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Abstract

The domain of third-generation photovoltaics, mainly perovskite solar cells (PSCs), has been
a topic of intensive research due to its varied and renowned efficiency values. However, the
concern of stability and long-term operational abilities is a subject that needs to be looked into
very differently. Thus, Metal Oxide Electron Transport Materials (MO ETMs) evolved. This
review explains the employment of MO ETMs in various PSC architectures, the different
deposition methods, requirements of an ideal MO ETM, the common materials that have been
used previously, strategies to improve MO ETM-based device performance and lastly,
techniques to find and synthesize an appropriate MO ETM. The entire review depicts how one
can find alternative approaches to the traditional methods/materials used in a PSC. Moreover,
it also highlights the various barriers to commercialization and how one can overcome them
using varied approaches like molecular engineering, bilayer techniques and so on, to produce
efficient and stable devices.

Keywords: perovskite solar cells; metal oxide electron transport materials; third-generation
photovoltaics; device improvement strategies; solar cells.

Introduction

A perovskite solar cell (PSC) is a third-generation photovoltaic device for its cheap
materials and easy fabrication processes. A PSC has a few distinct components: perovskite active
layer, charge transporting materials and electrodes.

The working principle of a PSC can be elaborated as follows: the incident radiation on
the perovskite active layer generates electron and hole charge carriers. The respective charge
transport materials then separate these charge carriers. Lastly, they can power an external load on
coming in contact with the electrodes.

In the PSC domain, five research areas are being heavily researched to produce high-
efficiency PSCs. The areas are namely, a) perovskite molecules and films, b) engineering
methods for device optimization, c) improved charge transport materials and interfaces, d)
optimal device architectures, and €) encapsulation and stability properties [1].

Typically, the materials used in a conventional electron transport material (ETM) are
TiO,, PEDOT:PSS and fullerenes. However, it is essential to understand that the function of an
ETM is of utmost importance. It needs to not only efficiently transport electrons but block holes
simultaneously. Along with being an efficient transport and blocking material, an ETM needs to
have a suitable energy band alignment with the perovskite layer to facilitate a smooth transfer of
charge carriers.

Organic and Inorganic materials are used in PSCs, which can work exceptionally well
as ETMs. Organic ETMs are solution processible and flexible but suffer from high costs and poor
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stability properties. Inorganic ETMs are low-cost, low-temperature, versatile and stable, giving
these materials a slight edge over the former [2].

Metal Oxide electron transport materials (MO ETMs) are a separate class of materials.
They are noted for their improved performance in devices, superior chemical and physical
stability, and solvent compatibility is ideal for producing efficient and appropriate devices.
Moreover, they have improved conductivity levels, reactive electronic transition, electrochromic
properties and high dielectric constant. These are why MOs are actively used in optical devices
like PSCs, fuel cells, photocatalysts and piezoelectric devices [3]. TiO2 and SnO- are popular MO
ETMs, and devices fabricated using these materials have produced excellent photovoltaic
parameters. Wide bandgap MOs are the ones of current interest and are being extensively
researched. The wide bandgap is necessary so that it does not absorb any light in the visible
region. Wide bandgap MOs can be used as ETMs or hole-transporting materials (HTMs). In some
cases, researchers have also found wide bandgap MOs as an interlayer to improve device
performance and stability.

Delving deeper into the case of TiO,, it is an active photocatalyst which directly impacts
the stability of the perovskite layer and promotes its degradation. In the case of SnOy, it has many
dangling bonds which behave as trap sites to increase charge recombination. Moreover, these
bonds also react with the atmosphere in ambient conditions to impact device stability [4].

In this review, we shall analyze the various structures of PSCs (Fig. 1) that employ the
usage of MO, certain MO materials used, corresponding performance and stability values
obtained, and strategies to improve performance and prospects.

Glass

TCO
Load MO ETM

Perovskite

Fig. 1. PSC Architecture
PSC Architectures

The PSC structures can be broadly divided into planar and mesoporous categories (Fig.
2). The structures have specific board differences. As the name suggests, the mesoporous
architecture includes a mesoporous semiconductor layer that behaves as a scaffold layer whilst
acting as the electron transport material. Planar architectures are further divided into inverted and
normal. The planar configuration is n-i-p, where n is the ETM, i is the active layer, and p is the
hole transport material (HTM). The inverted architecture has a p-i-n configuration. MO ETMs
have been used extensively with reasonable and commercial possibilities in both these structures.

In hybrid PSCs, a MO ETM is one of the most vital layers that is incorporated into the
fabrication of the device. Different materials are used as the compact MO ETM layer (varies
according to the lab). The point to note here is that it is not just the perovskite film quality that
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matters but also the charge transport materials. The importance of the ETM is of even more
significant concern when considering both low and high-efficiency devices.
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Fig. 2. PSC Typical Architectures: a) Mesoporous, b) Regular, c) Inverted

Planar Structure

MO-incorporated planar devices have yielded efficiencies similar to the mesoporous
structure. It has reached a point where both these structures are competing for commercial
activity. The highest recorded efficiency using an MO ETM in a planar PSC is 23.7% [5]. In the
conventional n-i-p structure, mesoporous MOs are essential as a scaffold and fast-charge transport
material. In this configuration, the MO has a large contact area with the perovskite layer,
producing highly efficient devices. This is why researchers often prefer this architecture while
fabricating MO-based PSCs.

Planar structures have been at the forefront of developing rapid and high-efficiency
values. However, they are victims of hysteresis, which impacts device stability in the long run.
Identifying the root cause of hysteresis is necessary to quantify the absolute value of PCE. The
most robust method of identifying the PCE value is by estimating electron current density and
hole current density. A balance needs to be established between these two parameters. A deviation
from this balance can be associated with recombination through radiative or non-radiative
methods.

Mesoporous Structure

In this structure, similar to the name, there is a mesoporous MO used. Typically, TiO;
is the mesoporous layer used. Some unconventional materials like ZnO, SnO,, ZrO; and Al,O3
have been used as the scaffold ETM layer [6-9]. Current research is going on in varying the
ETM/perovskite interface, improving surface morphology, modifying interface compatibility,
and optimising charge transport (Fig. 3).
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Fig. 3. Energy band alignment of PSC components
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A mesoporous structure is an ideal fit to replace the planar structure and eliminate the
hysteresis phenomenon. The mesoporous MO layer provides a larger contact area which
facilitates faster and smoother charge transfer and sets a precise balance between both charge
carriers (Fig. 3). A technique that can improve the performance and stability of the device is by
tuning the geometry and structure of the mesoporous MO layer [10-13].

Electron Transport Material (ETM)

The function of an ETM is to decrease the energy barrier between the electrode and the
perovskite layer. Moreover, it helps transport the electron from the active layer to the external
load via the cathode. Understanding the extraction, transportation and collection processes to
produce high-performance PSCs is crucial. There are specific requirements that need to be met
by an ETM, including a) high transparency, b) suitable energy band alignment with the perovskite
layer, and c) high electron mobility [14]. ETMs can be broadly divided into two categories: A)
inorganic materials, which include MO and materials that do not include common degradable
materials like ZnO, TiO, SnO,, In,S3, WO3, CeO, and SrSnOs. These are materials that are
affordable and commonly available either commercially or can be sourced. B) Organic materials
are carbon-containing compounds like PCBM and PDI that are expensive but produce efficient
devices.

An ETM is considered suitable for a device post deliberating over certain essential
factors [14]. While depositing a perovskite layer on the ETM, it is essential to see its impact on
grain size and several lattice defects. Suppose the existing ETM can promote more excellent
crystallinity for the perovskite layer whilst passivating defects. In that case, there is a considerable
advantage for that device. Moreover, there needs to be an energy band alignment with the
perovskite and the subsequent layers in the device. The bandgap can be tuned when attaching the
charge transport materials to the perovskite layer. The crystallization of the perovskite layer
should be different from the compact ETM layer.

The advantages of using an ETM are pretty evident: a) protects the device against
extrinsic factors, b) provides added chemical, thermal and mechanical stability, c) facilitates
movement of carriers to the electrodes, and d) restricts recombination by blocking holes. Thus
improving device performance.

MOs as ETMs

Inorganic ETMs are regarded for their quick transfer of electrons and small refractive
index. The application of MOs has been spread across PSCs, dye-sensitized solar cells (DSSCs),
optical devices and more. MO ETM s are an integral part of the PSC, and it goes beyond the usage
of just the transfer of electrons. Ideally, along with being an efficient charge collector, it should
provide a short diffusion length and promote crystallinity/crystal growth of the perovskite layer.

