Recent review on electron transport layers in perovskite solar cells
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Abstract

Organic-inorganic perovskite solar cells demonstrate immense potential for future photovoltaic
application due to their remarkable efficiency advancements competitively low-cost. To unlock
the full capability of perovskite, developments to the neighbouring layers play immense roles
in the ultimate performance of a perovskite solar device. Here, a brief review comprising of
the advancements and roles of electron transport layers (ETLS) is discussed. In addition, the
effects of ETL on the charge transport, hysteresis, and stability of perovskite solar devices,

along with high—performing examples, are also explored.

Keywords: solar energy materials; semiconductors; election transport layer; hysteresis;

stability; recombination


mailto:yzhuang@ntu.edu.sg
mailto:hcdang@ntu.edu.sg

1. Introduction

Our sun is an inexhaustible, enormous, clean, and free source of fuel. Acting as a natural
nuclear reactor, the sun releases packets of energy known as photons to which an hour of
photon exposure generates sufficient energy to quench the annual global energy thirst on Earth,
theoretically [1]. Photovoltaic power from the sun is harnessed using solar cells made from
semiconductors. When photons strike the surface of the solar cell, electrons from the valence
band within the semiconductor material are excited to the conduction band. As charge carriers
flow through the solar cell, an electric circuit is formed, successfully converting sunlight to
useful electricity. Silicon semiconductor has been the primary material used in solar cells since
the 1950s [2]. This is mostly because silicon is abundant, stable, with a favourable bandgap for
solar absorption. However, manufacturing of crystalline silicon solar cells is tedious and
energy-intensive to which numerous processes are required to transform the large ingot to a
highly pure silicon wafer. In the last decade, scientists discovered the use of organic-inorganic
halide perovskite (OIHP) materials as an effective light absorber for solar cell application. Due
to the compositional flexibility of the perovskite material, band gap of the OIHP material can
be easily tuned to match the sun’s spectrum. In addition, OIHP solar cell can be manufactured
at a much lower cost and required power. With current certified power conversion efficiency
(PCE) at 25.2 % being comparable to that of well-established silicon solar cells, the suitability

of OIHP materials for solar cell application is undeniable [3].

Endowed with properties such as direct band gaps, low exciton binding energies, high
optical extinction coefficients, high charge mobilities, and long carrier diffusion lengths,
perovskite materials also display balanced and ambipolar charge transport properties [4,5].
Under those circumstances, perovskite solar cells, theoretically, do not require any charge
transport layer. Instead, the active perovskite absorber film permits direct transport of harvested

charge carriers to their respective electrodes [5]. Such a device simplifies fabrication
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procedure, reduces cost incurred from the use of expensive charge transport materials such as
poly(3,4—ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), and improves
stability commonly associated with detrimental reactions at the charge transport/perovskite
interface. Unfortunately, power conversion efficiencies (PCEs) of devices without charge

transport layers remain inferior [5,6].

Put simply, an ideal electron transport layer (ETL) extracts negatively charged carriers
from the adjacent absorber film and transports them to the cathode. In essence, the ETL has
two major roles. First, the presence of an ETL provides a cascading energy level such that
electrons from the perovskite absorber are transported smoothly to the cathode with little
charge accumulation [7,8]. Second, the ETL acts as a hole blocking layer, allowing unipolar
transference while reducing carrier recombination tendencies [9]. As a result, widely reported
electron transport materials are typically categorized into the following: (i) n-type metal oxide
semiconductors such as titanium dioxide (TiO), zinc oxide (ZnO), tin (IV) oxide (SnOy),
tungsten (1V) oxide (WOs3), niobium pentoxide (Nb20s) and zinc stannate (Zn2SnQ.), (ii) n-
type metal sulfide/selenide semiconductor such as cadmium selenide (CdSe), zinc sulfide
(ZnS), and molybdenum disulfide (MoS), and (iii) n-type organic semiconductors such
as [6,6]-phenyl-Cei-butyric acid methyl ester (PCBM), buckminsterfullerene (C60) and other

fullerene derivatives [10].

