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Abstract
In this review, we will discuss recent progress in metal oxide charge transport layers in perovskite
solar cells (PSCs). While a large number of PSCs have at least one metal oxide charge transport
layer, here we focus on the progress towards the achievement of high efficiency devices with metal
oxide layers prepared under mild deposition conditions, with the ultimate goal being the devices
containing metal oxide layer both below and above the perovskite layer to achieve improved
stability. Thus, we will provide an overview of recent progress in metal oxides deposited below the
perovskite layer (electron transport layers in conventional architecture PSCs, hole transport layers
in inverted architecture PSCs), followed by the progress in devices containing both top and bottom
metal oxide charge transport layer, and briefly introducing other possible uses of metal oxides in
PSCs. For these various applications of metal oxides, we will discuss different approaches (doping,
surface treatments, interface modifications) commonly employed to improve device performances,
and finally we will provide a brief overview of the characterisation techniques commonly employed
to obtain insights into physical mechanisms responsible for the observed device performance.
While for several of the experimental techniques extensive reviews exist, this is not the case for all
the techniques, and the perovskite literature commonly lacks cautions in interpretation, guidelines
on avoiding artefacts, and general overview of what techniques need to be employed for
comprehensive device characterisation.

1. Introduction

Perovskite solar cells (PSCs) have been attracting considerable attention due to their rapidly increasing
efficiency since the first report on a solid-state PSC in 2012. The certified record efficiency is currently
exceeding 25%, as illustrated in figure 1, outperforming not only other emerging single-cell photovoltaics
(PV), but also more established thin film photovoltaics technologies, such as thin film Si, CIGS and CdTe
solar cells. The first reports of PSCs commonly involved a structure closely resembling a solid-state
dye-sensitised solar cell (DSSC), with mesoporous TiO2 on fluorine-doped tin oxide (FTO) glass electrode as
an electron transport layer (ETL), and 2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′

-spirobifluorene (spiro-OMeTAD) as a hole transport layer (HTL), which is classified as a mesoscopic
conventional PSCs. Schematic diagrams of different types of PSCs, namely conventional vs. inverted, planar
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Figure 1. Efficiency chart of different solar cell technologies. This plot is courtesy of the National Renewable Energy Laboratory,
Golden, CO, USA.

Figure 2. Schematic diagram of different types of perovskite solar cells. (a) Mesoscopic conventional PSC; (b) planar conventional
PSC; (c) mesoscopic inverted PSC; and (d) planar inverted PSC.

vs. mesoscopic, are illustrated in figure 2. The majority of mesoscopic devices are using the conventional
n-i-p architecture, although there have also been reports of the mesoscopic inverted device with p-i-n
architecture [1, 2]. Mesoscopic architectures in general have an advantage in terms of efficiency and stability.
However, planar devices which lack a mesoscopic layer can result in significant simplification of the device
fabrication, and can allow a reduction in annealing temperature compared to mesoscopic devices since there
is no need for removal of organic binders and improved crystallisation by high temperature annealing. While
there have been reports on mesoscopic layers with low deposition temperature [3, 4], the majority of
mesoscopic devices require high processing temperature. In contrast, there are more frequent reports of low
temperature deposition for the planar oxide layer. In addition, reported efficiencies of planar devices have
been rising, and there have been a number of reports of planar devices with efficiencies exceeding 20% in
recent years [5]. For example, a planar device with efficiency of 23% has been recently reported, as illustrated
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Figure 3. (a) Energy level diagram of PSCs based on In2O3/SnO2; (b) The optimized device based on In2O3/SnO2 ETL.
Reproduced with permission from [6].

in figure 3 [6]. Overall, the highest achieved efficiencies to date are 23.32% for conventional [7] and inverted
[8] planar PSCs. Thus, while the mesoscopic cells still retain a performance advantage, the performance gap
between mesoscopic and planar devices has been narrowing in recent years, resulting in rising interest in
planar devices and as a result the question of planar vs. mesoscopic architecture is not considered as settled
[5]. In particular, planar architectures with low metal oxide processing temperature are of significant interest
for flexible PSC applications. For recent reviews of flexible devices, see [9, 10].

For all the device architectures, a vast majority of PSCs will contain at least one metal oxide layer, and the
main motivation in using metal oxides is to achieve improved stability compared to organic materials. While
the maximum theoretical efficiency of the perovskite solar cells has not yet been reached, in recent years the
research focus has been shifting from improving the efficiency to improving the stability of the devices, which
remains a significant problem [5]. For a recent review of stability issues and degradation mechanisms in
PSCs, see [11]. The majority of literature reports on cell stability involve demonstrations of shelf-life stability,
i.e. devices stored in the dark in either ambient or inert environment. This results in exaggerated estimates of
stability, since PSCs typically exhibit accelerated decay of performance when exposed to illumination
(especially UV illumination), elevated temperature, and electrical bias. To standardise measurement
conditions and enable faster progress towards being able to compare results from different research groups
and thus draw more accurate conclusions on methods for improving device stability, International Summit
on Organic Photovoltaic Stability (ISOS) protocols have been recently updated for PSCs [12]. In addition to
the usual issues in characterising PSCs (taking care of hysteresis and scan rate dependence if any), the need
for characterisation under bias and light-dark cycling has also been recognised [12]. With the wider adoption
of these protocols, faster progress towards improving device stability is expected.

Increasing interest in improving the device stability has led to increasing interest in metal oxide charge
transport layers, as well as the exploration of possibilities of both top and bottom oxide charge transport
layer in an attempt to improve device ambient stability, since all-inorganic charge transport layers are
expected to result in superior stability [5]. The stability advantage of metal oxide charge transport layers is
typically pronounced when comparing them to moisture-sensitive organic materials, such as
poly(3,4-ethylenedioxythiophene):poly(styrenesulfonic acid) (PEDOT:PSS) [13, 14], although there have
also been demonstrations of improved performance compared to phenyl-C61-butyric acid methyl ester
(PCBM)[15] and Spiro-OMeTAD [16]. In addition, organic materials which require dopants, such as
Spiro-OMeTAD, may result in inferior stability at elevated temperatures or under illumination, i.e.
conditions leading to dopant diffusion.

A good charge transport layer (CTL) should exhibit favorable energy level alignment with the perovskite
for efficient charge extraction, have good charge mobility to allow efficient extraction, have low optical
absorption, and it should also lead to low interfacial defects and consequently low recombination losses at
interfaces [17–19]. Many different metal oxides can satisfy the first three conditions; for a detailed review, see
[18]. In addition, they can be prepared using a variety of methods from inexpensive precursors, and many of
those methods are compatible with low temperature processing (this is material dependent though, and
some oxides are more likely to yield high quality films processed at low temperature compared to others) [18,
19]. For an overview of metal oxide synthesis methods, with the focus on oxide nanostructures, see [20].
Typically, the most problematic part in preparing a good CTL is the achievement of low interfacial defects
and low recombination losses at interfaces. In addition, the perovskite crystal quality is significantly affected
by the underlying CTL [13]. For example, the contact angle of the CTL for the perovskite solution affects the
wetting of the surface and consequently the nucleation and growth of the perovskite film [13]. One useful
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parameter to characterise the interface between different charge transport layers and the perovskite is surface
recombination velocity, with lower surface recombination velocity (SRV) typically resulting in better
performance [17]. Some of the common charge transport layers, such as TiO2 and NiOx, were found to have
small values of SRV, consistent with efficient solar cells [17]. However, it should be noted that, depending on
the deposition conditions, SRV for the same material can exhibit significant variation [17].

In general, the characterisation of the interfaces in the device is key to understanding the the correlations
between the PSC performance and the CTL choices. We will therefore discuss various characterisation
methods and what information can be extracted from them after summarising progress made for metal
oxide charge transport layers in recent years. Thus, we aim to provide update on recent developments in the
PSC field related to metal oxide charge transport layers to experienced perovskite researchers, while at the
same time provide some information on various characterisation methods needed to comprehensively
characterise the devices to researchers who have recently joined this exciting and rapidly developing field.

2. Metal oxides as electron transport layers

Different ETL materials, including metal oxides, have been reviewed recently [19]. The goal of our work here,
instead of providing yet another comprehensive list of everything that has been done, is to provide a brief
update of the progress, focusing on low temperature deposition of metal oxides in planar devices, and
interface treatments/modifications leading to improved efficiency and stability of PSCs. In this section, we
will primarily discuss metal oxides as ETLs in the conventional architecture, since their application in
inverted devices would require different process limitations in order to avoid damage to the perovskite layer.
Metal oxide layers for ETLs in conventional architecture can be deposited by different methods, such as
atomic layer deposition (ALD), chemical bath deposition (CBD), spin-coating nanoparticles,
doctor-blading, screen-printing, sol–gel, sputtering, e-beam deposition, etc. The film deposition can be
followed by post-deposition treatments, such as sintering/annealing, oxygen plasma, UV ozone etc
depending on the deposition method and precursors used. Depending on the highest processing temperature
needed to obtain high quality oxide layer, the substrate can be either fluorine doped tin oxide (FTO)/glass for
high processing temperatures, or indium tin oxide (ITO)/glass for lower processing temperatures due to
increased resistance of ITO if annealed at high temperature [21]. ITO on flexible plastic substrates could only
be used if the processing temperature is below 150o C. Depending on the deposition method and
post-deposition processing, additional treatment, such as UV ozone treatment, may be needed to remove
residual organics and improve the wetting of the oxide layer [22]. The same maximum processing
temperature limitations in substrate selection also apply to HTLs in inverted architecture devices.