When an ETM (particularly MO ETM) comes in contact with a transparent conductive
oxide (TCO), specific requirements must be fulfilled before fabricating the device. Firstly, a built-
in voltage (Vi) is of utmost importance. This potential aids in charge separation and transport,
eventually contributing to Vo.. The Vy; depends on the depletion region formed. To further
improve the Vy; value, it is essential to tune the Fermi levels. Researchers were capable of tuning
Fermi levels by surface engineering, molecular engineering, doping and particle size tuning
techniques [15,16]. The depletion zone width is also an important aspect that impacts device
performance. The permittivity of MOs is another factor that needs to be considered, as it
correlates with the carrier concentration and the depletion region width [15].

Secondly, a Schottky Barrier phenomenon develops when an ETM comes in contact
with a TCO [17]. This essentially implies that there is an energy barrier between an electrode and
a charge-transporting material that a charge carrier needs to overcome. Only upon eliminating
this charge barrier will PSCs be able to reach their highest possible efficiency. Currently, not
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many active methods are prevailing to eliminate the barrier. However, doping with metal ions has
proven to be an effective strategy for developing high-efficiency PSCs.

A MO ETM (Fig. 4) has vital characteristics like stability and limited hysteresis.
However, a MO suffers oxygen vacancies and surface defects. During operation and voltage-
current scans, this gives rise to anomalous hysteresis results. Hence, it is necessary to passivate
the MO layer though chloride treatment of polymer layers, potentially reducing these defects
[18,19].

FTO

PTAA

Au

Fig. 4. Device architecture of mesoporous TiO, PSCs
Deposition Methods

While using MO as ETMs (doped or undoped), certain limitations come with it, like
figuring out a suitable fabrication process that can be commercialized and the degree of
crystallinity and morphology of the produced film. Several studies study the stability and
reproducibility of MO ETMs and focus on the root cause of degradation mechanisms in the
fabricated device.

The end goal while using MO ETMs goes beyond reducing fabrication costs and device
efficiency. Instead, it should focus on how these devices can be brought up to scale and
commercialized. It is safe to consider that, while using MO ETMs in PSCs, advantages like low
costs, good transparency, improved stability and appropriate charge transfer properties are easily
attainable. However, the real challenges arise when a) inevitable electrical properties of MOs, b)
poor interfacial contact with the perovskite layer, c¢) unpredictable stability performance
characteristics under real-world conditions, d) high recombination sites at the perovskite/ETM
interface, e) high resistance to extrinsic and intrinsic stability factors [1].

The method through which MO is deposited and allowed to grow on a substrate is highly
essential. Various methods and processes yield MO films with different morphologies, surface
compatibilities, and conductivities. The deposition methods can be vastly classified into solution-
processed and atomic layer deposition.

Solution Process

Solution-processed MO ETMs are the most common form of synthesis. This is done
through either thermolysis, nanostructures or other auxiliary methods. The thermolysis method
includes spin or spray coating metal hydrates or salts dissolved in suitable solvents. These
substrate-coated films are then thermally annealed to form the MO ETM. In the case of
nanoparticles, methods like screen printing, slot-die coating and spin coating have been actively
used. Screen printing is a method which uses a mesh that helps in switching from a paste format
of MO onto a flat substrate [20,21]. Slot-die coating is an excellent method that helps produce
homogeneous and wet films without any unnecessary contact, especially for flexible substrates.
It is important to note that films produced through solution-processed mechanisms are susceptible
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to temperature and humidity. There are other derivative methods of solution process like sol-gel,
sonochemical, chemical precipitation, spray pyrolysis and chemical combustion [22-24].

Atomic Layer Deposition Process (ALD)

This subset of Chemical Bath Deposition (CBD) is a crucial technology for producing
thin and uniform films. In this method, precursor A is allowed to enter a gas chamber to permit
chemisorption and produce a thin film on the substrate. The excess and unreacted components
are then purged. Precursor B is allowed to enter the gas chamber and then reacts with A to form
an ultrathin film [25,26]. Similarly, the excess and unreacted components are purged. This
method produces uniform-thickness films which are compatible even on rough surfaces. ALD
has been previously used for ZnO, TiO, and SnO,. However, its complex mechanism and high
costs have limited the usage of this method.

Chemical Bath Deposition Process (CBD)

In this method, substrates are immersed in a solution of the metal’s hydroxides, sulfides
or selenides to form the MO ETM [27]. Typically, this method is used to produce buffer layers
in PSCs. However, in recent years, this method has been used to deposit ZnO and SnO,. Some
notable advantages of this method include low-temperature processing, commercial and low
costs. In contrast, the films produced through this method heavily depend on the precursor
solution's pH, growth conditions, temperature and concentration [28].

Mechanosynthesis of MO ETMs

This method is typically used to produce low-dimensional MOs. It includes the
preparation of the MOs through physical grinding. This clean, low cost and high-yield method
results in highly pure and crystalline MO outputs. The process can be broadly described where a
three-dimensional material undergoes a wet milling procedure and is broken down into lower
dimensions like nanoparticles, nanorods, nanosheets, etc. [29,30]. In order to obtain the various
morphologies, the milling conditions need to be regulated. This method has been actively used to
produce SnO,, TiO, and NiOx. The method produces a compact charge transport layer through a
low-temperature process. The output is then deposited using methods like spin-coating when the
nanomaterial is dispersed in a solution.

Auxiliary Processes

Hydrothermal processes are a category that produces low-temperature processing and
adhering solid films. Hong and co-workers used this method to produce TiO, MO ETMs and
ALD-processed TiO; as a passivation layer [31]. Electrodeposition (ED) is another vital method.
As the name suggests, electricity is used to deposit a thin film on a given substrate. Wei and co-
workers used a similar strategy where TiCl; was electrodeposited to form TiO, ETM with a
device PCE of 13.6% [32]. This method allows one to effectively tune and regulate the thickness
of a film being deposited. The combustion method is another standard process used. In this
method, an oxidizer chemical is placed on a substrate along with fuel to produce a uniform and
smooth film on the substrate. Facchetti and co-workers used this technique to produce stable and
efficient ZnO films with a device performance more significant than 20% [33].

Physical deposition processes like magnetron sputtering, electron beam evaporation and
pulsed layer deposition are also viable methods with great possibilities to produce flexible
devices. However, these methods are costly and time-consuming [34-36].

Physical VVapour Deposition (PVD) and Chemical VVapour Deposition (CVD) techniques
involve high costs, high energy inputs and complex prerequisites. Various methods come under
CVD and PVD, including coupled and derivative methods, which are inaccessible and more
expensive than other processes.
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Requirements of a MO ETM

Every component in a PSC is required to fulfil specific characteristics. However, coming
to the case of MO ETM, additional criteria need to be fulfilled, like the optoelectronic properties,
material compatibility, morphology and stability. The suitable energy band alignment between
charge transport materials is essential to obtain high-efficiency devices. The conduction band
minimum of the ETM needs to be lower than the conduction band of the perovskite. Similarly,
the valence band maximum of the HTM needs to be slightly higher than the valence band of the
perovskite layer. It is important to note that there needs to be a sufficiently high energy barrier
between the perovskite and ETM, which helps in efficiently blocking holes and reduces charge
recombination. The built-in voltage (Vi) is determined by the charge transport material and the
perovskite. In this case, the higher the value of Vbi, the higher the value of V., as the material
can separate the charges to a greater extent and improves charge transport. Much research in the
interfacial engineering domain aims to reduce charge recombination and improve Js, Vo and
PCE values.

Carrier mobility is another vital aspect that directly impacts charge carriers' transport.
There needs to be a significantly high carrier mobility value which restricts the charge
accumulation at the interface and reduces hysteresis. Moreover, the material must have a wide
bandgap with a small refractive index. The morphology of the MO ETM is a factor that is often
neglected. It is regarded that a morphology for the ETM should be selected on the following basis,
a) promote perovskite crystal growth, b) helps in the further coating of device layers, c) improves
perovskite film surface coverage, and d) eliminates shunting pathways.

The interfacial quality between the perovskite and ETM determines film quality, PCE
and device stability. Further research is being carried out in this area to look after the
perovskite/ETM interface and produce a smoother ohmic contact between the ETM and the
electrode. Moreover, MO ETMs should also have excellent stability properties to UV light
exposure and have low photocatalytic effects to contribute to the stability of the device. MO
ETMs are often used for their improved stability properties against moisture and as protection
layers to prevent perovskite degradation. Currently, research is being carried out on how these
devices' thermal and chemical stability can be further optimized and obtain a longer device
lifetime. A few other notable criteria are mentioned below.