While the laboratory performances of perovskite solar cells are rising rapidly,
commercialization remains distant due to basic science and engineering challenges regarding
the performance, hysteresis, reliability, and stability. Here, the importance and role of
electron transport layers (ETLs) to the overall performance of OIHP solar cells are discussed.
Effects of ETL on the quality of the perovskite film, charge transport, recombination, stability,
and hysteresis of OIHP solar cells are emphasized. Recent developments on the device

performance of OIHP solar cells with and without ETLs are also shown, displaying the
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importance of ETL for high performing OIHP solar cells. In addition, designs of PSCs with
different device configurations are discussed in brief. Hence, this review provides some

guidance to improve device efficiency, stability, and hysteresis using rational ETL design.

2. ETL-free perovskite solar cells

A major advantage of the ETL-free perovskite solar cells is the ease of device
fabrication since high temperatures utilized to crystallize metal oxide ETLs are omitted, along
with the reduction in synthesis steps required. As such, the simplified device configuration
found in ETL-free OIHP solar cells favours scalability and reduced manufacturing cost [11].
The performances of several ETL-free OIHP solar devices are listed in Fig.1. Early literatures
featuring ETL-free OIHP solar cells were mostly created as control devices used primarily for
comparison purposes against OIHP solar cells containing ETLs. Hence, initial photovoltaic
parameters and stability of ETL-free OIHP devices were generally poor and undesirable [8,11].
Intentional ETL-free perovskite device was first fabricated by Liu et al. in 2014 whereby the
ZnO-free solar device showed comparable results to the ZnO ETL solar device of 13.5 and
13.7 %, respectively [12]. The similar results were attributed to the increased series resistance
in the ZnO ETL solar device but decreased surface recombination, vice versa. Shi et al.
demonstrated superior stability in the ETL-free OIHP solar cell with device architecture of
ITO/PEDOT:PSS/perovskite/Ti/Au [5]. The Ti layer, specified by the authors, does not act as
an ETL but an interlayer to isolate the perovskite absorber layer and gold electrode. This is to
ensure good interfacial contact while enhancing shunt resistance of the device. Remarkably,
the ETL-free OIHP solar cell retained 70 % of initial PCE despite 300 h of storage under
ambient conditions. That being said, the device showed inferior efficiency due to the low
open—circuit voltage (Voc) of 0.89, unlike the ETL based solar cell with Vo close to 1 V. With
the addition of the PCBM/C60 ETL, the OIHP solar cell attained PCE of 16.3 % while the

ETL-free solar cell achieved lower PCE of 12.5 %.



Juarez-Perez et al. compared the photovoltaic parameters of OIHP solar cells with and
without an ETL to which Voc of device showed minor dependence while short-circuit current
density (Js¢) and fill factor (FF) were drastically reduced in the absence of the ETL [13].
Although series resistance was increased with the addition of the electron transport material,
recombination resistance improved tremendously, explaining the improved efficiency in the
device containing the ETL. Furthermore, ETL-free OIHP solar devices showed unstable power
output despite respectable PCE during J-V measurements [6,14]. In 2019, Huang fabricated
ETL-free perovskite solar cells with champion device achieving PCE of 20.1 % [15]. The high
efficiency attained, however, was drastically motivated by the employment of
tetramethylammonium hydroxide (TMAH) molecules between the FTO electrode/perovskite
interface to which the pristine device without TMAH showed inferior PCE of 14.4 %. The
authors explained that addition of TMAH improved charge extraction and reduced
recombination, suggesting the importance efficient charge transport at the cathode/perovskite
interface. Hence, the use of ETL in OIHP solar cells still dominant in terms of efficiency and
device stability.

3. Various device architectures

The attractiveness of the OIHP material as an effective photovoltaic absorber was
obscure in the beginning. Back in 2009, organic-inorganic halide perovskite material was
initially employed as a dye in dye-sensitized solar cell (DSSC) [16]. However, the
incompatibility of the perovskite material with the liquid electrolyte led to low PCE of 3.8 %
and fast device degradation. Replacement of the liquid electrolyte with the solid
spiro—OMeTAD electrolyte by Kim et al. in 2012 allured several solar enthusiasts due to the
rapid increase in device efficiency to 9.7 % and elongated lifetime of 500 h under continuous
illumination [17]. As such, initial perovskite solar cells adopted the mesoscopic structure to

which the electron transport layers were mesoporous since they mimicked the transport layers