2.1. Low temperature depositionmethods for metal oxide ETLs
Due to the interest in developing flexible devices compatible with low cost roll-to-roll processing,
considerable attention has been devoted to low temperature deposition methods for various oxide materials.
To achieve smooth and uniform thin oxide films deposited under relatively mild conditions, ALD has
attracted significant attention. The technique is commonly used for depositing ETLs in conventional
architecture devices, such as TiO2 and SnO2 [23, 24]. The deposited layers are typically amorphous, uniform
and pinhole free, but the device performance is strongly dependent on the deposition conditions for the
oxide layer. The compact and uniform nature of the ALD deposited films enables them to be used to protect
the metal electrode from corrosion in ITO-free devices [25]. In addition to ALD, solution-based techniques
with optimised parameters could also be used to prepare the films at low temperature, although in this case
the level of uniformity is often worse compared to ALD, but overall performance of the device could be
better due to differences in energy level alignment across the interface, interfacial defects, and wetting
properties. Vapor deposition techniques, such as sputtering, could also be compatible with low temperature
processing and used for both rigid and flexible substrate, for example sputtered SnO2 layers [26]. Another
technique of significant interest is spin-coating pre-fabricated nanoparticles [27, 28]. To achieve high
performance devices with ETLs prepared by spin-coating nanoparticles, it is necessary to achieve good
dispersion of nanoparticles in the processing solvent (commercial dispersions are available for some of the
materials). In addition, the number of spin-coating steps may need to be optimised and interface
modifications may be needed to maximise the performance [27]. Alternatively, optimisation of
post-deposition treatment can also result in significant performance improvements [28].

2.2. Commonmetal oxide materials
Different n-type oxide materials have been explored as ETLs to date. The initial reports of perovskite solar
cells commonly employed TiO2 as ETL, and TiO2 still remains commonly used despite its drawbacks, such as
high processing temperature. Although lower processing temperature and milder deposition conditions have
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been achieved in some cases [9, 29], such studies remain scarce and most of the high efficiency devices still
use TiO2 processed at high temperature. Furthermore, the use of TiO2 can result in decreased stability of the
devices under UV illumination [30]. Although this can be improved by using various interfacial layers [30],
there is significant interest in possible replacement of TiO2 since in addition to discussed drawbacks it also
commonly has relatively low electron mobility, which can even be lower than that of the perovskite itself [31].

ZnO and SnO2 are alternative ETL oxide materials with higher electron mobilities, which can be
prepared in good quality by low temperature deposition. While ZnO can be readily prepared by a variety of
methods in a variety of nano structured morphologies [31], SnO2 has superior chemical stability compared
to ZnO [25]. Nevertheless, due to the ease of deposition, ZnO ETLs have been extensively investigated for
application in PSCs. For details on this particular material, see a recent review [31]. Here, we will briefly
discuss the important issues which limit the performance of PSCs with ZnO ETL, and discuss more
promising TiO2 alternatives, such as SnO2, in more detail. Significant limiting factor for ZnO devices is the
large surface recombination, attributed to large surface defect concentrations, which results in low fill factors
and consequently lower efficiencies [31]. In addition, perovskite deposited on ZnO can decompose during
annealing, which has been attributed to the deprotonation of methyl ammonium in contact with ZnO,
facilitated by the chemisorbed species on the surface [31]. The deprotonation reaction leading to
decomposition during annealing is dependent on the surface polarity of ZnO [32], and the surface polarity
also affects photo generated carrier recombination in purely inorganic perovskite CsPbBr3 [33]. However,
ZnO could be potentially useful in all-inorganic CsPbI2Br perovskite solar cells, where improved
performance was achieved with SnO2/ZnO bilayer ETL compared to SnO2 due to improved electron
extraction [34, 35].

SnO2 is generally considered as a suitable replacement for TiO2 in planar devices since it can be deposited
at relatively low temperatures and it can potentially exhibit negligible hysteresis in planar devices [22, 36].
In addition, solar cells with SnO2 ETL exhibit improved stability under UV illumination compared to those
with TiO2 [22], since SnO2 typically does not exhibit significant photocatalytic activity. Planar devices using
SnO2 on rigid substrates with efficiency≥20% have been reported by a number of research groups [22, 27,
28, 36–51], while for flexible substrates over 18% has been reported [37, 52]. It should be noted that while
negligible hysteresis has been demonstrated in devices with SnO2 ETL [22, 37, 38, 41, 43, 51, 53], there have
also been reports of SnO2 based PSCs which exhibited significant hysteresis and/or performance dependence
on scanning rate for different deposition methods, including ALD, CBD, spin-coated quantum dots, etc [22,
28, 36].

2.3. Approaches to improve performance of SnO2 and ZnO ETLs
As mentioned, ZnO-based devices can suffer from performance impairment due to the instability of the
perovskite/ZnO interface, while hysteresis, as well as interfacial recombination losses, can occur for both
ZnO and SnO2. Common approaches to deal with these problems include doping, interface modifications
and device optimisation in general, as well as use of bi- or multilayer ETLs.

2.3.1. Doping
Doping has been more commonly used for SnO2 compared to ZnO. Nevertheless, doping of ZnO has been
attempted, and the common dopant used has been aluminium [54–56]. Aluminum doped ZnO (AZO) has
been used in both inverted [54] and conventional [55] architectures. It was found to result in improved
performance compared to ZnO [54], while it performed worse compared to SnO2 and contributed to
different degradation mechanisms in the perovskite [55]. It should be noted, however, that device
degradation is a complex process with multiple contributing factors, and thus a comparison between two
ETLs may produce different results for different perovskite composition or deposition method, or for
different device architecture. In comparison, a greater variety of dopants has been used for SnO2 doping.
Possible dopants for SnO2 reported in the literature include Zr [57], Ru [51], Sb [22, 50], Li, Mg, Y, and Nb
[22]. Organic ‘dopants’, such as triphenylphosphine oxide and poly(vinyl pyrrolidone) have also been
reported [58, 59].

2.3.2. Interface modification and device optimisation
The problem of instability of organic-inorganic perovskite in contact with ZnO can be mitigated by
passivating surface defects, for example by doping [31], controlling the surface polarity (Zn- vs.
O-terminated) [32], or by surface passivation, for example using alumina or organic materials [31], such as
(2-aminothiazole-4-yl)acetic acid [60]. The use of monolayer graphene for passivating the ZnO surface to
prevent perovskite decomposition has also been demonstrated, and high efficiency exceeding 21%
(combined with the use of novel passivating material for perovskite) has been achieved [61]. In another
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Figure 4. (a) The PCE distribution histogram of the planar-type PSCs based on different ETLs. The JV curves of the device with
(b) SnO2 and (c) E-SnO2 measured under both reverse- and forward-scan directions. Reproduced with permission from [37].

example of high efficiency (≥21%) ZnO-based PSCs, the ZnO surface has been passivated by a thin layer of
MgO and protonated ethanolamine [62].

Different from interface instability observed for ZnO, recombination losses and hysteresis are generally
more complex phenomena. Since hysteresis is mainly attributed to charge accumulation, it could be
addressed by adjusting the energy level alignment at interfaces and reducing interfacial defects. Thus, the
hysteresis could be reduced by using interface modifications, or adjusting the composition of the perovskite
layer, for example adding Rb [36], which was found to reduce hysteresis both for ALD and CBD-deposited
SnO2. However, the most common approach to increase the efficiency, reduce hysteresis, and further improve
the stability of SnO2-based PSCs remains interface modification, either by adjustment of preparation
conditions or by surface modifications. For example, in ALD devices, the interface dipole at SnO2/perovskite
interface and consequently the electron extraction barrier and the device hysteresis was found to be
dependent on the source of oxygen used (water, oxygen plasma, ozone) during the ALD growth [25].
The largest hysteresis was observed with when water is used as oxidant, and it also resulted in the formation
of a gap state which worsened the hole blocking capability of SnO2 [25]. Self-passivation by the precursor was
also reported to be beneficial for the performance of devices with ALD-grown SnO2 [46]. The hole blocking
can also be negatively affected by SnO2 morphology if a deposition method different from ALD is used, and
this can be improved by using a thin insulating layer, such as MgO, between SnO2 ETL and the FTO or ITO
electrode [63]. In addition to improved electron collection and hole blocking, the surface treatments typically
improve the performance of devices with SnO2 ETL, as well as other oxide ETLs, by reducing interfacial traps
and improving the crystallisation of the perovskite (this also applies to the use of bilayer structures).