Electronic Properties

The conduction band of the ETM needs to be suitably aligned with the perovskite active
layer. This ensures that there is efficient electron extraction, transport and conversion efficiency.
As a result, the short current density (Jsc) is improved. The valence band must be placed
sufficiently lower than the perovskite layer to ensure efficient hole blocking. The more significant
difference between the valence and conduction band levels, the more significant will be the open
circuit voltage (Voc) and fill factor (FF) values [37].

Electronic properties are not limited to energy band alignment but delve into the material
properties. It is more than a necessity that each considered MO ETM has sufficient electron
transfer mobility, electron collection properties and limited charge recombination [38]. MO
ETMs also need to behave as a passivating layer that can reduce interfacial and structural defects.

Optical Properties

Essentially, any ETM should be as transparent as possible. This would increase
transmittance and not lead to any parasitic absorption. It would be beneficial if these materials
had a wide bandgap, high transmittance and a small refractive index. The MO ETMs also need
to be extremely stable to UV and other deteriorating radiations. It is responsible for no
degradation of the active layer [39].
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Morphology Control

The surface morphology of an ETM is essential as it directly or indirectly impacts the
device’s performance. A film with good morphology can facilitate smoother interfacial contact
between the perovskite and the charge transport material. This further supports smoother electron
transfer, collection and mobility through the layers. Furthermore, a smooth film with appropriate
morphology will not have pinholes and be dense [5].

Chemical Stability
An excellent ETM is expected to have impeccable stability properties. Moreover, it

should not involve any interaction with the adjacent perovskite layer. To be highly stable, the MO
ETM should be hydrophobic and non-hygroscopic to prevent perovskite degradation (Fig. 5).

Tio,
wo,

Fig. 5. Energy band alignment of various MO ETMs
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Standard MO Materials used as ETM

TiO2

The most renowned and widely used MO ETM is TiO,. Undoubtedly, its superior
stability, electrical and optical properties, and suitable energy band alignment make it a very
favourable material. Miyasaka and co-workers used a nanocrystalline TiO, that behaves as an
ETM and a supporting layer. Mesoporous TiO, (mp-TiOz) is a material constantly being
researched for thickness optimization and scaffold ability. A printed PSC using TiO; attained a
PCE of 12.8% and 1000 h of stability under 1 Sun of complete illumination [7].

Grétzel and co-workers incorporated Cs and Rb into the perovskite lattice to get
efficiencies greater than 20% using TiO2 as an ETM [40,41]. Seo and co-workers used mp-TiO-
and P3HT as the ETM and HTM, respectively, to produce a PCE of 22.7% [42]. Snaith and co-
workers synthesized TiOx from titanium isopropoxide to yield reasonably high efficiencies for an
inverted configuration [43]. Conings and co-workers developed a low-temperature processible
TiO,-based ETM from a one-step nanoparticle setup for planar PSCs [44]. Kim and co-workers
discovered an ALD method to synthesize TiO,, which does not require thermal annealing and is
compatible with planar PSCs. Plasma-enhanced ALD to produce a TiO, ETM requires thermal
annealing at only 80 °C with an efficiency retaining ability more remarkable than 90% [45]. Yella
and co-workers used a low-temperature method to produce TiO; using a nanocrystalline
approach. This technique showed how one could increase the interfacial area to support smoother
charge transfer and improved charge extraction with a device efficiency greater than 13% [46].
Chen and co-workers used an RF magnetron sputtering to depose TiO, on a substrate [47].

Different forms of TiO;, like anatase and rutile, have also been used as ETMs. Anatase-
based devices have produced an efficiency of 9.9%, and rutile-based devices have an efficiency
of 11.8%. There are studies where both phases have been combined to obtain the merits of both
phases. Using the anatase/rutile arrangement produced an efficiency greater than 15%, while the
rutile/anatase arrangement produced a slightly higher efficiency. This can be related to why
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rutile/anatase arrangement greatly facilitates electron transfer. In contrast, the anatase/rutile
arrangement produces a barrier for electron recombination [48].

TiO; can be synthesized through pyrolysis, thermal oxidation, ALD, CBD, electrodeposition
and the most common spin coating method. The thermal oxidation formed TiO. film is smooth,
compact and can be sintered simultaneously. The ALD process is suitable for flexible substrates.
However, it requires high processing temperatures, and thickness plays a crucial role. Current research
is being focused on how processing temperatures can be reduced. Lv and co-workers developed a TiO>
ETM using the ALD process. The produced film was pinhole free and had nearly no impact on
perovskite degradation. TiO.-produced through the ALD method is low-temperature processed,
reduces charge recombination, and has improved stability [49].

The morphology of TIO; also plays a significant role in how the device performs. Gao
and co-workers produced TiO, nanoparticles and nanotubes. The study found that the
morphology impacted the device performance with a significant difference in Js, Voc, FF and
PCE values.

However, TiO; is regarded for its severe electron accumulation at the perovskite/ETM
interface, resulting in severe hysteresis. It also shows low bulk electron mobility, high processing
temperatures, and post-treatment thermal annealing that requires researchers to scavenge for more
fantastic alternatives.

SnO:2

SnO; is a very plausible alternative to TiO considering its wide bandgap, small
refractive index and improved bulk electron mobility. These features and suitable energy band
alignment enable SnO; to support easier charge extraction, transport and collection. Tian and co-
workers used SnO; nanoparticles to produce a PSC using spin coating with a PCE of 13% [50].
Dai and co-workers used a SnO, compact layer produced through high-temperature processing
to get an efficiency of around 6% [51]. Fang and co-workers used SnCl,.2H,0 to synthesize SnO;
through a low-temperature pyrolysis method. The device produced 17.2% PCE [52]. The low-
temperature processes and high-efficiency results of SnOj-based PSCs produce more devices
using this method. Jen and co-workers synthesized hydrothermally generated SnO; nanoparticles
with an efficiency greater than 18% and improved stability [53]. Hagfeldt and co-workers
combined spin coating and chemical bath deposition methods to synthesize a modified SnO, ETM
with an efficiency close to 21% [54]. Mahmood and co-workers showed how SnO; nanosheets
could be produced through a one-step deposition method to produce reduced hysteresis devices,
better charge collection and stability properties [55]. Anaraki and co-workers fabricated a planar
PSC with a PCE of 21% using SnO; as the ETM synthesized through CBD [56].

Ke and co-workers determined a low-temperature solution-processable method to
produce SnO,. This method was highly reproducible as it was tested on 30 solar cells to yield a
maximum efficiency of 16.44%. This is due to the excellent SnO; structure, hole-blocking ability,
high transmittance and wide bandgap [57]. Baena and co-workers synthesized a SnO,-ETM
through a low-temperature ALD process with an efficiency greater than 18% [58]. Subbiah and
co-workers developed an innovative method to produce SnO, ETM at low temperatures [59]. In
this case, the precursor solution was activated using an N, RF plasma, forming an internal metal-
oxide framework. This further facilitated device performance as efficiency of 20.3% was
recorded on rigid substrates and 18.1% on flexible substrates. Bu and co-workers used a slot die
coating method whereby a very feasible method was used to fabricate printable PSCs [60].
Moreover, this strategy suppressed hysteresis and efficiency greater than 17% and 15% for large-
area PSCs.

Sn0O; has inevitable significant downfalls like intense charge recombination and
accumulation. Moreover, the higher trap density behaves as recombination sites, further limiting
device performance. Recently the usage of SnO; in planar PSCs has been promoted, and the
highest recorded efficiency is nearly 23%.
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ZnO

ZnO has a similar structure to TiO, and is used in the form of solutions or nanostructures.
ZnO has suitable bulk electron mobility, energy band alignment and high transmittance to visible
light. Hagfeldt and co-workers used ZnO nanorods in a mesoporous PSC to obtain a PCE of 5%
[61]. Kelly and co-workers used ZnO processed at low-temperatures to form a compact layer with
minimal surface roughness, uniform thickness, and a sizeable crystalline device with a PCE of
15.7% [62]. However, the nature of ZnO is highly unpredictable. An underlying chemical reaction
takes at the ZnO/perovskite interface, which does not produce a suitable perovskite film. Lai and
co-workers developed radio frequency sputtered ZnO to get a PCE of nearly 11% in an inverted
PSC configuration [63]. Yang and co-workers developed low-temperature processed ZnO
nanoparticles with a considerably higher Jsc value than its PCBM counterpart [64]. It was also
observed that the ZnO-based device possessed improved stability because the ZnO layer was a
diffusion barrier for the metal electrode ions into the perovskite. Tang and co-workers synthesized
a ZnO nanowall through a CBD method [65]. This reduced charge recombination improved
charge transfer and collection and increased device performance. Similar to TiO,, the morphology
of ZnO plays a vital role in device performance. ZnO nanotubes and nanocrystals-based devices
resulted in different PCE values. Park and co-workers developed a method to use undoped ZnO.
They only used optimisation and engineering techniques to produce a PCE of 11.3% [66].
Compact ZnO (c-ZnO) is a fantastic candidate for ETMs. However, the basic nature of ZnO
deprotonates the Methylamine (MA) cation resulting in MA loss, which leads to the formation of
Pbl.. The process further accelerates because of the hydroxyl or acetate groups present (Fig. 6).