of DSSCs. However, the mesoporous ETL structures are dissimilar. In DSSC, a thick
mesoporous ETL is required to facilitate high dye loading with typical thickness of 10 pum
[7,8]. On the contrary, an approximate thickness of 200 nm is sufficient to generate similar
photocurrent in the OIHP solar cell [7]. As a matter of fact, the mesoporous structure is optional
in an OIHP solar cell although the large surface area provided aids in electron extraction. The
compact ETL has proven to be more important since it prevents charge recombination between
the FTO/perovskite interface and charge leakage. In 2012, Snaith et al. proposed the use of the
planar structure whereby the mesoscopic structure was discarded and only the compact ETL
was employed [18]. Unlike the mesoporous counterpart which requires complicated fabrication
steps, the planar ETL structure is straightforward with clear advantage for large-scale
manufacturing. However, attained PCE was low of 1.8 % owing to the poor perovskite film
coverage and shunting issues. In 2013, Liu et al improved the film coverage of the perovskite
film by using vapour deposition over the compact-TiO> (c-TiO>) layer and attained PCE of 15
% [19]. Depending on the position of the charge transport layers, specifically the ETL and hole
transport layer (HTL), the device architecture can be further split into regular or inverted. In
the regular (n-i-p) perovskite solar cell, the ETL is placed between the cathode and OIHP
layers. In the inverted (p-i-n) architecture, the ETL is between OIHP absorber and the cathode.
Fig. 2a illustrates the 4 main device architectures employed in OIHP solar cells namely,
mesoporous n-i-p, mesoporous p-i-n, planar n-i-p, and planar p-i-n. As seen in Fig. 2b, the
charge transport layers provide smooth injection and transport of selective charge carriers [8].
4. Therolesof ETL

To achieve high performance of PSCs, ETLs should fulfil a list of criteria [7,10]. First,
the lowest unoccupied molecular orbital (LUMO) of the conduction band in the ETL should
be comparable or slightly lower compared to the adjacent OIHP layer. Preferably, the ETL

should possess LUMO level in-between that of the OIHP perovskite layer and the electron



collecting electrode, ensuring smooth electron transference. Second, the highest occupied
molecular orbital (HOMO) of the valence band in the ETL should be deep such that hole
transference across the ETL/perovskite interface is deprived, reducing the occurrence of charge
recombination. Third, the ETL should have high transparency, uniform film morphology, and
suitable energy level. The strong electron-accepting property further facilitates electron
extraction which explains the frequent use of materials with high electron affinity and ion
potential.

In the n-i-p structure, the ETL should also have a wide band gap with little absorbance
in the visible wavelengths to reduce optical energy losses. The ETL should also have good
antireflection quality to avoid scattering and reflection of light. In addition, the compact ETL
should not have pinholes so as to prevent charge current leakage. For the mesoporous structure,
the ETL should have sufficient porosity to encourage easy infiltration of the perovskite
material. It is important to ensure complete filling of the perovskite material to prevent direct
contact with the HTL which could result in low shunt resistance. Moreover, existence of voids
within the mesoporous ETL could contain air whereby the presence of free oxygen molecules
could increase decomposition of the perovskite material, lowering the stability of the OIHP
solar cell [7]. Given these points, an ideal ETL ensures high quality perovskite morphology,
efficient electron transportation, lowers recombination tendencies and charge accumulation,
indirectly reducing the hysteresis effect while improving device stability.

5. Quality of perovskite film

One of the most significant factors influencing the overall performance of a perovskite
solar cell is the quality of the OIHP absorber layer [2-5]. Over the past few years, large efforts
have been placed into the optimization of the morphology and quality of the perovskite film.
Various methods such as hot casting, antisolvent, solvent annealing, and ETL engineering have

been tested [2,3]. Since the OIHP film is usually fabricated directly on top of the ETL in an



n-i-p structure, quality of the absorber film is highly dependent on the morphology, roughness,
and interfacial contact with the underlying electron transport film. Favourable chemical
interaction between the terminating groups of the electron transport material with the OIHP
material also influence the nucleating and crystallization processes of the perovskite film
[8,10]. In addition, the surface energy of the ETL affects the wetting properties of the perovskite
solution, crucial to the crystallization, grain size, density of grain boundaries of the OIHP film.