Common surface treatments used to improve wettability of perovskite solution, such as UV-ozone, can
also have beneficial effect on overall device performance and a decrease in recombination [53], but they may
not be sufficient to guarantee good performance depending on the starting conditions of the SnO2 surface
determined by its preparation method and conditions, and thus different surface treatment molecules may
be needed to further improve the performance. Examples of different surface treatment molecules and/or
interfacial layers include TiCl4 [22], TiO2/SnO2 bilayer [22, 39], fullerene-based molecules/SnO2 bilayers [22,
38, 44, 64], EDTA [37], KCl [40, 52, 65, 66], KNO3 [66], SnCl2 [67], amino-functionalized polymer [68],
nitrogen-doped graphene oxide [69], chemically modified graphene [49], SnO2/CdS [70], imidazolo acetic
acid hydrochloride [41], ammonium chloride [43], acetic acid [45], carbon dots [71], PFN-Br [72],
fluorinated ionic liquid [48], diethylenetriaminepentaacetic acid [27], etc. Obviously, different types of
interface modifiers can result in improvements of device performance. Nevertheless, the use of alkali
chlorides [40, 52, 65, 66], the use of molecules capable of interaction with the oxide on one end and
perovskite on the other end [41], and the use of molecules containing ammonium group [43] seem to be
applicable to more than one type of metal oxide CTL and are likely to result in significant improvements of
the device performance.

Such improvements typically reduce interfacial defects and consequently reduce recombination losses,
improve the efficiency as well as stability of the devices, and can also reduce the hysteresis. For example, the
hysteresis in devices with EDTA-SnO2 has been dramatically reduced, as shown in figure 4, which has been
attributed to a significant reduction in defect density, which in addition to the reduction of hysteresis
facilitates the achievement of high efficiency for both rigid and flexible devices [37]. This approach, namely
low temperature deposition of SnO2, combined with its surface modification, has been demonstrated to be
effective for obtaining flexible devices with efficiency exceeding 18% for multiple approaches (different
deposition details, different surface modifying agents) [37, 52]. Similarly, fullerene-derivative modification
of SnO2 also resulted in significant improvement in efficiency, stability, and the reduction in hysteresis,
attributed to not only in enhanced electron extraction by modifying energy level alignment, but also in
improved orientational order of the perovskite film deposited on top of the ETL [38]. The reduction of
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recombination losses and the reduction of hysteresis associated with interfacial layer-induced improved
interface quality can result not only in improved efficiency, but also in improved stability [38, 41],
confirming that interfaces have a critical role in PSC performance. Thus, interfacial modifications and/or the
use of multilayer CTLs can potentially reduce charge accumulation at interface and consequently improve
not only efficiency but also the stability of the devices [50].

2.3.3. Multilayer and composite ETLs
In general, bilayer or multilayer ETLs can be used to improve the device performance, and various multilayer
ETLs containing ZnO, as well as other ETL material combinations have been reported, such as
PCBM/Mg:ZnO [73], ALD-TiO2/SnO2/PCBM [29], HI-modified TiO2/SnO2 [74], ALD-TiO2/SnO2 [75],
In2O3 /SnO2 [6], PCBM/AZO/triphenyl-phosphine oxide [56], etc.

In addition to bilayers or multilayers of different materials, it is also possible to achieve performance
improvement using bilayers based on the same material. For example, various bilayer SnO2/SnO2 structures
have also been reported, for example Sb:SnO2/SnO2, where improved performance was attributed to
improved energy level alignment [50] Since the tin oxide properties exhibit strong dependence on the
synthesis/deposition/post-deposition treatment conditions, combining the SnO2 based layers with different
preparation conditions enables adjustment in energy level alignment across the interface and consequently
efficient charge extraction. In addition, improved performance and reduced hysteresis has been achieved by
dual-coating of SnO2 with different annealing temperatures compared to single coating, demonstrating
strong dependence of performance on SnO2 preparation [47]. Similar effect could be achieved by
surface/interface modifications, and using multilayer ETLs consisting of other materials in combination with
tin oxide. Finally, other approaches such as composite layers have been reported, including red carbon
quantum dot-SnO2 composite [76], carbon nanotube-SnO2 composite [77], and a composite consisting of
SnO2 nanoparticles prepared by different methods [42].

2.4. Other oxide ETLs
In addition to these three commonly studied metal oxide materials (TiO2, ZnO, and SnO2), other n-type
metal oxides have also been reported, such as Zn2Ti3O8 [78], BaSnO3 [79], α-Fe2O3/PCBM [80], WOx [81],
etc. For a recent review of ternary oxides as charge transport layers, both ETL and HTL, see [82]. However,
these materials have not been extensively adopted, and while in individual studies these materials exhibit
improved performance over more conventional material choices, they do not necessarily show clear
advantages when considering the best performance devices obtained for SnO2 or TiO2. Furthermore, while
in some cases advantages such as low processing temperature or the lack of significant hysteresis are clearly
demonstrated, the obtained efficiencies are commonly below 20%. An exception would be WOx, which was
shown to result in high efficiency [81], although this material is not commonly used as an ETL. It should be
noted, however, that these less commonly used materials have not been fully explored in particular when it
comes to interface optimisation, and thus it is possible that some of them may offer improved performance
in the future. Materials exhibiting no photocatalytic activity and resulting in devices with no hysteresis are of
particular interest for further development.

3. Metal oxides as hole transport layers

Organic HTLs, such as PEDOT:PSS, Spiro-OMeTAD or poly(triaryl amine) (PTAA, or
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine) were widely used in perovskite solar cells and generated
many high efficiency devices. However, their ambient and thermal stability, as well as in some cases the use of
hygroscopic dopants, limit the long term stability of PSCs. Metal oxides or other inorganic materials have
intrinsically better thermal stability and charge conductivity, and have been widely used as charge transport
layers.

3.1. NiOx hole transport layers
One of the most commonly used metal oxide HTLs is nickel oxide, NiOx, which exhibits p-type conductivity
without intentional doping, attributed to nickel vacancies. Unlike conventional architecture devices with
metal oxide ETL, inverted devices with NiOx HTL commonly do not exhibit significant hysteresis, i.e. while
in conventional devices the observation of hysteresis is more common than no hysteresis, opposite trend is
observed for inverted devices. However, it should be noted that hysteresis in NiOx-based devices, in
particular after ageing, can sometimes be observed, and non-capacitive dark hysteresis in NiOx-based devices
has been studied [83]. The observation of hysteresis was attributed to the electrochemical reactions at the
interface under bias and/or ionic migration, and the effect was mitigated by an interfacial layer [83].
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3.1.1. The deposition of NiOx

Similar to other commonly used metal oxides, NiOx can be deposited by a variety of methods, including
flame-assisted chemical vapour deposition [84], spray combustion method [85], controlled oxidation of Ni
[86], anodic electrodeposition [87], chemical bath deposition [88], spin-coating of nanoparticles [14, 89],
sputtering [90], sol–gel deposition [91], combustion synthesis [91], etc As with all metal oxides, the
properties of prepared NiOx films are dependent on the deposition method, deposition conditions, and
post-deposition processing, since these factors affect the resulting concentration of nickel vacancies, which
are primarily responsible for the p-type conductivity of NiOx. In addition, the surface properties of NiOx

affect the properties of the perovskite grown on top, and differences in the interfacial defects, charge
collection, and charge recombination can result in significant differences in device performance, as evident
from comparison of different deposition methods performed by the same research group (so that variability
in perovskite layer deposition would not apply), where not only differences in the efficiency but also stability
were observed [91]. There are numerous factors which can affect the properties of the resulting NiOx layer,
such as precursors and solvents used, solution concentration, etc In addition to those common and obvious
factors, others such as precursor solution ageing time [92], also need to be taken into account when
preparing reproducible devices. Among post-deposition processing, annealing is commonly used, and
different annealing protocols have been investigated in the literature [93]. In general, the results of
post-deposition processing will depend on the starting properties of NiOx, and the same annealing protocol
for example is unlikely to give the best results for film prepared by different methods. Furthermore, the effect
of post-deposition treatments, such as annealing, oxygen plasma, and/or UV ozone have significant effect on
the properties of NiOx. For example, solution processed NiOx can contain nickel hydroxide phases, which get
converted to NiOOH upon exposure to oxygen plasma and annealing [94].