Perovskite Zn0

&z&\

P

0,0

Fig. 6. Energy Band Diagram representing Capturing/Scattering Process

Liu and Kelly used ZnO nanoparticles to synthesize the corresponding ETM, produced
from Zinc Acetate Dihydrate and Potassium Hydroxide [67]. This method depicted how room-
temperature processed materials can be developed with appropriate crystallinity and dense nature
without any heating requirements. Once the film was optimized with the required thickness and
adjusting the surface roughness, the device yielded an efficiency greater than 15% for rigid
substrates and 10% for flexible substrates. Song and co-workers again used ZnO nanoparticles.
However, the Formamidine cation was used instead of the traditional MA cation to overcome the
stability issue [68]. The ZnO-FAPbI3s-based device resulted in a PCE of 16.1% with improved
stability characteristics. The FAPbI; was then replaced with a triple cation perovskite material,
and the resulting device had a PCE greater than 18%.

Moreover, the triple cation fabricated device depicted superior stability characteristics
(chemical, mechanical, thermal and environmental). Yang and co-workers developed a PSC
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device through a solution-processable method using a Zinc complex containing hydroxyl groups
[69]. This eventually reduced the device annealing temperature, improved the V. value, delivered
a PCE greater than 16% as an ETM and offered impeccable stability. Using a low-temperature
approach, Mathews and co-workers synthesized a compact ZnO film through electrodeposition
and ZnO nanorods through CBD [70].

Zhang and co-workers developed a Metal-Oxide-Framework (MOF) based on ZnO [71].
This structure improved charge extraction and reduced traps, where the perovskite layer filled the
pores of the framework. This increased the light-harvesting efficiency and improved charge
transport characteristics. Mahmood and co-workers developed ZnO nanosheets to produce an
efficient and hysteresis-free device with a PCE of nearly 16% [72]. Using a similar approach,
Mahmood and co-workers developed ZnO nanodisks and nanowells. The nanowells morphology
possessed a unique characteristic where holes were grown perpendicular to the substrate, which
increased surface area for better charge transfer. The device fabricated using the nanowells
approach was 16.65%.

As mentioned previously, the interface stability at the ZnO/perovskite layer is
concerning. Moreover, there is an intense charge recombination case in the case of ZnO-based
devices. However, the reasons go much beyond this. The optimum performance of ZnO is
obtained only at high temperatures (> 400 °C), which calls for modified synthesis procedures.
There has been an alternative synthesis method with processing temperatures near 290 °C.
However, this is a temperature which is not ideal for flexible substrates.

Fe20s3 (Hematite)

Hematite is an up-and-coming ETM with peculiar electronic properties, improved
chemical stability, and low cost. It was previously used in other optical and optoelectronic
devices. Hong Lin and co-workers used Fe,O3 and conducted a comparative analysis with TiO-
as the ETM [73]. It was noticed that Fe,O3 had improved charge extraction properties, lower
recombination rates, reduced hysteresis and enhanced stability properties.

However, with its reduced electron mobility and visible light absorption properties, the
device performance using Fe,Oj3 is not optimum and is subject to further improvement.

Zn2Sn0q

Zn,Sn04, commonly referred to as ZSO, has a wide bandgap, low refraction index and
high electron mobility. Its energy band shows similarities to TiO, and enhanced stability
properties, making it a very capable ETM. Oh and co-workers used a device containing ZSO
nanoparticle-based ETM to produce a PCE of near 7% [1]. Shin and co-workers synthesized ZSO
nanoparticles using hydrazine at 100 °C [74]. The nanoparticles could yield a PCE of 15.3% for
flexible PSCs applications. Wu and co-workers produced a homogenous and dense film of ZSO
to obtain a PCE greater than 16% [75]. ZSO has excellent optical transmittance, hole-blocking
ability, energy band alignment and efficient charge transportation and collection properties. Using
these advantages of the material, Jun and co-workers developed a solution-processable ZSO film
with a mixed perovskite active layer [76]. The fabricated devices yielded a PCE of 20.02% with
improved stability and minimal hysteresis properties. Tavakoli and co-workers used an ultrasonic
spray pyrolysis-assisted method to deposition ZSO nanorod arrays [77]. The device yielded a
PCE of 18.24% with Js greater than 23 mA/cm? due to better charge extraction and reduced
hysteresis.

Kim and co-workers developed ZSO nanoparticles with a PCE greater than 7% [78]. Jen
and co-workers synthesized ZSO nanoparticles using a hydrothermal method which was later
coupled to form PCBM/ZSO [79]. This arrangement yielded greater than 17.76% with excellent
stability against the ambient environment. Although possessing suitable characteristics, obtaining
ZS0 nanoparticles or synthesizing it as an ETM, lowering its costs and commercializing it are
just a few of this material's disadvantages.
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BaSnOs

BaSnO; (BSO) is a material with a suitable conduction band position and high electron
mobility. Dai and co-workers used BSO as an ETM in a mesoporous PSC with a PCE of 12.3%
[80]. The structural similarity between BaSnO3 and the perovskite layer facilitates charge transfer
and Js.. Guo and co-workers produced BSO nanoparticles through a precipitation method [81].
Zhu and co-workers used BSO nanoparticles in a device to yield a PCE greater than 12% [82].
The mobility of BSO-based ETM can be improved by metal doping, particularly La-doping. The
produced material is then La-doped BSO (LBSO). Zhu and co-workers used LBSO to obtain a
PCE greater than 15%. However, to synthesize LBSO, we need temperatures greater than 700 °C,
which is not at all viable. Shin and co-workers fabricated LBSO-ETM below 300 °C with
excellent stability properties and a PCE of 21.2% [83]. Sun and co-workers used BSO
nanoparticles through a peroxide precipitation method. The processing temperatures were
reduced to 150 °C, and a PCE of nearly 11% was achieved [84].

Hong Lin and co-workers used BSO and PCBM in an inverted configuration to yield
16.2% PCE [85]. The device also possessed stability characteristics where it retained 90% of its
initial PCE after 600 h of ambient environment storage. Some notable disadvantages of this
material include incredibly high processing temperatures and charge recombination rates.

Other MO ETMs

WOy (Tungsten Oxide) is another considered ETM due to its high electron mobility and
wide bandgap. Amassian and co-workers synthesized WOy nanosheets and obtained a device PCE
of 3.80% [86]. Ma and co-workers improved the PCE of WOy-based devices by greater than 10%
using a low-temperature solution-processed technique [87]. It was observed that most WOy-based
devices had higher V¢ and FF but lower Jsc values. This can be related to the fact that WOy suffers
from severe charge recombination. Chen and co-workers deposited a nanocrystalline WOx ETM
layer by reaction of Tungsten Chloride with Hexanol, with a processing temperature of 50 °C
[88]. The Hexanol aided in tuning the energy band suitably and reducing charge recombination.
The perovskite used in this case is a mixed molecule with a PCE of 20.77%.

Niobium Oxide (Nb2Os) is another considered ETM due to its improved chemical
stability and appropriate electronic and optical properties compared to TiO,. Miyasaka and co-
workers showed how replacing TiO, with Nb,Os produced a device with higher Vo and more
significant hole-blocking properties [89]. Liu and co-workers used Nb,Os on large-area PSCs
using an electron beam deposition method with a PCE greater than 18% for planar PSCs [90].
They also concluded that the device performance was susceptible to the thickness of the Nb2Os
layer and how this material paved the way for large-area devices. Feng and co-workers suggested
synthesizing Nb,Os through electron beam evaporation is an excellent candidate for flexible
ETMs [91]. Jiang and co-workers used ethanol ruthenium to prepare a coupled ETM of TiO»-
Nb,Os. The device using this material produced a PCE of 15.25% [92].