To illustrate, Ogomi et al. deposited a thin layer of HOCO-R-NH3z*I™ on the surface of
the meso-Al>Os layer before using the two-step approach to fabricate the methylammonium
lead iodide (MAPbI3) absorber layer [20]. In the presence of the HOCO—-R—-NHs"I" layer,
growth of the lead iodide (Pbl2) network was enhanced whereby full coverage was observed.
The authors attributed the improved perovskite quality to the superior miscibility between the
NHs*I~ terminating group and the Pbl, crystals. X-ray diffraction patterns of Pbl, crystal
structure without the HOCO-R-NH3*I~ layer showed similar peaks to the commercially
available Pbl2 powder. On the other hand, the x-ray pattern of the ETL modified sample showed
only [001] and [003] peaks, implying significant control over the growth direction of the
adjacent Pbl film. Yang et al. also exhibited the significance of ETL engineering in improving
the surface morphology of the adjacent OIHP film [21].
6. Charge Transport and Recombination

Charge mobility and energy level alignment of the ETL are crucial to the charge
transport and recombination of the solar device. In general, ETLs with high electron affinity
and ion potential improve extraction efficiency of photogenerated electrons from the OIHP
film and transportation to the cathode [22]. By possessing comparable or slightly lower lowest
unoccupied molecular orbital (LUMO) along with a much deeper highest occupied molecular
orbital (HOMO) compared to the perovskite film, efficient transport of electrons is encouraged

while transportation of holes is discouraged. Such favourable energy level alignments at the



ETL/perovskite interface strengthen selective electron transport, reduce charge accumulation,
and decrease recombination susceptibility [10,22]. In addition, electron transport materials
with low conductivity or electron mobility lead to increased series resistance. With impeded
charge transportation at the ETL/perovskite interface, charge accumulation increases, resulting
in higher tendencies for recombination at the interface. Attained FF and Vo during current
density-voltage (J-V) measurement is often used as indicators to the series conductivity and
recombination resistance of the device [8]. Table 1. summarizes various champion ETL based
solar devices with their corresponding Voc, FF, and PCE.

TiO2 material shows inferior electron mobility of 0.1-4.0 cm? V1 s [23,24]. To overcome
the low mobility TiO2 ETL, three strategies are commonly utilized. The first approach is to
utilize a different electron transport material with superior intrinsic optoelectronics properties.
For instance, the mobility of SnO2 and ZnO show 240 and 205-300 cm? V1 571 [24]. Anaraki
et al. obtained an efficiency of 21 % using the SnO> based device [25]. The second approach
is to modify the ETL using dopants. For example, Yang et al. reported that the mobility of
Sn0; and EDTA-doped SnO2 film are 9.92 x 107 and 2.27 x 10~3 cm? V1 s71[26]. When small
Y Cl3 was added to the TiO: film, increased energy level from -4.08 to -3.95 eV was observed
[26]. Well-matched energy level alignment and shortened time-resolved photoluminescent
(trPL) decay lifetime from 14.16 to 0.97 ns were also observed when the EDTA dopant was
utilized. In the absence of EDTA, the pristine device attained low PCE of 16.42 % while the
EDTA doped SnO; ETL device attained superior efficiency of 21.06 %. Last but not least, the
surface of ETLs can be enhanced through the use of a thin interlayer between the
ETL/perovskite interface [7,10,22]. Zhu et al. utilized graphene quantum dots (GQDs) as an
electron bridge, facilitating electron injection between the MAPDbIs and TiO, ETL [27].
Therefore, the ETL is pivotal to the efficiency of electron transportation and recombination

resistance of the OIHP solar cell.



7. Hysteresis

Several mechanisms have been proposed to explain the hysteresis phenomenon
observed in J-V curves. These mechanisms include ferroelectricity in the perovskite film,
charge accumulation at the electrodes, ion migration within the OIHP layer, and charge
trapping/detrapping processes [28]. Depending on factors such as prebias, scan rate, direction,
and voltage range, photovoltaic parameters attained vary drastically, reducing the reliability
and accuracy of the device performance. In recent years, ion migration has garnered great
support as the main cause for hysteresis [29-32]. During applied bias, ions within the
perovskite film migrate towards their respective electrodes, accumulating at the interfaces
while leaving behind the oppositely charged carriers. Due to the small activation energy found
in halide vacancies, Walsh et al. proposed that migration of halide vacancies within the OIHP
layer causes ion migration [29]. This was further supported by Luo et al. to which halide
migration was observed in perovskite single crystals [30]. Yuan et al. also noticed migration
of iodide ions under electrical pooling at 330 K [31]. However, migration of ions within the
OIHP films does not explain the importance of charge transport layers on the degree of
hysteresis, as seen experimentally. Fig. 3 illustrates the importance of ETL optimization in
hysteresis-free perovskite solar devices. Yu et al. showed that the degree of hysteresis is larger
in the ETL-free perovskite device compared to the TiO2 ETL solar device [33]. Heo et al.
further showed negligible hysteresis when the ETL employed was [6,6]-phenyl-C61-butyric
acid methyl ester (PCBM) instead of TiO2[34]. Shao et al. explained that the PCBM ETL could
reduce the amount of surface traps found at the perovskite/ETL interface, reducing the extent