Among different deposition methods, spin-coating pre-fabricated nanoparticles is of particular interest
due to its compatibility with flexible plastic substrates [14, 89]. Nanoparticles could also be synthesized by
different methods, including micro plasma synthesis [95], and chemical precipitation method [14].
Microplasma synthesis has an advantage of obtaining ultrasmall nanoparticles [95], but the obtained device
efficiency was quite low for this fabrication method. Due to multiple factors affecting the final efficiency
(device architecture, perovskite quality, etc) and insufficient characterisation, it is not fully clear whether the
poor performance was due to NiOx or other factors, similar to other works reporting low efficiency cells with
NiOx HTL [92]. In general, synthesis method and growth conditions for the nanoparticles will affect not
only their physical size, but also their dispersability in different solvents, which is affected by the surface
properties of nanoparticles and which ultimately affects the film quality for films prepared by spin-coating
the nanoparticles. While both undoped and doped nanoparticles can be prepared, it should also be noted
that the introduction of the dopant can affect the dispersability of the doped nanoparticles due to the
changes in surface properties (surface defect concentrations), and thus care needs to be taken in optimising
the synthesis when dopants are introduced. For a detailed review on reactivity and stability of nanoparticles,
including surface microenvironment and dispersion stability, see [96].

3.1.2. Doping of NiOx

Different dopants have been proposed for NiOx, such as Zn [97], Li [13, 98], Cs [99], Cu [14, 89, 100], Mg
[90], etc. Co-doping with different elements, such Li-Cu and Li-Mg, is also possible [101]. For a detailed
review of doped NiOx in inverted PSCs, see [101]. In some cases, where divalent dopant, such as Zn [97], is
used to replace Ni2+ it is not fully clear what would be an advantage of such a dopant, since the only way that
dopant could contribute charge carriers is by generating additional defects in the crystal lattice, which would
inevitably reduce the charge mobility. While the theoretical calculations have shown that the introduction of
Zn is favourable for the formation of nickel vacancies [97], when considering the dopant choice one needs to
carefully consider the effects of dopant. The situation is also more complex when the dopant has multiple
valence states, such as for example Cu which can be introduced as Cu+ or Cu2+ [89]. While the conductivity
is directly proportional both to charge carrier concentration and mobility, the effect of those parameters on
photovoltaic performance is more complex. Generally, higher carrier mobility means faster charge collection
at the electrode and lower charge accumulation and lower recombination losses, but other parameters, such
as energy level alignment across the interface are more likely to have more significant effect on the charge
carrier collection efficiency. For example, in Mg-doped NiOx observed increase in conductivity was small,
while there was a significant shift in the work function, resulting in improved charge collection [90].

3.1.3. Organic dopants and surface/interface modifications
In addition to conventional inorganic dopants, similar to SnO2, organic doping with different organic
molecules (acceptor molecules with high electron affinity in this case) has been reported for NiOx [102, 103].
This approach typically results in the shift in the energy levels of NiOx ensuring improved charge collection
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[102, 103], and increased conductivity of NiOx [103]. Since the approach involves the deposition of organic
molecule on the surface, the quality of the perovskite layer grown on top is typically improved as a result,
similar to surface treatments and/or deposition of interfacial layers. The reported surface modifications of
NiOx include various organic materials, such as PTAA [104], ferrocenecarboxylic acid [105], cysteine [100],
diethanolamine [106], as well as inorganic materials, such as alkali chlorides [107, 108], and hybrid
organic-inorganic materials, such as Mg-organic interlayer [83]. The use of optimised synthesis, doping
and/or interfacial modifications in NiOx-based inverted devices has resulted in a number of reports of
devices with efficiency exceeding 20% [91, 102, 103], with the highest efficiency reaching 22.1% [102] for
rigid and 20.0% for flexible devices, which is a significant achievement considering that the performance of
inverted PSCs generally lags behind that of conventional ones.

3.2.Other oxide HTLs
Along with commonly investigated NiOx, other metal oxides have also been investigated for applications as
HTLs, but similar to ETLs less commonly reported choices typically result in lower efficiencies compared to
the best reported results for the commonly used materials. Other oxide HTLs listed in the literature include
TiO2-IrOx alloy [109], indium doped CuCrO2 [110], ZnCo2O4 and NiCo2O4 [111–113], WO3-water-free
PEDOT:PSS composite [114], Co3O4 [115], Cu2O [116], etc. Unlike NiOx, these materials typically result in
devices with efficiencies below 20%, but the influence of the surface treatments and/or interface
modifications for these materials has not been as comprehensively explored as in the case of NiOx.

4. Devices with metal oxides as both ETL and HTL

Due to expected improvement in device stability, there has been considerable interest in the development of
devices which use inorganic materials, most commonly metal oxides, as both top and bottom CTLs [5].
While this type of devices has been successfully achieved for all commonly used metal oxides, namely TiO2,
SnO2, ZnO, NiOx, as well as less commonly used Cu2O [15, 16, 95, 116–118], and the stability was
commonly improved [95, 116], the efficiency of the devices was quite low in some reported cases [95], while
in others high efficiency devices have been demonstrated [15, 16, 116, 118]. Overall, the number of papers
exploring this type of strategy has been small, primarily due to processing difficulties of depositing the top
oxide layer without damaging the perovskite layer underneath, and reducing the density of traps at
perovskite/top CTL interface to ensure good performance. For this reason, interlayers (commonly organic)
are sometimes needed either between the perovskite and top CTL or between the top CTL and electrode.

4.1. Solution-processed CTLs
A main challenge to obtain metal oxide charge transport layer based device is the possibility of perovskite
film being damaged by solvent for solution-processed metal oxide, as well as imperfect coverage of the top
CTL film. To solve this problem, three approaches have been tried: (I) solvent engineering, which aims to
disperse target metal oxide nanoparticles with proper solvents which would not significantly affect the
quality of perovskite films [117, 119–121], assisted with mechanical dispersion when needed [118, 120, 122];
(II) interface engineering, which applies to either surface modification to nanoparticles [15, 116, 123, 124] or
using bilayer CTL to passivate surface defects as well as enhance conductivity of corresponding charge
transport layer [16, 118, 119]; (III) non-solution processing [125–127].

Different solvents in solvent engineering approaches have been reported to date. A possible approach to
avoid damage to the perovskite layer is to use a commonly used anti-solvent such as chlorobenzene to
disperse metal oxide nanoparticles [117]. This approach resulted in ITO/NiOx/MAPbI3/ZnO/Al devices with
a maximum efficiency of 16.1% and significantly improved stability [117]. The ZnO ETL based device
retained 90% of initial PCE after 60 days ageing in ambient, while the control device (PCBM as ETL)
completely degraded after 5 days [117]. Other solvents used include isopropanol (IPA) used for dispersing
indium doped ZnO (IZO) nanoparticles [120], 1-butanol [119], and mixed solvent (n-butanol: methanol:
chloroform) [121].

To improve the dispersion of the nanoparticles, different surface modifications have been reported, such
as stearate ligand [123], hexanoic acid [124], oleic acid [16], and C60-Substituted Catechol (Fa) [15]. The
Fa-ZnO-based PSCs reached efficiency of 19.34%, which was further increased to 21.11% by using Fa-ZnO
dilute solution as anti-solvent. In addition to high efficiency, excellent stability was achieved, with t80 of
1600 h under 65

◦
C continuous heating in ~ 30–50% RH ambient without encapsulation. The stability of

devices with a dual oxide CTL (Cu:NiOx as HTL and Fa-ZnO as ETL) was significantly enhanced compared
to devices with PCBM ETL [15].

In this last example of nanoparticle surface modification, it can be observed that another ETL material,
namely fullerene, was used. It is thus not surprising that bilayer CTL approaches have also shown to be
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capable of yielding high efficiency devices. NiOx bilayer with CuSCN and Spiro-OMeTAD was reported to
yield maximum efficiencies of 14.4% and 16.3%, respectively [119]. However, device stability was the was the
highest for NiOx alone, followed by NiOx/CuSCN and NiOx/Spiro-OMeTAD based devices, which retained
about 102%, 98%, 92% of their initial efficiencies, respectively, after 4 months ageing in ambient [119]. It
should be noted that achievable efficiencies for the same HTL can be highly dependent on the processing
conditions. For example, when CuSCN was spun on wet NiOx surface, 19.24% efficiency and appreciable
stability were achieved, with 95% of initial PCE retained after 1000 h at 60

◦
C continuous heating [118].

These devices exhibit improved thermal stability in air compared to single layer HTL devices, including those
with commonly used Spiro-OMeTAD, which is generally known to have poor thermal stability [118].
Nevertheless, the use of Spiro-OMeTAD as a part of a bilayer HTL can result in quite respectable stability at
RT. For example, combining the use of stable bottom ETL (SnO2) and a top bilayer HTL (NiOx with oleic
acid/Spiro-OMeTAD) has resulted in high performance device with efficiency of 21.66% and negligible
hysteresis, which maintained 90% of initial efficiency after 1200 h, exhibiting a significant improvement
compared to devices containing only Spiro-OMeTAD [16].