Moreover, the film is exceptionally smooth, supports charge transfer and has high charge
mobility. Gu and co-workers fabricated a device using spin-coated Nb,Os where the V.. value
was 1.2 V. The Jg value was 21.63 mA/cm? [93]. These high photovoltaic output values can be
associated with reduced interfacial recombination and high transmittance value. Erenow, Ling
and co-workers used an RF magnetron sputtering method to deposit amorphous Nb,Os at room
temperature [94]. The high mobility and conductivity of the film yielded a device efficiency of
17.2%. Wang and co-workers synthesized Nb,Os nanoparticles which were solution-processable
and low-temperature processed with a PCE greater than 20% [95]. The well-aligned energy bands
helped charge extraction and injection with reduced transfer losses. On exposing the device to
UV light for 10 h, 93% of the initial Jsc was still retained.

Cr,03 is a promising ETM with its suitable energy band alignment and remarkable
stability characteristics. The highest obtained PCE using Cr,O3 is above 16%, which can be
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compared to TiO,-based devices. However, Cr,O3 has higher series resistance, which further
limits the FF and PCE of the device.

Cerium Oxide (CeOy) is a potential ETM because of its wide bandgap, high ionic
conductivity and enhanced stability (thermal and chemical) properties. Deng and co-workers
developed a CeOx-based device with a PCE of 14.32% using a low-temperature processing
approach [96]. Chen and co-workers used a solution-processed CeOx in inverted PSCs with a
PCE greater than 17% [97]. CeOx has an added advantage, where incorporating its film into a
device can also behave as a diffusion barrier for metal ions and an extrinsic environment barrier.

Ye and co-workers used NaTaO3 as an ETM [98]. In this case, NaTiO3; was capable of
passivating the excessive trap sites, preventing perovskite degradation and improving stability
characteristics. The device produced an efficiency greater than 21%, where even after 240 mins
of UV exposure, 80% of its initial PCE was retained.

In,O3 is another potential candidate to produce efficient PSCs due to its wide bandgap,
high electron mobility and good transmittance properties. Chen and co-workers produced a
solution-processable and low-temperature In,O3 ETM with good film morphology and PCE
greater than 15% [99]. In,O3 shows lower photocatalytic activity than TiO,, implying that the
perovskite layer will be much more stable in the former case. After exposing to a dark
environment for three months, the device retained 94% of its initial PCE. Yoon and co-workers
formed a pinhole-free In,O3 film by spin-coating a complex between Indium Oxide and water
[100]. The obtained film showed improved conductivity and reduced surface roughness.

Due to their unique electrical and optical properties, ternary metal oxides possess an
extremely bright future in the PSC industry. These properties can even be tuned with the
modification in cations. The major challenge lies in developing a low-temperature processing
method which can effectively commercialize these materials. However, it is essential to note that
along with having peculiar ternary metal oxides, research and improvement on existing MOs like
TiO; should continue to tune their properties even further. Ternary oxides like BTO, STO and Ti-
Fe-O have been reported and used to produce effective devices. Suzuki and co-workers used BTO
as an ETM in a mesoporous architecture to get a PCE of 12.4% [101]. STO is known for its high
electron mobility and dielectric constant, making it suitable for a mesoporous ETM. The first
mesoporous STO device produced a PCE greater than 7% [102]. Ti-Fe-O compounds have
combined benefits of TiO2 and Fe;Os. Hong Lin and co-workers used TipsFeosO0x, which showed
improved charge extraction, transport abilities and reduced hysteresis, with a PCE of 14.7% [5].
However, the large surface area of this material does not provide a sufficient surface area which
reduces the Jsc value of the device. Bera and co-workers used SrTiOz as an ETM to fabricate a
device [103]. The molecular structure of SrTiOs; heavily resembled a perovskite structure.
Eventually, the device produced a PCE of nearly 7%. Neophytou and co-workers used a low-
temperature method to deposit SrTiO3;[104]. The resulting device yielded a PCE of 19%, with a
retaining efficiency power of 80% under 1000 h of illumination.

Gu and co-workers used ZnTiOsz in planar PSCs due to its excellent photostability and
minimal photocatalytic activity [105]. The device fabricated using this material produced an
efficiency of 19.8%. After UV soaking results for 100 h, the device retained 90% of its initial
PCE. Wang and co-workers tuned the ferroelectric properties of PbTiO3 to improve photocurrent
and PCE values [106]. The tuning in ferroelectric properties improved charge extraction and
reduced charge recombination with a PCE of 12.28%. Other auxiliary Ti-based ETMs have also
been developed, like Zn,TisOs and BaTiO3;. However, these devices had very low efficiencies
because of their low mobility values and poor energy band alignment. Ternary metal oxides
containing Sn are considered revolutionary candidates for ETMs due to their best positioning of
conduction band maximum with the perovskite layer.
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Strategies to Improve Device Performance

Although MO ETMs have unique and remarkable advantages, it comes with their fair
share of disadvantages. In order to fabricate high-efficiency PSCs using MO ETMs, it calls for
strategies and techniques that can either tune the properties of these layers or minimize the
disadvantages to a greater extent. In this section, we shall look into some of the commonly used
strategies that can optimize MO ETMs.

Nanostructure Design

MO ETMs in PSCs are stuck to the device (adhere). In some cases, the device forms
from irregular film coverage, poor charge extraction and charge transport. Fang and co-workers
developed a two-step low-temperature method to produce SnO; quantum dots (QDs) [107]. It
was observed that SnO, QDs resulted in improved film coverage and optical transmission, formed
more compact layers, and had a narrower size distribution than nanocrystal-based ETMs. These
advantages eventually improved the device's performance. Wang and co-workers designed a
unique method to produce Fe,O3 nanoisland-based ETM [108]. The device PCE was improved
from 14.82% to 18.2% due to its reduced charge recombination and improved charge extraction
and collection. Wang and co-workers used SrTiOz nanoparticles with graphene [109]. As a result,
the device PCE obtained was 10%, with an improvement of Js; from around 12 to 18 mA/cm?,

Mesoporous structures using MO nanoparticles suffer from drawbacks such as poor pore
filling, electron transport, high trap density, and defects. VVarious nanostructures, like nanorods,
nanosheets, nanowires and nanocones, have been developed to overcome these issues. The main
aim of these structures is to fulfil direct and capable charge transfer channels between the
perovskite and ETM. This eventually improves light harvesting and conversion efficiency to
improve device performance. Park and co-workers used ZnO nanoparticles and tuned its length
and diameter [110]. This was achieved by modifying the precursor concentration and immersion
time. The ZnO-based devices obtained from this method yielded an efficiency greater than 11%.

Huang and co-workers developed SnO; nanorods for mesoporous PSCs, improving
stability and operational efficiency by 16.57% [111]. The principal reason for having
nanostructures is to improve electrical and optical properties to produce high-efficiency PSCs.
Caruso and co-workers synthesized TiO, and SnO; nanosheets to conduct a comparative analysis
[112]. The SnO;, device showed better performance due to its reduced charge recombination and
improved charge transfer.

Hong Lin and co-workers used ZnO nanocones through the CBD synthesis process
[113]. The ZnO nanocone layer was coated with an additional ZnO thin layer to behave as a
capping film. This arrangement produced a PCE greater than 18% and enhanced thermal stability.
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Elemental Doping

Doping is one of the most effective strategies that has been actively used to regulate the
electronic properties of MO. There are two common types of doping: n-type doping and p-type doping.
The former case uses higher valence elements, and the latter uses lower valence elements [5].

P-type doping passivates and reduces the number of defects, trap states and surface trap
density on the MO surface. Moreover, doping using these elements adjusts the energy band and
a sufficient shift in the CB. This further improves charge transfer, extraction, reduced charge
recombination and eventually improved device performance and stability. In the past, Mg and Y
and In-doped TiO; have been used to tune energy band levels and improve electron transport,
which has led to an increase in Vo, Jsc and PCE of the device. Nd and Sn doping has also helped
to enhance the device's performance and stability. This is because of its ability to reduce surface
defects and recombination. Ginger and co-workers showed how Zr-doped TiO, improves device
performance by increasing electron lifetime and transport properties [114]. N-type doping
increases Jsc values, charge extraction, collection and transportation. Jung and co-workers showed
how Nb-doped TiO; improved electron injection properties [115].