of hysteresis [35].

By lowering the density of trap states found within the bulk electron transport material
and surface of the ETL, ETL engineering is often seen as a facile approach to reduce the degree

of hysteresis. To illustrate, Peng et al. modified the meso-TiO. ETL by depositing a thin layer
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of PMMA:PCBM on the surface, resulting in negligible hysteresis even during J-V
measurements conducted at different scan rates [36]. The authors attributed the absence of
hysteresis to the passivation of trap states at the TiO2/OIHP interface, to which the reduced
trapped carriers allowed faster transient response. Woiciechowski et al. functionalized the
c—TiO2 ETL by immersing the substrate in a solution of fullerene self-assembled monolayer
(C60—SAM), to form the C60—SAM modified c-TiO2 ETL [37]. At all employed scan rates,
the modified ETL solar cell showed much smaller hysteresis compared to the pristine device.
The authors ascribed the improved hysteresis to the reduced surface recombination and
enhanced charge extraction. Another approach to reduce hysteresis in OIHP solar cells is to
dope the underlying ETL film. For example, Luan et al. attributed the negligible hysteresis in
the 2,2,2—trifluoroethanol doped SnO2 ETL OIHP solar cell to the improved mobility and
reduced defects of the doped ETL [38]. Yang et al. also showed similar trend to which the
yttrium doped SnO: (Y-SnO2) ETL OIHP solar cell showed significantly lower degree of
hysteresis compared to the undoped SnO> device [39]. Photoluminescence results revealed
superior PL quenching in the glass/Y-SnO2/MAPbIz sample compared to the
glass/SnO2/MAPDI3, signifying enhanced charge extraction across the ETL/perovskite
interface, reducing the accumulation of capacitive charges. Hence, it is vital to employ a

suitable ETL to minimize possible hysteresis in the perovskite solar device.

8. Stability

Organic-inorganic halide perovskite material is highly sensitive to multiple factors
namely, moisture, temperature, oxygen, illumination, and UV exposure [9,11]. During device
preparation and testing, the perovskite solar device is often exposed to such stresses,
unintentionally degrading the absorber layer. Shaikh et al. and Mahmood et al. explained that
MAPbI3, when exposed to humidity, breakdowns into methylammonium iodide (MAI) and
Pbl, molecules, which further degrades into hydrogen iodide (HI), Pblz, and methylamine
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(MA) constituents [40,41]. This is because OIHP is hydrophilic and readily absorbs water. In
the p-i-n structure, employment of a hydrophobic ETL layer allows moisture protection by
preventing water molecules from penetrating to the underlying film. For example, Shao et al.
utilized various n-type polymers as the electron transport material and showed superior ambient
stability whereby the device retained 87 % of initial PCE despite exposure to air for 270 mins
[42]. On the other hand, the PCBM ETL OIHP solar cell showed significant decay in initial
PCE value to 3.5 %. Optical micrographs further revealed severe changes to the underlying
perovskite film in the PCBM ETL OIHP device whereby large MAI grains with diameter
greater than 1 mm were observed. On the contrary, perovskite film in the n-type polymer ETL
OIHP device showed little morphological change. Unlike the n-type polymer ETL which acted
as an effective encapsulation layer, the hydrophilic PCBM ETL encouraged moisture diffusion
to the perovskite layer, eventually degrading the perovskite film to produce the

methylammonium iodide constituent.