4.2. Vapour-deposited CTLs
Compared to solution-based processing (including bilayer CTLs), vapour deposition approaches such as
sputtering [125] achieved inferior performance which needs further optimization. In addition to sputtering,
ALD approach to deposit oxide layers on top of the perovskite has also been investigated [126, 127]. It was
found that the metal precursor could damage the perovskite layer, and that prevented the deposition of ZnO
films by ALD on top of the perovskite, while SnO2 could be deposited, but low efficiency and significant
hysteresis were obtained [126]. Deposition of TiO2 on top of PCBM to form a bilayer ETL was accomplished,
resulting in the efficiency of 18.3%, with 97% of initial performance retained after storage in ambient for
1000 h [127]. In addition, devices with metal oxide CTLs on both sides could also be prepared by lamination,
but in this case as well overall efficiencies could be low, in particular when transparent conductive oxide
(TCO) electrodes are used on both sides [128]. Overall, the achievement of high efficiency devices with metal
oxide layers used for both ETL and HTL is challenging, and the number of reports on PCE exceeding 20%
has been scarce [15, 16]. The achievement of high efficiencies in devices using metal oxide CTLs on both
sides of the perovskite layer likely requires the use of bilayer structures, and careful optimisation of interfaces
and overall processing methods.

5. Other applications of metal oxides

In addition to their use as charge transport layers, metal oxides are also commonly used as interface or
barrier layers. For this type of application, especially for barrier layers, ALD is a common deposition
technique. ALD can form compact layers which would provide excellent protection against moisture
penetration if the damage to the perovskite layer could be avoided. Generally, the use of water as an oxidant
for ALD can result in the damage to the perovskite layer [126]. Nevertheless, the use of ALD for the
deposition of barrier layers such as Al2O3 using water has been reported for a custom-built reactor [129]. A
stacked Al2O3 encapsulation was shown to be sufficiently protective to not only ensure no significant
degradation upon storage in ambient, but also to protect the devices from water immersion for 2 h [127].

Metal oxide layers are also commonly used as interfacial layers at the electrode, to adjust the work
function of the electrode, and/or improve electrode stability. The commonly used oxide is MoOx, in
combination with Au or Al electrodes. However, it was recently reported that tantalum doped tungsten oxide
Ta:WOx exhibits superior performance, resulting in high stability perovskite solar cells [130].

In addition, highly doped metal oxides (conductive metal oxides) are commonly used as recombination
layers in tandem solar cells. The problems which need to be resolved in the deposition of the recombination
layer depends on what materials are used in the bottom cell. Typically, Si/perovskite and CIGS/ perovskite
tandems could withstand harsher recombination layer deposition conditions, but there could still be
problems with the deposition of a TCO contact on top of the perovskite cell. On the other hand,
OPV/perovskite and all-perovskite tandems would require mild deposition conditions for the recombination
layer, and it is desirable that the recombination layer would provide a good barrier to the processing solvents
for the top perovskite cell [131]. It was found that while low temperature ALD could be used to grow AZO
recombination layer on top of C60, non-reactive nature of fullerene resulted in inferior nucleation of the AZO
layer and consequently its poor barrier properties [131]. It was found that poly(ethylenimine)ethoxylated
(PEIE) nucleation layer could significantly improve the quality of the AZO layer and its barrier properties
against dimethylformamide, as well as significantly reduce its water vapour transmission ratio (WVTR)
[131].
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Figure 5. Schematic diagram of a PSC and relevant characterisation techniques applicable to different parts or the whole device.

Finally, various metal oxide-based composites have been investigated for PSC applications. For example,
metal oxides have been incorporated into ambient-processed perovskite films to form a perovskite-metal
oxide composite which resulted in high performance devices with significant stability enhancement [132,
133]. The use of perovskite metal-oxide composites in ‘minimalist’ CTL-free devices has also been reported
[134]. Embedding NiO nanoparticles into the surface of perovskite layer prior to deposition of multi wall
carbon nanotube electrodes for the enhancement of device performance has also been reported [135]. More
complex devices containing various composites, such as substrate/NiO-perovskite/Al2O3-perovskite/SnO2

coated carbon nanotube-perovskite, have also been reported [136]. Metal-oxide carbon composites, such as
NiOx-carbon spheres, have also been used as electrodes in PSCs [137].

6. Necessary characterisation techniques for understanding the effect
of oxide layer on PSC performance

Different characterisation techniques common in literature on PSCs are shown in figure 5. For an overview of
characterisation of metal oxides specifically, rather than entire PSC device, see [20]. Before we proceed with
describing additional characterisation techniques which distinguish significant advances in understanding
why certain material or interface modification works well from simple reports on possible approaches which
can improve device performance, we will briefly mention what are the true basic characterisations which
need to be done as a routine but necessary characterisation. Any manuscript on a solar cell must contain an
evaluation of the solar cell performance, namely the measurement of I–V curves under one Sun simulated
solar illumination. Dark I–V curve measurement should also be performed to check for any abnormalities in
the I–V curve shape, even though these data are less commonly reported. The measurement details for I–V
curves under illumination should be clearly specified, and sufficient characterisation provided, including
light source used, scan rate, I–V curves for both forward and reverse scans, and I–V curves for different
scanning rate. The inclusion of external quantum efficiency (EQE) measurements, with the cross-check of
estimated short circuit current density, is highly desirable. Stability should also be evaluated, preferably using
standardised ISOS protocols, which have recently been updated for PSC characterisation [12]. While a large
number of papers report the stability on storage in ambient without illumination, truly relevant data on
stability must include additional stresses (thermal stress, illumination) to make a valid claim that observed
environmental stability improvement with dark storage is potentially practically relevant.

Next, x-ray diffraction (XRD) should be performed, to confirm the crystal structure of the perovskite
and, if relevant, CTLs used. If new materials are introduced, it is highly advisable to collaborate with a
crystallographer rather than simply try to identify the lines by comparison with databases and published
literature, since this can lead to errors in identification of new structures, especially when lower-dimensional
perovskites are introduced as capping layers. Finally, the energy level alignments across the CTL/perovskite
interface are highly relevant for charge collection. Hence, ultraviolet photoelectron spectroscopy (UPS) is
used to determine the work function of the CTL deposited by a certain method or treated with a certain
surface treatment, and compared to a control sample to evaluate the effect of deposition conditions or
surface treatments/interfacial layers on charge collection. The trends observed in UPS can then be further
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verified by Kelvin probe force microscopy (KPFM), [43] which is one of the scanning probe microscopy
modes available in any standard scanning probe microscope.

Finally, the evaluation of film quality is also a part of standard characterisation. Contact angle
measurements to examine the wetting and spreading of the perovskite solution can also be a part of
investigating the film quality. To examine the film quality, scanning electron microscopy (SEM) and atomic
force microscopy (AFM) are the most basic techniques to characterise the morphology of the metal oxide
film, as well as the morphology of the perovskite grown on the metal oxide. Defects such as pinholes, and
obvious macroscopic differences, such as different grain sizes, can readily be discerned using these
techniques. Unfortunately, these techniques do not provide information about smaller scale differences, such
as point defect concentrations etc, which significantly affect the device performance. Here we will provide a
brief discussion of relevant characterisation which are needed to fully understand the phenomena at
perovskite/charge transport layer interfaces. Typically, a combination of optical, electrical and structural
characterisation is critical to fully understand all the relevant processes contributing to the overall device
performance. We will describe below the common techniques used, what kind of information they can
provide, and if relevant what kind of experimental artefacts or issues with data interpretation can occur and
how to avoid them. The experimental characterisation is often complemented with density functional theory
(DFT) and/or molecular dynamics (MD) calculations, but the overview of those simulations is beyond the
scope of this perspective, which primarily focuses on experimental work.

6.1. Structural and compositional characterisation
Grazing-incidence wide-angle x-ray scattering (GIWAXS) and grazing-incidence small-angle x-ray scattering
(GISAXS) are scattering techniques commonly used for characterising the crystal structure of the perovskite
layers, and they are also useful for characterisation of different layers in the device, in particular for the layers
which have small thickness and/or do not have high degree of crystallinity. Since the incident angle of the
x-ray is very small, diffractions of a thin films in GIWAXS is highly surface sensitive and the detected signals
are much stronger than the XRD pattern measured for thin films in a conventional XRD instrument. Thus,
more detailed lattice parameters of perovskite crystals and crystal orientation of the three dimensional and
quasi-two dimensional perovskites can be obtained from GIWAXS. Furthermore, the use of two-dimensional
detector and the varying angle of incidence can allow probing the structure at surface, bulk, and interface
[20]. The information about material observed can be determined from characteristic q values, the
integrated intensity of 2D GIWAXS pattern can be used for XRD pattern matching [138], and the degree of
ordering is obtained from the resulting two-dimensional plots, where the observation of rings indicates the
lack of ordering, spots indicate high degree of order [20], and arcs indicate an intermediate situation between
ordered and disordered samples in terms of preferential orientation. In perovskite solar cells, GIWAXS has
been used for identifying the crystallinity change after surface [139, 140] or sublayer [141] modification, as
well as in situ crystallization monitoring during perovskite spin-coating [142].