Metal doping of TiO, can improve the photovoltaic parameters of the material as it
improves electrical conductivity, energy band alignment, light harvesting efficiency and carrier
mobility. TiO, doped with Ru nanoparticles have yielded smoother and improved films.
Graphene-decorated TiO, improves the device's stability, reducing series and contact resistances.
Ag-doped TiO, improves the energy band position, and the device performance difference can
be observed through an undoped TiO»-based device. Feng and co-workers showed how La-doped
TiO, efficiently improves device performance [116]. La has a strong bonding towards oxygen,
and this helps in improving device structure and stability for more effortless charge transfer and
reduced charge recombination. Europium and Samarium doping of TiO- is also being extensively
considered, as incorporating these rare earth materials improves light absorption in longer
wavelengths. Zhang and co-workers used Eu and Sm-doped TiO,. They observed improved
stability, lesser degradation of the perovskite layer, modification in energy band alignment, and
more significant absorption in longer wavelengths [117]. This eventually resulted in a device
efficiency of 19.01%. Doping of TiO; using promising materials like Erbium, Ytterbium and
Niobium has shown improved absorption characteristics in the NIR region. Zhou and co-workers
also used Cadmium-doped TiO, whereby the material's energy level was tuned and better
matched with the perovskite [118]. Yoshida and co-workers doped TiO, with Magnesium which
improved conductivity, tuned the conduction band levels, and, thus, increased the V. value [119].

Chen and Yang synthesized Ni-doped ZnO nanorods [120]. They proved that tuning the
length and diameter of the nanorods can improve transmittance properties and reduce parasitic
losses. The PCE obtained using this technique was above 13%, whereas for the undoped ZnO
was 10.37%. Metals like Mg, Ca, Cs, Ga, Al, Pb and Li have been studied as ZnO dopants. This
is to reduce the charge recombination at the perovskite/ETM interface, inhibit the chemical
reaction at the interface and improve charge transfer, conductivity and stability.

Tseng and co-workers doped ZnO with Al using a sputtering technique to fabricate a
device with 17.16% efficiency [121]. This improved performance can be associated with several
reasons, a) better energy band matching with perovskite layer, b) Al doping improved charge
transfer, c) Reduced acidic character of ZnO film. Zheng and co-workers elementally doped I to
ZnO to, resulting in a PCE of 18.2% [122]. The I doping promoted the crystal growth of ZnQO,
regulated a compact structure and reduced charge recombination at the perovskite/ETM interface.
Mahmud and co-workers even doped ZnO with Li to reduce trap states in the material [123].
Using this modified ETM in a triple cation perovskite resulted in a PCE greater than 16%. The
doping of Li accounts for the following: a) reduced current leakage, b) improved charge
extraction, and c) reduced trap density on the ZnO surface.

Using alkali metals as dopants have been regarded as a perfect passivating layer with
abilities to improve electron transfer. K-doped ZnO improved the PCE of its ZnO counterpart
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from 16.10% to 19.90% [124]. Al-doped ZnO was reported to reduce charge recombination and
improve Vo and FF values. Seok and co-workers used La-doped BaSnOs to fabricate a device
with a PCE greater than 20% and excellent stability [125]. Sr-doped BaSnOs is another recently
used strategy where the bandgap was further widened, enhancing V. and FF values [126]. Alkali
metals doped ZnO is an effective strategy to generate more charge transfer pathways. Azmi and
co-workers conducted a comparative analysis using Li, Na and K-doped ZnO [127]. The best
performance was obtained from the K-based device with reduced hysteresis due to its superior
passivation ability and trait to reduce charge recombination rates. The devices also possessed
superior stability to air storage, where more than 90% of its initial PCE was retained. Al-doped
ZnO is another helpful technique. An Al ion having a smaller radius can easily fit in the ZnO
crystal lattice. Wu and co-workers used the same technique to produce Al-doped ZnO (AZO)
ETM with improved conductivity, higher transmittance in the visible region, modified energy
band levels and greater device efficiency (17.6%) [128]. AZO is exceptionally compatible with
the perovskite layer, which also accounts for reduced recombination and increases device
efficiency. Indium (In)-doped ZnO nanofibers were prepared where devices with no hysteresis
and a device PCE greater than 17% were fabricated. In-doped ZnO produced high porosity and
crystallinity films, which is responsible for favourable performance. While fabricating a ZnO-
based device, a polyethyleneimine (PEI) interlayer is incorporated to inhibit smooth and stable
deposition of the perovskite film. This further ensures less observed hysteresis and longer stability
characteristics [129].

Heo and co-workers showed how doping Li-TFSI into TiO to produce Li-doped TiO;
can tune properties like mobility, conductivity, film quality and no hysteresis, with a PCE greater
than 17% [130]. The elimination of hysteresis was attributed to the rapid charge transfer and
separation by Li doping. The doping of TiO, with Li also shifted the conduction band, which
increased the driving force and transportation of charges. Giordano and co-workers used a similar
strategy with a thin layer of TiO,[131]. In this method, a mixed cation perovskite was used, and
the device was fabricated inside a glove box to improve the PCE from 17% to 19.3%. The
improvement in device efficiency is partly due to the reduced number of trap states. The reduction
is because of the transitioning of Ti** to Ti** which modified the device layer to show improved
performance.

Sn0O; as an ETM also requires a high temperature up to a certain extent to produce
crystalline and pristine films. Dong and co-workers could bring this temperature limitation to 80
°C by using refluxes of H,O and O gases [132]. Moreover, using Aluminium as a dopant for
Sn0; can increase electrical conductivity and help improve device efficiency. Y-doped SnO;
nanosheets are a technique that has been used previously. It was observed that the formed
nanosheets were extremely homogeneous and improved contact between the ETM and
perovskite. Nb-doped SnO; synthesized via the CBD process showed reduced series resistance
values with a high Js, Vo, FF and PCE value of 20.47% [133]. A device was fabricated whereby
Zn*doping was carried out for Nb,Os through a solution-processable combustion method to yield
a PCE of 17.70% [134]. The device retained nearly 80% of its PCE after 20 days of air exposure.
Tsvetkov and co-workers tuned the energy band alignment of SrTiO3 by doping it with Nb, which
resulted in a downward shift of the conduction band. Thus, resulting in a PCE of 20.2% [135].

Chen and co-workers used a new configuration where ZnS was deposited on ZnO to
improve device stability (Fig. 7) [136]. The ZnS coordinated with Pb ions to form a Zn-S-Pb
arrangement which reduced the acidic nature of ZnO.

Park and co-workers depicted how doping of Li in SnO2 produces much more favourable
results [5]. The energy band alignment is shifted to better suit the electrodes and perovskite layer
(Fig. 8). There is improved electron injection and charge separation observed. The device
produced using the SnO, ETM was extraordinarily stable and applicable for flexible substrates.
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Fig. 8. Energy Band Alignment of Li-doped TiO,

Surface Modification

This method is considered an alternative to doping and suitable treatment to remove
defects. Chloride treatment, UV-Ozone (UVO), functional layer modification, exposure and
comprehensive bandgap MO coating are some commonly incorporated methods.

Chloride treatment is used to treat MO films with TiCl, or KCI. Segawa and co-workers
used a chloride treatment with TiCl, on TiO, [137]. It was observed that there is a notable increase
in V.. A similar phenomenon can be observed in SnO», where there is not only an increase in a
photovoltaic output parameter, the produced films are homogenous, smooth and dense [138].
Chloride treatment has been studied to reduce trap density and surface-related defects and
facilitate smoother charge transport. TiO, and CI (TiO.-Cl) incorporated devices depicted
improved stability characteristics, more substantial adhering effects between the perovskite and
ETM and reduced charge recombination rates. Hao and co-workers showed how using KCl as an
interlayer between the ETM and perovskite can passivate defects and improve stability.

UVO treatment is often used in producing pinhole-free, uniform and wettable surface
films with reduced defects and traps. The films obtained are incredibly smooth and have tuned
electrical properties to a certain extent [139]. It was reported that UVO-treated SnO,-based
devices improved the device efficiency from 11.49 to 16.21%. This shows that UVO treatment
can vary the optoelectronic properties of the treated film.

Functional layer modification is another considered method to reduce charge
recombination, passivate surface defects and traps, and improve device performance. Typically,
this method is utilized at the interfaces of the device. Snaith and co-workers developed a TiO-
ETM with a compact layer of Ceo Which passivated traps and improved charge traps [140]. This
increased the PCE by greater than 17% with reduced hysteresis. Yang and co-workers used a
functional fullerene layer along with SnO,, reducing charge traps and improving interfacial
charge transfer [141].
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Coating of wide bandgap MO is a viable strategy that helps reduce interfacial charge
recombination and improve device performance. A thin layer of MgO was used between the
perovskite/ETM interface, which reduced charge recombination and improved V. and FF values
[142]. Al;O3 and Y03 ultrathin layers have also been used as a coating layer aimed at passivating
surface defects, reducing recombination, facilitating interfacial charge transfer and thus
improving device performance [143].