The use of unfavourable ETL can also accelerate degradation in an unencapsulated OIHP solar
cell when exposed to light and oxygen. Bryant et al. revealed that degradation of the MAPbI3
film can be slowed down by removing electrons from the OIHP film before possible reaction
with oxygen [39]. As such, by using an ETL with enhanced electron extraction capabilities,
photostability of OIHP solar cells can be significantly enhanced. In addition, the properties of
the electron transport material play important roles in the overall stability of the device. For
example, ZnO is chemically instable, PEDOT:PSS is highly hydroscopic, and TiO: is unstable
under UV illumination [9,11,44]. To illustrate, TiO: is as a photocatalytic material and contains
large density of oxygen vacancies. Presence of oxygen vacancies serve as deep electron
donating sites, encouraging oxygen absorption from the atmosphere, acting as trap sites near
the conduction band edge [45—47]. Under UV illumination, Ito et al. further proposed that holes

could be generated within the TiO2 ETL, promoting electron extraction from the I anion found
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in the perovskite film, degrading the absorber film [47]. As reported by Li etal., the
bis(formato)dimethyltin(I\VV) ETL with potassium chloride treated based perovskite device
shows better photovoltaic performance (22.21 %) and long term-stability (130 days) than the
traditional SnO, based perovskite solar cell device [47]. The poly methyl methacrylate
(PMMA) layer introduced in perovskite/HTL interface, which can protect the perovskite film
from moisture and oxygen erosion. The unsealed device still retains 95% of the initial PCE

under ambient conditions with 60% relative humidity for 30 days [47].

As seen in Fig. 4, several research groups used alternative electron transport materials
as well as sensible dopants to overcome possible degradation implications. To demonstrate,
Leijtens et al. showed stable photocurrent for over 1000 h in the meso-Al,Oz ETL OIHP solar
cell when exposed to 76.5 mW cm 2 UV-light illumination at 40 °C [45]. In contrast, the TiO>
ETL OIHP solar cell degraded within 3 h. In 2017, Tan et al. used chlorine doped TiO; film

and retained 90 % of initial efficiency despite 500 h [48].
9. Conclusion

Immense efforts placed into the development of perovskite solar cells continue to reveal
promising qualities of perovskite materials as highly efficient photovoltaic harvesters.
Unfortunately, commercialization of OIHP solar cells is greatly hampered by issues such as
poor charge transport, recombination, hysteresis, and device instability. In this paper, the
importance and progress of ETLs are briefly explored. The use of rational ETLs favour
improved efficiency, hysteresis, and stability in perovskite solar cells through tailored energy
levels, reduced defect densities, and enhanced charge transportation. In essence, this work
shows the prominence of employing an appropriate ETL to improve the overall performance

of OIHP solar devices.
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For an efficient perovskite solar cells, the ETL should have high electrical conductivity, good
optical transparency, uniform film morphology, suitable energy level, high electron mobility,
charge transfer/blocking holes, and low cost. But, to boost the efficiency and stability of ETL
materials for perovskite devices, some new strategies and challenges continue to require further
considered. In the future, developing simple low temperature processing route, device
structure, doping concentration, optimization of scaffold thickness, new organic ETL, and
perovskite composition will be a promising direction and trend. Scientistic are putting their
continuous efforts to overcome the challenges and towards the development of PSCs with

improved stability and PCE.
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Fig. 1. Brief summary of ETL—free OIHP solar devices with PCE > 15%. Voc, FF, PCE,

author, year of publication, and architecture of each device are also provided [33,49-56].
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Fig. 2. (a) Device architectures of the mesoporous n—i—p, planar n—i—p, mesoporous p—i—n,
and planar p—i—n OIHP structures. (b) Typical energy level alignments of the n—i—p and p—i—n

device configurations.
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Table 1. List of various TiO, based, SnO- based, and novel ETL OIHP solar cells. Vo, FF,

PCE, and architecture of devices are also provided [57—-70].