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative spectroscopic technique that
measures the elemental composition, empirical formula, and chemical/electronic state of the elements that
exist on the surface of a material. For instance, XPS technique was employed to analyze the content of
dopants, and the ratio variation of N3+ and Ni2+ in the pristine and Cs and Cu doped NiOx HTLs [89, 99].
The possible mechanism of increase of hole conductivity by doping of NiOx could be supported by the XPS
analysis. However, one needs to be careful in interpreting the data from XPS, in particular attempting to
quantify oxygen deficiency in oxide layers, due to the difficulties in obtaining unique fit if just a broad peak
or a peak and a shoulder are observed instead of distinct multiple peaks and consequent large uncertainties
in the ratios of peak areas. Furthermore, it is difficult to quantify the ratios of dopants in different oxidation
states if the resulting signal has low intensity, which can occur for dopants present at low concentrations [89].

Time-of-flight secondary ion mass spectrometry (ToF-SIMS) is an advanced technique that can
simultaneously capture the full information of chemical distribution across a entire perovskite based device.
It is one of the few techniques that can provide lateral and depth information of all components of PSC
devices, which allows deep insight to cation distribution within the absorber layer and at interfaces and how
they relate to device performance and stability [143, 144]. Depending on the instrument capability,
ToF-SIMS enables 1D depth profiling, 2D lateral imaging, and 3D tomography, with a depth resolution of
less than 1 nm and a lateral spatial resolution of less than 100 nm. Because useful information in the
perovskite films (including grains, grain boundaries, surface, etc), different interfaces in the device, charge
transport layers, and electrodes can be analyzed by ToF-SIMS through monitoring the chemical distributions.
ToF-SIMS is very powerful tool for characterizing the perovskite materials and the corresponding devices. A
detailed review of the role of ToF-SIMS in perovskite research can be found in [145]. However, despite the
overall usefulness of the technique, in particular in studying the degradation mechanisms by comparing
fresh and aged devices, artefacts are possible and care needs to be taken in interpreting the results. For
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example, it was demonstrated that the A-site cation gradient is actually a measurement artefact caused by
primary bismuth ion beam damage which leads to less secondary ion signals, and a new method was
proposed to replace bismuth with cesium [146]. In addition, measurement instructions for avoiding artefacts
have been provided [143]. Since ToF-SIMS instruments are often operated by dedicated technicians rather
than researchers themselves, which provides limited flexibility in implementing modified instead of standard
measurement protocols, at a minimum it is necessary to ensure that some control samples are included and
tested on the same day to be able to identify artefacts if such occur.

Cross section energy dispersive x-ray spectroscopy (EDX) mapping can also provide element distribution
of PSC devices, and it should be preferably used together with TOF-SIMS to provide accurate information on
the location of elements in the device [107], as well as changes in the device composition as a result of ageing
during stability testing. EDX is a common technique present in electron microscopes, both for SEM as well as
transmission electron microscopy (TEM) instruments. Due to their higher resolution, TEM-based
techniques, such as HR-TEM, STEM (HAADF mode) and EDX (or EELS) analysis are commonly used for
for investigating the more detailed structure and elemental information in the perovskite solar cells (highly
resolved device lateral morphology, charge transport/perovskite/electrodes interfaces). Moreover, the
possible degradation mechanism of perovskite solar cells can be investigated by in-situ TEM. However, this
technique require special sample preparation due to high sensitivity of perovskite materials to the electron
beam exposure. More details regarding the application of TEM in perovskite solar cells can be found in the
recent review papers [147, 148]. In addition, it should be noted though that EDX mapping, same as the
measurement of EDX spectra, is limited by lower sensitivity to elements with lower atomic number.

6.2. Optical characterisation
UV–Vis spectroscopy is commonly used to characterise planar metal oxide CTLs on TCO substrates. It is not
useful for mesoscopic layers or rough (nanorods with large diameters for example) layers due to significant
scattering contribution. It represents a routine characterisation technique and it is not particularly
informative if a suitable CTL is chosen, since typically wide band gap CTLs are used. In doped CTLs, it can
be used to observe changes induced by doping, but even in that case it is just one in the array of indirect
confirmation techniques that doping has made some difference, and it does not provide any direct evidence
as to what exactly changed (states in the gap could be caused by increased concentration of native defects or
by the dopant). Spectroscopic ellipsometry (SE) is a more comprehensive technique that can be used for
both characterisation of the metal oxide layers, as well as the perovskite layer. For samples on transparent
substrates such as glass, it should be paired with transmission measurements and the correction for the
substrate back surface reflection should be employed (or the reflection from the back surface should be
eliminated). Modelling of the ellipsometry data is nontrivial, and the technique has reasonable sensitivity so
that acquiring good quality data on perovskite films in ambient could be challenging due to their sensitivity
to ambient humidity (acquisition time is dependent on the type of instrument used, and the degradation rate
is dependent on the humidity). Generally, SE is not commonly used unless device modelling is going to be
attempted, where the knowledge on the index of refraction of each layer is needed.

Photoluminescence (PL) is commonly used for characterisation of the quality of the perovskite layer
grown on metal oxide CTL and the charge transfer from the perovskite to the metal oxide CTL. Basic
rationale is that efficient charge transfer from the perovskite to the metal oxide CTL will result in efficient
luminescence quenching compared to the perovskite film on glass or ITO. Problematic part of this
assumption is that the quality of the perovskite film, and consequently the concentration of non-radiative
defects, is substrate dependent and thus quenching on a different substrate could occur due to a combination
of the change in the quality of the perovskite layer and the charge transfer. In an attempt to understand better
what is happening in the devices, time-resolved photoluminescence (TRPL) is commonly used in addition to
PL. Effective minority carrier lifetime τeff can be obtained by fitting the TRPL decay curve with
single/multiple exponential function or stretched exponential function, (see fitting details in [149]. and
[150]). For perovskite layers on glass, longer PL lifetime is commonly used as an indicator of layer quality
due to lower non radiative recombination [151], similar to higher intensity of the PL spectra. It was proposed
that the effective photoluminescence decay time can be separated into bulk and surface contributions 1/τeff =
1/τbulk+1/τsurface, where the surface contribution contains components describing charge transfer at interface
if any, and also non-radiative recombination losses at interface [17].

For perovskite layers on a CTL, biexponential fitting commonly yields so-called fast-decay and slow
decay time constants [74]. However, interpretation of the fast and slow decay component can be complex
due to various contributing factors, since the underlying layer below the perovskite alters its crystalline
quality and interfacial trap density, in addition to luminescence decay due to charge transfer. Common
interpretation of attributing the fast component to the charge transfer at the interface [152] and slow
component to the radiative recombination in the bulk of the perovskite [45, 59] is likely incomplete, since it
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does not take into account non-radiative recombination and/or charge trapping contributions at the
interface. Thus, a method to extract more parameters with physical significance has been recently reported,
including surface recombination/interface recombination velocity, monomolecular and bimolecular
recombination constant, carrier mobility, and doping density [153]. In the absence of significant interfacial
losses this simplified interpretation can be consistent with the other observed trends, but in some cases where
simplified interpretation is insufficient, apparent contradictions with device performance trends could be
observed [72]. In such cases, more comprehensive characterisation of charge dynamics may be necessary to
understand what is actually happening in the devices. To provide an example of this, in NaCl treated NiOx,
NaCl treatment resulted in downward shift of NiOx work function which should improve the charge
extraction, but an increase in TRPL time constant was obtained for NaCl treatment [108]. From the device
performance parameters (FF, Voc) and electrical characterisation, it is obvious that charge extraction is
improved and recombination is reduced, and thus increase in time constant can be attributed to reduced
defects/defect passivation in the perovskite layer [108]. Similar observations can commonly occur for surface
treatments/interfacial layers, since they tend to reduce interfacial defect density and/or improve the quality of
the perovskite layer grown on top of the treated surface [107]. This nicely illustrates the need for combining
the whole range of characterisation techniques to fully understand the effect of a dopant or surface treatment
or interfacial layer on the device performance.