Zhang and co-workers used 1-ethyl-3-methylimidazolium hexafluorophosphate as an
interlayer between the ZnO and perovskite layer which tuned the energy band alignment [144].
Polymers like PVP can improve perovskite stability by eliminating -OH radical formation and
also promoting better adhesion and wettability. Zuo and co-workers used 3-amino propanoic acid
as a surface modifier to improve crystallinity [145]. Liu and co-workers used a coupled method
of self-assembled monolayer (SAM) and self-form solvent annealing (SFSA) [146]. The SFSA
method promoted crystal growth to produce more prominent grains and reduce grain boundaries.
SAM passivated the surface defects and is an effective method to eliminate hysteresis.

Yang and co-workers developed a TiO,-based polyethyleneimine (PEI) device to
produce a PCE greater than 19% [147]. The device was further improved by doping it with
Yttrium as it improved the mobility of charge carriers and reduced interface charge
recombination. Cojocaru and co-workers used a post-treatment method with TiCl, and UVO
treatment to support perovskite growth [148]. The device yielded 16.9% efficiency. It was
observed that treatment with TiCl, increased hydrophilicity and wettability. The treatment with
UVO removed impurities and contaminants. Liu and co-workers developed a low-temperature
synthesis process of TiO, whereby TiCl, treatment was done at varying concentrations to produce
a uniform and pinhole-free film [149]. The devices fabricated through this method showed
improved V. values and a device efficiency of 16.4%.

MO-Matrix Composites

Creating a hybrid composite matrix is regarded as improving performance and stability.
This method incorporates a material such as noble metals, carbon materials, organic materials,
etc., into the MO.

Au-based TiO; has been known to improve light absorption capabilities and reduce
charge recombination [150]. These effects have contributed to the increase in Jsc and FF values.
Ag-based TiO; contributes to light absorption in the more extended wavelength region. However,
it is essential to note that there is an optimum loading level of Ag which cannot be surpassed.
Sn0O; with Graphene QDs have produced more homogeneous films, improved energy band
alignment and reduced charge transfer resistance [151]. Carbon-based materials like Reduced
Graphene Oxide (RGO) and Carbon dots with MO have known for their retarding charge
recombination ability and enhancing photovoltaic performance. Wang and co-workers developed
Tungsten-modified Niobium Oxides with an annealing temperature of 120 °C [152]. The
fabricated device showed a PCE of 15.65% on Polyethylene naphthalate (PEN) substrates with
better electron transport properties.

Using polymers in MO ETMs is also a helpful strategy where the polymers interact with
the ETM to improve device efficiency and stability. Liu and co-workers used EDTA-based SnO;
nanoparticles ETM [153]. The resulting perovskite film formed was smooth, with larger grain
sizes and higher crystallinity. Moreover, it was reported that using EDTA increased the charge
transfer and reduced charge accumulation at the interface, suppressing the hysteresis effect.
Polyethylene Glycol (PEG)-based SnO, produced high wettability and dense films.

Core-shell MO structures are another viable strategy combining the core and shell MO
advantages. Zhang and co-workers used a core-shell arrangement of TiO,-BaTiO3; [154]. The
BaTiOs shell reduced recombination sites and minimized TiO aggregation. Moreover, this core-
shell arrangement also promoted the reaction between Pbl, and MAI to form a smoother and
improved perovskite film quality with a PCE greater than 13%. Wang and co-workers used ZnO
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nanorods with a ZnSe successive layer to form a device with 27% improved PCE [155]. The
modification of ZnSe improved the stability of the device. Li and co-workers used a ZnO-SnO;
core-shell arrangement synthesized through a solvothermal method [156]. The SnO; shell was
responsible for alignment well with the perovskite and electrode layer. The ZnO core was
responsible for high electron mobility to obtain a PCE greater than 14%.

Using nanocomposites of different MO in a lattice of a base MO can combine the
benefits of both materials to form a superior ETM. Tian and co-workers used this strategy to
develop a ZnO-SnO; ETM [157]. The resulting film showed combined benefits of both the metal
oxides with excellent charge transfer, extraction and stability properties. One can also conclude
that blending various compatible MOs into a base MO is a valuable strategy for tuning and
obtaining fruitful results. Similarly, SnO2-TiO2 and ZnO-Zn2Sn04 nanocomposites have shown
reduced charge recombination rates, thus improving device performance.

Bilayer Engineering

This method is known to optimize MO ETMs to their full potential. An
organic/inorganic bilayer framework is commonly used due to its favourable properties and
universal usage in different PSC architectures. Yan and co-workers developed SnO,/PCBM,
where the usage of fullerene can actively passivate surface defects and minimize grain boundaries
to promote electron transfer [158] actively. A study showed that using Ceo in an inverted
configuration can tune the energy band alignment of ZnO to suit the perovskite better [159]. Chen
and co-workers used a PCBM/CeOx approach where the bilayer was useful for charge extraction,
a shielding layer from the ambient environment and retard metal diffusion [160].

Okamoto and co-workers used a double-layer ETM to form BaTiO3s/TiO, with a PCE of
12.4% [161]. The BaTiOs/TiO; bilayer improved the perovskite layer's crystallisation, producing
larger grain sizes, and reducing grain boundaries and charge recombination. Xu and co-workers
developed a bilayer system using ZnO nanorods and a PCBM layer to yield a PCE of 11.67%
[162]. The PCBM layer in this configuration increased the roughness of the ZnO layer to increase
the perovskite loading. Chandrashekar and co-workers used a Nitrogen-doped graphene/ZnO
bilayer system to produce a PCE greater than 16% [163]. This bilayer system showed how
perovskite surface coverage, wettability and crystallinity, can be increased for improved device
performance.

Apostolopoulou and co-workers synthesized a TiOx/In,O3 bilayer. In this case, the In,03
energy bands match well with the perovskite, which helps in charge transfer [164]. Moreover, the
In,O3 layer also passivates the TiO, surface defects. Similarly, Chen and co-workers developed
a similar bilayer. However, they optimized it to form a pinhole layer with improved hole-blocking
capacities [165]. Garcia and co-workers combined ZnO and TiO; [166]. Here, the ZnO surface
defects were minimized by the TiO, modification and this improved charge transfer greatly. You
and co-workers prepared a TiO2/WOs bilayer to yield a PCE greater than 20% [167]. Wang and
co-workers developed a bilayer using amorphous WOy and SnO; to achieve a PCE of 20.52%
[168]. Tai and co-workers used a modified layer of ZnO along with an ultrathin film of ZSO
[169]. The ZSO layer prevented directed degradation of the perovskite layer due to ZnO.

Moreover, ZSO passivated surface defects of ZnO to yield better charge transfer and
extraction with a PCE of 18.3%. Ke and co-workers used a TiO,/ZnS bilayer which showed
reduced charge recombination and improved charge transfer [170]. Chavan and co-workers
developed a ZnS buffer layer for TiO,[171]. Here the role of the buffer layer is to retard interfacial
charge recombination, thus yielding better PCE levels than its counterparts. I1to and co-workers
used the Sh,Ss interlayer between TiO; and the perovskite layer to improve the PCE from 4.82%
to 5.03%. The interlayer reduced ion migration, increased the blocking effect, and improved the
device stability.

Mahmoudi and co-workers used mesoporous Al,Osand graphene to get a champion PCE
of 20.6% and superior stability properties (Fig. 9) [172]. This bilayer could reduce the shunting
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pathways and trap states on the surface. Cao and co-workers used a ZnO layer covered with MgO.
They protonated ethanolamine (EA) to obtain a PCE greater than 21% and no hysteresis [173].
Fang and co-workers used a CeOx layer modified with PCBM to obtain high mobility and a
chemically stable structure [174]. This arrangement also creates a natural shield of extrinsic and
intrinsic stability factors. Xing and co-workers also used a PCBM/CeOx bilayer with a PCE of
17.35% [175]. The shunt resistance (Rsn) and charge transfer resistance (Rc) indicate that the
bilayer and perovskite have a more vital ohmic contact.

Au
Spiroi(OIVI/eTAD
Perovskite/Ag-rGO
00000000
.‘.‘.§.*.*.‘.*. Al,0;/Graphene
COCOOo00
Glass/FTO

Fig. 9. Schematic Representation of a Graphene-Al,O; Device

Wang and co-workers used a sol-gel method to synthesize CeOx ETM films at 150 °C
[176]. This film was then optimized by coupling it with PCBM. The resultant device showed
excellent stability properties and a PCE of 17.04%. Meng and co-workers used a TiO»/ZnO
bilayer for planar PSCs [177]. As mentioned previously, the advantages of ZnO and TiO, were
cumulated in this ETM to improve the device efficiency from 13.2 to 17.2%.

