, and SnO,. This includes exploring
novel compounds with enhanced electron mobility and
stability under operational conditions. The integration
of advanced materials could lead to significant improve-
ments in PCEs of PSCs. A critical area for future work is
the optimization of interface engineering techniques. By
minimizing defects and reducing recombination rates at
the ETL surface, researchers can enhance charge transport
dynamics. This will be essential for maximizing the effi-
ciency and longevity of PSCs. As the demand for renewable
energy sources grows, the scalability and cost-effectiveness
of ETL materials will be paramount. Future studies should
prioritize the development of ETLs that can be produced
at scale without compromising performance. This includes
investigating low-temperature processing methods that can
facilitate mass production. The future of inorganic ETLs
may also involve their integration with emerging technolo-
gies such as tandem solar cells and flexible photovoltaics.
This could open new avenues for enhancing the overall effi-
ciency and application range of PSCs, making them more
versatile in various environments. Addressing the long-term
stability of ETLs under real-world conditions is crucial.
Future research should focus on understanding the degra-
dation mechanisms of ETLs and developing strategies to
mitigate these issues, ensuring that PSCs maintain high per-
formance over extended periods. Continued exploration of
doping strategies and surface modifications will be vital for
optimizing the performance of inorganic ETLs. These tech-
niques can significantly influence charge transport proper-
ties and device efficiency, making them a key area for future
investigation.
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