6.3. Electrical characterisation
Hall measurement is a widely-used technique to obtain the electrical properties of a conductive specimen
with known thickness, such as charge carrier type, concentration, mobility, as well as sheet resistance and
resistivity. Based on van der Pauw contact geometry [154], arbitrary shaped sample can be measured instead
of requiring a micro-structured Hall bar, which typically requires photolithography procedure [155].
Theoretically, Hall measurement should be even easier for insulators due to their large Hall coefficient which
is beneficial to obtain accurate carrier concentration value. However, in practice conducting Hall
measurement on low-mobility (<1 cm2 Vs−1) polycrystalline thin film samples is challenging due to (1) the
existence of large amount of grain boundaries laterally that result in the underestimated mobility by several
orders of magnitude compared to the in-grain mobility and (2) the experimental limitations to detect the
small Hall voltage signal, which is determined by the product of carrier mobility and magnetic field, i.e.
µ ·B [156]. While the first difficulty could be overcome by improved modelling [157], small values of Hall
signal remain a problem, especially for instruments with the lower magnetic field strength. The measurement
difficulties are particularly pronounced for very thin films of p-type materials, which must be deposited on
non-conductive substrates (if deposited on ITO, observed behavior would be dominated by ITO), resulting
in too small Hall voltages for measurement, even in instruments with 10 T magnetic field (instead of more
common 1 T). A possible solution to this problem for thin films prepared by spin-coating nanoparticles is to
compress nanoparticles into a pellet and then perform Hall measurement [89]. However, this approach may
also result in experimental difficulties depending on whether nanoparticles could form a pellet which could
be handled, or compressed particles would simply be too fragile and pellet would readily fall apart. In
addition, alternative Current Hall Effect techniques have been developed and achieved improved sensitivity
to Hall voltage [158,159] to characterize low-mobility materials, but they exhibit other problems, such as the
interpretation, electronics setup, and the treatment of parasitic resistances and capacitances [156]. Another
alternative method of electrical characterisation is to measure the sheet resistance using a Four Point Probe
Resistance Tester then calculating its resistivity with measured thickness, which is also valid to
low-conductivity specimen due to the absence of magnetic field and Hall signals.

Furthermore, conductive AFM (C-AFM) can provide electrical [160] and morphological [161]
information of low-conductivity oxide thin films, using a conductive tip and a voltage bias. In a C-AFM
measurement, the current flow direction is vertically from C-AFM tip to thin film specimen to conductive
substrate to sample stage, thus it is straightforward to measure oxide thin-films with a nanoscale thickness.
As the tip scans on the sample surface, in-grain and grain boundary areas respond differently, so the
conductivity distribution can be directly obtained. The measured current I obeys the relationship of
I= J×Aeff, where J is the current density, Aeff is the effective emission area [160, 162]. Apparently smaller
Aeff provides higher lateral resolution and lower conductivity materials show smaller Aeff. The value of Aeff is
also significantly affected by atmosphere condition, such as humidity and vacuum degree, and it can range
from 1 n m2 in ultra-high vacuum to 300 n m2 in humid air [163].

In addition to these basic techniques which are commonly used to evaluate the conductivity change of
the CTL with the surface treatment, the change of deposition conditions, and/or the introduction of dopant,
it is necessary to evaluate defects at interfaces, and examine the recombination losses in the devices. One of
the most straightforward methods to do so is to determine the diode ideality factor nid by measuring the
dependence of open circuit voltage on illumination power P, since this measurement does not require altered
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Figure 6. Trap state density measurements by dark I–V curve of a perovskite film grown on NiOx (a), NiOx/PTAA (b), and
PTAA-coated FTO/ glass (c). The basic structure for this measurement is FTO/HTM/PVK/HTM/Au where the structure is
FTO/NiOx/PVK/PTAA/Au for (a), FTO/NiOx/PTAA/PVK/PTAA/Au for (b), and FTO/PTAA/PVK/PTAA/Au for (c). Reproduced
with permission from [104].

device configuration nor special equipment (other than neutral density filters to change the optical power of
the solar simulator. The ideality factor is described as:

Voc =
Eg
q
− nidkBT

q
ln
P0
P
, (1)

where Eg is the absorber band gap, k is Boltzmann constant, T is the temperature, and P0 refers full intensity
of illumination [164]. Lower nid value close to ideal value of 1 is generally desired, since it indicates a lower
contribution of trap-assisted Shockley-Read-Hall (SRH) recombination [165]. However, it should be noted
that in this case as well careful interpretation of the measured data is needed. For example, a low Voc was
reported in a device with nid = 1 [166]. That is because that the low nid value could also result from surface
recombination due to non-selective contacts and the shape of Voc-light intensity plot may help to evaluate the
recombination situation [164]. Thus, while generally nid closer to one is considered to be desirable and a
useful measure of the recombination losses in the devices [108], due to the complexity of phenomena
contributing to overall device performance it is always highly desirable to perform different measurements
for comprehensive optical and electrical characterisation and then examine whether conclusions consistent
with all the measurement results could be obtained.

Useful information on the recombination can also be obtained from transient photovoltage
measurements, where slower decay was claimed to indicate suppressed recombination [43, 75]. Transient
photocurrent measurements are a useful complementary technique, providing useful information on charge
collection (faster decay, more efficient charge collection) [75]. However, careful interpretation of transient
electrical measurements is needed, because they are also affected by the capacitance of the devices. Thus, it is
always advisable to use multiple techniques together to cross-check whether the trends observed from all the
techniques are consistent with the conclusion drawn.

In addition, to determine the trap density at the CTL/perovskite interface, I–V curves for electron-only
(for ETLs) or hole-only (for HTLs) devices are often measured. Based on the space charge limited current
(SCLC) model, the I–V curve will consist of a linear ohmic response region (at low voltages), followed by the
trap filling regime, and then SCLC regime at higher bias voltages [44]. This allows the determination of the
trap density N t from the trap-filled limit voltage VTFL, which denotes the transition from linear ohmic to
high slope trap-filling regime [44, 45]. The trap density can then be determined as Nt = (2ϵϵ0/eL2)VTFL,
where ε is the dielectric constant of the perovskite, ε0 is the vacuum permittivity, L is the thickness of the
perovskite film, and e is elementary charge [44, 45]. Obviously, the accuracy of the estimated trap density will
depend on the accuracy of determined VTFL, as well as the thickness of the perovskite film. Both of these
factors can contribute to difficulties in getting a correct estimate of the trap density. If estimating the
thickness from cross-section SEM or TEM images, taking multiple measurements and determining averages
is highly advisable, as well as making sure that no distortions have been introduced by sample preparation.
While a simpler method could be the use of step-profiler, one would expect that in a relatively soft material
such as perovskite, thickness estimate errors could occur, similar to organic layers. As for VTFL, the accuracy
of estimate would depend on the shape of the I–V curve, i.e. the existence of a clear transition between
different current regimes. One example of the use of I–V characteristics to determine the trap density is
shown in figure 6 [104]. It can be observed that in some cases a clear region where n> 3 cannot be
determined. Even more drastic case is demonstrated in figure 7 [167], where the transition between regimes
can barely be observed, resulting in a large uncertainty of then determined VTFL. The figure also illustrates
another example of data where model does not fit, i.e. statistical distribution of performance cannot be
described by a Gaussian distribution. In cases where the data do not fit the theoretical model, it is advisable
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Figure 7. (a) Dark current–voltage curves of the electron-only devices showing VTFL kink point behavior, the inset displays the
device structure. (b) Histograms of photovoltaic PCEs from 50 devices. Reproduced with permission from [167].

to examine possible reasons for the discrepancy. For example, it is sometimes possible to improve the quality
of the data by eliminating excess ITO/FTO from the substrate pattern and by making sure individual devices
on the substrate are electrically isolated (for example by laser etching, or by simply making one device per
substrate), or by choosing a different top CTL to ensure that devices are truly single-carrier devices where the
model is valid. If this approach fails and the I–V curve still does not exhibit a clear shape consistent with
trap-filled regime, it would be appropriate to obtain the information on the density of traps from other
measurements, such as Mott-Schottky plots. In general, the estimates of trap density from Mott-Schottky
plots are advisable for cross-checking, though in that case as well thickness determination uncertainties
could affect the accuracy of the number obtained, but similar error would be introduced for two methods,
affecting possible comparisons with other literature reports but ensuring internal consistency. It should also
be noted that differences observed in the estimated interface trap densities in different literature reports of
cells with similar efficiencies could likely be attributed to the uncertainties in estimates of either L or VTFL.
Nevertheless, the method is still highly useful for relative comparisons between, for example, devices with
modified and un-modified CTL/perovskite interfaces in the same manuscript.

Mott-Schottky (MS) analysis is a capacitance based method to extract parameters such as trap [168] (or
doping [169]) density N in depletion zone, built-in voltage Vbi and depletion layer width w, through
measuring the capacitive response to an input sweeping DC bias with small-amplitude constant-frequency
AC component overlapped. Vbi and N can be extracted from the Mott-Schottky equation:

1

C2
dl

=
2(Vbi −V)

ϵϵ0qA2N
, (2)

where ϵ, ϵ0, q, A is the vacuum permittivity, relative dielectric constant of perovskite, elementary charge,
active area, respectively. Higher Vbi is preferred, for higher likelihood to obtain larger Voc [170, 171], larger
Jsc, [171] faster charge transport and collection [171, 172], reduced trap states [172], and/or less charge
accumulation at interfaces [172]. Higher N value either indicates more defects [173] or effective doping
[174] depending on the application scenario. MS analysis under illumination [175, 176], liquid electrolyte
condition [177], different temperatures [178], can also be studied. Further, it should be noted that the
obtained Vbi and trap (doping) density N would be invalid if improper frequency is applied or perovskite
film has sufficiently low defects density (<1017 cm−3), since there would be no distinguishable Cdl (depletion
layer capacitance) region for MS analysis [179]. For frequency selection, it is recommended to measure
capacitance as a function of frequency, and a proper frequency should be in the dielectric polarization
plateau region which corresponds to the depletion zone [179]. However, many published MS plots did not
show distinguishable Cdl zone [168, 170, 171]. Thus, same as with other techniques discussed, combination
of techniques and careful interpretation of the results are needed to draw valid conclusions. If all the
techniques give internally consistent results, it is more likely that the obtained conclusions are valid.