Energy Band Engineering

In a PSC device, its materials must have suitable energy band alignment. In doing so,
there is efficient transport of charges, electron injection and appropriate charge collection at the
electrodes. The transport, injection and collection of these charges are heavily dependent on the
interfacial properties of materials, especially the ETM/perovskite and HTM/perovskite interface.
A device’s PCE is determined and optimized mainly by two stability factors: a) degradation of
perovskite to extrinsic factors and b) lack of material compatibility, which impacts device
structure.

Using insulated oxides which also behave as effective ETMs, is a suitable strategy. MOs
like Al,O3, ZrO; and SiO have improved device stability and properties [178-180]. Alumina is
used as a growth mechanism layer for perovskite. Alumina has no oxygen defects, and its porous
nature and semiconductor framework provide adequate stability and charge carrier features to
replace the mesoporous TiO, ETM layer [181]. Insulating oxides behave as a scaffold layer as
they have a higher conduction band maximum which eases the transport of electrons from the
perovskite active layer to the electrode. Moreover, since the photoexcited electrons remain in the
perovskite layer, it results in high V. values.

Wang and co-workers studied how treating the perovskite layer with alumina improves
device stability and shows a stable performance [182]. Snaith and co-workers showed how Al,O;
behaves as a growth site and a possible ETM candidate to replace TiO with exceptional stability
of 1000 h under continuous stability [183]. Durrant and co-workers showed how Al,O3 could
behave as a passivating layer [184]. It also acts as a diffusion barrier to the lead and metal
electrode ions, which reduces trap density and improves crystal structure for better device
performance.
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Stability and Large Area Devices

The discussion shows that perovskite degradation is impacted by factors like moisture,
heat, light, oxygen and ion migration. Zhao and co-workers eliminated the issue of thermal
stability by doping ZnO with Al treated at 100 °C [185]. The resulting device depicted superior
thermal stability properties due to the favourable reaction between the perovskite and ETM. Hou
and co-workers used a PCBM layer on Haematite, resulting in better stability, where 95% of its
initial PCE was retained after 45 days of dark storage [186]. Tavakoli and co-workers used a
graphene monolayer between the ZnO and perovskite interface [187]. Such a modification
prevented perovskite degradation evens at high temperatures. Moreover, the perovskite film was
then passivated with PFPA. Through this PFPA and graphene modification, the device retained
93% of its initial PCE after 300 h of continuous light soaking.

Si and co-workers used an ultrathin layer of Al,O3 as an insulating layer between the
ZnO and perovskite layer [188]. This restricted the interaction between ZnO, and the perovskite
and Al,O3 protected the device from degradation. Brinkmann and co-workers used a similar
strategy wherein the AZO/SnO, bilayer structure was used to create an extrinsic barrier and
prevent perovskite decomposition [189]. Meng and co-workers used CeO,/ZnO bilayer to
produce a structure with improved UV, moisture, chemical and thermal stability [190]. This way,
the device retained 90% of its initial PCE after 600 h of humid environment exposure. CeOy is
known to passivate ZnO defects and is a stable barrier against environmental factors. The
improved thermal stability can be associated with the modified ZnO layer.

Large-scale device fabrication is essential for the commercialization of this technology.
Currently, only TiO2 and SnO2-based MO devices have been proven effective (Fig. 10). Han and
co-workers used an electrostatic self-assembly approach where large-scale SnO,-based PSCs
were fabricated [191]. The device efficiencies were 14% and 15.3% for 25 and 100 cm? active
area devices, respectively. Hwang and co-workers fabricated a printable PSC using the slot-die
coating method where P3HT-doped ZnO was used [192]. Since the method used is a hot slot die
coating method, it promoted the reaction between MAI and Pbly, resulting in better perovskite
films.

Li and co-workers also used an inkjet approach to obtain reduced grain boundaries and
increased grain sizes [193]. The device area was 2.02 cm? with a PCE of 17.74%. The high device
efficiency can be attributed to the improved device morphology. More recently, Liu and co-
workers fabricated a large area PSC using Cs-based perovskite, NiOx HTM and Nb,Os as the
ETM to obtain a PCE of 11.2% [194]. Moreover, the device showed excellent thermal stability.
The improved device performance can be related to the reduced trap density and higher charge
transfer.

233eV

2.67 eV

3.83eV
3.86eV
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6.53 eV

Fig. 10. Schematic Energy Band Diagram of Doped and Non-Doped Meso-TiO,
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Strategy to find Appropriate MO ETMs

Firstly, its properties must be estimated, calculated and studied to predict a particular
material. This is done using a computational Density Functional Theory (DFT) method. Using
DFT studies, we can study the electronic properties of a particular material and how well its
properties align with being an ideal ETM [195]. However, it is essential to note that predictions
made using computer-based methods need to be validated or agreed upon using certain
assumptions.

Secondly, once favourable results are obtained through DFT analysis, the lab analysis is
what follows. The material’s properties, like energy bandgap, Fermi levels, mobility value,
transmittance and more, are studied through practical and on-ground testing. As evident as it
might seem, it is necessary that all the required conditions for MO ETMs are satisfied [196]. Even
if one of these conditions is not satisfied, the material is excluded, and newer materials are
developed.

Lastly, studying the case of wide bandgap MOs, the few important factors in
synthesizing such ETMs would be the quality of the film produced, processing conditions,
fabrication costs and processing method [3]. It is necessary to highlight that there needs to be an
intersection between processing conditions, film quality, device stability and efficiency in
obtaining a commercial and high-efficiency PSC. This underlying process of MO ETMs includes
several complicated processes in the backend: a) synthesizing colloidal nanoparticles, b) using an
appropriate washing process, and c¢) depositing the colloidal nanoparticles on the substrate.

Conclusion

The stability and compatibility of various materials in a PSC can be improved by using
a MO as the HTM and ETM. However, this is not favourable as using MOs in both the charge
transport materials requires temperatures greater than 100 °C. This is not appropriate as high
temperatures can promote degradation of the perovskite layer. Moreover, due to their reduced
processing temperatures, researchers prefer using fullerene-based molecules as a countercharge
transport material. Spin-coating of a dispersed solution of nanomaterials or MO precursor
solution supports the motive of low-temperature processing and paves the way for a more
fantastic synthesis process.

This review concludes that the significant ETM candidates (but not limited to) are TiO,
Sn0O; and ZnO. Irrespective of the ETM material, the current research focuses on how one can
reduce trap states, tackle oxygen defects and promote the smoother transfer of charges even across
interfaces. As evident as it is, MO ETMs are highly stable with better electrical and optical
properties. However, the need to identify a suitable production process, economically viable,
suitable performance and stability properties is the current challenge that remains.

These preparation methods should be low-cost and have low temperatures, which
justifies the need for commercialization, especially on flexible substrates. The flexibility and
compatibility whilst considering various synthesis processes need to be carefully evaluated.
Interfacial engineering is a valuable strategy that modulates the interface properties and
passivates surface defects to enhance device stability and efficiency.

The optimal processing method or material does not necessarily depend on certain
factors. However, before fabricating a MO-based device, it is suggested to consider the
processing conditions, fabrication processes, cost and predicted efficiency values. Only when a
suitable balance between efficiency and stability is observed is the device suggested for
commercialization. A proposed method to reduce voltage loss is to deal significantly with the
perovskite/ETM interface.

Although there have been significant developments in the field of low-temperature MO
PSCs, further research and exploration still need to be conducted to produce high-efficiency
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devices. Before a MO ETM is used in a device, one should consider the following factors, a)
economic solution processibility, b) energy band alignments, c) electron mobility values, and d)
stability properties. In the case of flexible PSCs, the brittle nature of MO ETMs makes it slightly
more difficult in this application. Thus, researchers need to examine more blending strategies that
tune the MO properties, making them more suitable for flexible device applications.

The next research step needs to also focus on using more unconventional MO materials
in low-dimensional, mixed and hybrid perovskite devices to produce large-area, flexible and
commercial devices. Moreover, one must also look into producing these devices through a roll-
to-roll process so that commercialization is easier and the properties can be expanded beyond
PSCs to other flexible and optoelectronic devices.

With theoretical and experimental calculations, one should look into a method that can
maximize output levels and material properties whilst regulating device processing costs and
time. Studying the perovskite/ETM interface is a separate and vital branch of study that can be
dealt with by using various chemical or physical methods. Another aspect of MO ETMs that one
can consider is to regulate and controllably modify the material's crystallinity, morphology and
composition. Even considering fabricating large-area PSCs can put a realistic demand on how
these technologies can be fabricated with more favourable properties.
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