ETL ETL Device Architecture Voc FF PCE Ref
Type  Composition V) (%)

Rubidium

chloride doped ~ FTO/RbCI-TiO,/MAPbI,

TiO, (RbCI- (Br,/Spiro—OMeTAD/Ag L 80.76 - 20.75 [57]
T102 T]Oz)

based Niobiumdoped FTO/Nb—TiO,/FA;;sMA Csg(sPb(Bryl,
ETL TiO, (Nb—TiO,) )y/Spiro-OMeTAD/Au

ITO/CI-TiO,/FA, s MA, ,sPbL, <sBr, ,5/Spiro—
OMeTAD/Au 189 806 214  [59]

1.09 78.0 213 [58]

Chlorine doped
TiO, (CI-TiO,)

Fluorine doped g1k —Ti0,/(FAPbL), ss(MAPbB), ,5/Spiro

Sn0,(F-Sn0,)  _ OMeTAD/ Au .13 78.1 202 [60]

Graphene
quantum dots .
doped SnO0, ITO/GQD-SnO,/MAPbI,/Spiro-OMeTAD/Au  1.13 77.8 20.3 [61]
(GQD—-Sn0,)
Sn0, ITO/SnO,/Cs os(FA( 5sM A 17)9.0sPbL, 55Br 5/
Spiro-OMeTAD/Au 1.12 83.0 20.3 [62]

(Sig%é‘g%“m FTO/Sn0,/Y=Sn0,/Cooos(FAasMA0ossPo | 1) 265 206 (63]
(YIiSnO ) 2 1, 55Br s/Spiro—-OMeTAD/Au ) ’ ’

2

Sn0O,
based  Chlorine—contai

ETL ning imidazole
ionic liquid
4—imidazoleacet FTO/ImAcHCI-SnO,/(FAPbL;), s(MAPbBr;)
ic acid 005 /Spiro—OMeTAD/Au 1.15 79.0 21.0 [64]
hydrochloride
doped SnO,
(ImAcHCI-SnO
2)
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diamine
tetraacetic acid ~ ITO/EDTA—SnO,/FA, 4sCs osPbly/ PCBM/AL  1.11 79.2 21.6 [65]
doped SnO,
(EDTA-Sn0O,)

FTO/c—TiO,/WO,/MAPbL/Spiro-OMeTAD/

cTIO/WO; 109 786 201  [66]
ITO/SnS/FA, -sMA, {5Csy | Pbl, (sBr, 35/Spiro—
SnS OMeTAD A .16 730 201 [67]
FTO/Nb,O5/CsFAMAPbI,
Nb,Os Br /Spito-OMeTAD/Au_ L9786 202 [68]
Novel XX
ETL Choline .

. ITO/PTAA/CsFAMAPbDI,_ Br,/Choline :
;hlorlde/C(,[,fBC chloride/C.y BCP/Cu 114 780 210  [69]
¢—TiO,/Lanthan
g:s‘lil‘g”d FTO/c-TiO,/La-BaSnOyMAPbL/PTAA/Au  1.12 813 213  [70]

3

(La—BaSn0O,)
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Ethylene diamine tetraacetic

acid doped Sn0,/Sn0O,
Yttrium doped SnO, /SnO, HI: 0.01/0.12
HI: 0.02/0.24 (Yang et al., 2018)

(Yang et al., 2017) 2,2,2-trifluoroethanol doped

Sn0,/Sn0O,
HI: 0.01/0.14
(Luan et al., 2019)

SnO, on ¢-Ti0,/c-TiO,
HI: 0.01/0.03
(Tavakoli wt al., 2018)

Niobium doped TiO,/meso
TiO,

HI: 0.01/0.05
(Sanchira et al., 2020)

Fig. 3. Instances of reduced J—V hysteresis found in various doped ETL perovskite solar cells

[26,38,39,58,71]. Hysteresis index (HI) is calculated using the formula: HI =

PCEreverse_PCEforward [59]

PCE reverse
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80% of initial PCE retained
240 h stored at 45%

humidity
93% of initial PCE retained gilao ctal, 2015)
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L ) i illumination MAPbI
53% of initial PCE retained  (Shin et al., 2017) Thiol (l3 J 10
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(Kakavelakis et al., 2017) MAPbI, FTO
Ag Lanthanum BaSnOj;
PFN FTO
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(Wojciechowski et al., 2015) MAPbIL,_Cl, .
Au PEDOT:PSS
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MAPbI, Cl ' Moisture
Meso-AlL Oy Operational
Col . stability
FTO Temperature

87% of initial PCE retained ®

500h under UV radiation . . .
(Chen et al., 2018) UV illumination
Au
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Zinc sulfide doped ZnO

FTO

Fig. 4. Examples of perovskite solar devices containing various ETLSs under different device

stresses [37,70,72—74].
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