In addition to the total trap density. We can also estimate the distribution of trap density of states from
MS measurements according to the formula [107]:

tDOS(Eω) =−Vbi

qW

dC

dω

ω

kT
, (3)

where T is the temperature, k is Boltzmann constant, q is elementary charge,W is the depletion width, C is
the capacitance, and ω is the angular frequency. It is common to observe two peaks in tDOS, with shallower
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Figure 8. (a) Complete equivalent circuit for modelling EIS measurements of PSCs [182]. (b) Equivalent circuit separating
electron and ion contributions [188]. (c) Equivalent circuit commonly used in PSCs [50, 123].

energy peak (around 0.35–0.40 eV) commonly assigned to grain boundary traps, while the deeper one
(around 0.4–0.52 eV) has been commonly assigned to surface traps [107].

Finally, another common electrical characterisation technique is Electrochemical Impedance
Spectroscopy (EIS) or Impedance Spectroscopy (IS). EIS is an in-situ frequency domain technique that can
distinguish various relaxation processes due to their different time scales, including charge transport in bulk
materials, charge transfer at interfaces, and charge recombination [180, 181]. EIS can provide the values of
coupled capacitive-resistive (RC) and other elements by equivalent circuit model (ECM) fitted Nyquist plot,
as well as permittivity of perovskite by capacitance-frequency spectrum in full depletion region [180].

Various ECMs have been proposed to describe the underlying physical phenomena present [182–184].
A commonly reported ECM is shown in figure 8 [182], where LS and RS are caused by wires and connections,
the high frequency capacitance CHf is associated with the geometric capacitance Cg , while the high frequency
capacitance CLf is ascribed to chemical capacitance Cµ [185]. Cg is produced by the electrical field between
two charge contacts, referring to the dielectric property of perovskite [186], while Cµ reflects the capability to
accept or release additional carriers due to the change in their chemical potential [183]. To obtain more
useful insights, performing EIS as a function of different parameters, such as dc voltage bias, illumination,
temperature, variation of contact materials, etc is of interest [180]. In some cases, other equivalent circuit
models are used, or elements of the equivalent circuit for which no evidence exists in the measured data, such
as LS, are left out [108].

In EIS measurement of an efficient PSC, typically two semi-circles are obtained, with the semi-circle in
high frequency region attributed to charge transfer and transport resistance Rct , while the semi-circle in low
frequency region is attributed to the recombination resistance Rrec [41]. Thus, the common ECM includes
series resistance connected in series to two parallel circuits consisting of a resistance and capacitance or
capacitive element [50, 123], as shown in figure 8(c). The obtained resistance values can provide information
about charge extraction and charge recombination, and they can be determined at different applied voltages
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[41] and/or under illumination [49, 77]. However, there have been different models used in the literature,
and different interpretations. For example, estimate of the recombination resistance by adding the resistances
for high and low frequency semicircles in Nyquist plot has also been reported [53]. In addition, a single
semi-circle is sometimes observed (though this is more common in devices with efficiency below 20%) and
then a single resistor-capacitor parallel circuit is used in the equivalent circuit model [74, 75, 100]. The lack
of consensus and differences in interpretation of EIS results have been acknowledged in the literature [187].
Nevertheless, it was claimed that despite the complexity of the phenomena, which have been discussed in
detail, the technique could be used to provide semi-quantitative and qualitative information on the nature of
recombination processes [187]. However, since it has been claimed that inconsistencies in the interpretation
of low frequency arc are likely due to the ionic movement [187], it would be helpful to include ionic motion
in the models. A suitable model to take into account both ionic and electronic contribution has been recently
proposed [188], as illustrated in figure 8(b). It remains to be seen if this model will become more widely
adopted, and if it will be further refined upon its wider application to a greater variety of devices exhibiting
different behaviours.

In addition to these techniques, other less common characterisations can be helpful, such as time
resolved microwave conductivity [48], photo thermal deflections spectroscopy (PDS) [189], low frequency
noise measurements [189], etc, can be potentially useful to provide more detailed information on charge
transport, trap states, and implications on charge collection. They are likely less common due to equipment
being less common in research groups working on PSCs, but they can nevertheless have some advantages
over conventional characterisation methods. For example, PDS has higher sensitivity compared to
absorption spectroscopy to characterise disorder and states within the gap [189]. Generally, it is highly
desirable to use multiple characterisation techniques to derive conclusions on how the choice of the CTL or
its surface treatment or interfacial layer affects the charge collection and charge recombination, since the
phenomena contributing to charge collection and recombination are complex and the use of any single
technique is not sufficiently conclusive. Nevertheless, even a combination of experimental techniques can, in
some specific cases, return results which do not accurately describe recombination dynamics [190]. In those
cases, device numerical simulations may be needed to fully understand charge transport and charge
recombination processes [190].

7. Conclusions and future outlook

In this review, we have discussed the use of metal oxides in PSCs, focusing on approaches involving low
temperature processing and/or yielding high performance devices. It should be noted though that some of
the reports achieving lower efficiencies (16%–18%) have potential for significant efficiency improvements
(to 18–20% range) by switching the active layer from MAPbI3 to mixed cation perovskite. Nevertheless, the
use of mixed cation perovskites would likely require separate optimisation of the interface and perovskite
deposition process, which is beyond the scope of this review. Generally, while lots of progress has been made,
there is still lots of opportunity for further improvement and unsolved problems, in particular when it comes
to devices using metal oxides as both CTLs. What can be identified as a definite trend is that combinations of
different approaches and optimisation of all interfaces in the devices and the elimination of less stable
materials is the likely way forward towards high efficiency, high stability devices.

Different approaches investigated, namely the modifications of the deposition methods and/or
deposition conditions of metal oxide CTLs, doping, surface treatments, interface modifications and/or
interfacial layers aiming to improve PSC performance typically work based on the following mechanisms: (a)
improved charge collection, (b) reduced interfacial traps/reduced recombination losses, (c) improved quality
of the perovskite layer deposited on top of the CTL. We have provided an overview of different experimental
techniques that can be used to distinguish which of these mechanisms contribute to the improved
performance of the devices. Improved charge collection should be primarily evident from improved short
circuit current density Jsc, and verified by more favourable energy alignment between the perovskite and CTL
as evidenced by UPS and/or KPFM (at least one of these techniques is a must), PL and TRPL (careful
interpretation of the fitting results is necessary), and photocurrent transients. Reduced interfacial defects
and/or reduced recombination losses should be primarily evident from improved fill factor (FF), and verified
by determination of trap density from VTFL measurements, Mott-Schottky plots, EIS measurements (careful
selection of equivalent circuit and interpretation of fitted parameters are necessary), and/or diode ideality
factor determination from the dependence of the open circuit voltage on the illumination power, and
photovoltage transients. Multiple characterisation techniques are preferred for consistent results. Finally,
improved quality of the perovskite layer can be verified by GIWAXS, PL and TRPL, and can be
complemented by PDS and low frequency noise measurements. In some cases, useful information can be
obtained from morphological characterisation (SEM, AFM) and examination of contact angle of the
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perovskite solution on modified and unmodified surfaces. However, it should be noted that it is not
uncommon that morphological examination does not show significant differences among films having large
differences in device performance.

Finally, we would like to emphasize the need for not only comprehensive characterisation of the devices
to fully understand the mechanisms for the observed trends, but also the need for more comprehensive
stability testing. The trend in the field remains to be reporting the stability for dark storage, while there is
increasing need for stability testing using various accelerated ageing protocols (for a complete list of adapted
ISOS protocols for PSCs, see [12]) and outdoor testing. Yet, outdoor tests remain almost as scarce as reports
on metal oxide CTLs on both sides of the perovskite layer, despite the fact that performing ISOS-O1 protocol
at open circuit is quite straightforward and it simply involves encapsulating the devices and mounting them
at a suitable angle outdoors and testing them periodically in the lab. However, this would require stable
encapsulation, which is particularly challenging for outdoor tests due to intrinsic thermal cycling involved in
outdoor testing due to exposure to weather, which can be problematic for common approaches using epoxies
and cover glass. Possible solution to the problem would be metal oxide barrier layers (preferably deposited by
ALD) combined with cover glass and edge sealant approach, so that further investigation of metal oxide
barrier layers would definitely be of interest, combined with wider adoption of standardised stability testing
protocols.
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