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Abstract: Organic-inorganic perovskites are crystalline light absorbers which are gaining great
attraction from the photovoltaic community. Surprisingly, the power conversion efficiencies of these
perovskite solar cells have rapidly increased by over 25% in 2019, which is comparable to silicon
solar cells. Despite the many advances in efficiency, there are still many areas to be improved to
increase the efficiency and stability of commercialization. For commercialization and enhancement of
applicability, the development of electron transport layer (ETL) and its interface for low temperature
processes and efficient charge transfer are very important. In particular, understanding the ETL and
its interface is of utmost importance, and when this understanding has been made enough, excellent
research results have been published that can improve the efficiency and stability of the device. Here,
we review the progress of perovskite solar cells. Especially we discuss recent important development
of perovskite deposition method and its engineering as well as the electron transport layer.
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1. Introduction

Perovskite solar cells, since Miyaska et al. reported the organic-inorganic perovskite solar
cells [1], have been considered to be a promising candidate as a future energy source because of their
potential for very low cost and high efficiency. The perovskite crystalline light absorbers could be easily
synthesized by combining an organic and inorganic sources which usually have ABX3 composition [2—4].
Resulting perovskites have large absorption coefficient [5], long diffusion length [6], and small exciton
binding energy [7]. After solution-processed perovskite material is applied to the solid state solar cell,
the efficiency is accelerated, which changed the history of photovoltaics [2,8]. With the rapid growth of
efficiency, now over 25% of high-efficiency perovskite solar cell is reported [9], it reached a similar
efficiency level to copper indium gallium diselenide (CIGS) solar cells [10], and researches are trying to
reach the efficiency of commercial monocrystalline silicon cells.

To achieve the highly efficient perovskite solar cells, not only the materials of ETL (electron transport
layer)/perovskite/HTL (hole transport layer), but interface of ETL/Perovskite and Perovskite/HTL
should be considered carefully.

According to the material and interface, the device shows different charge generation, electron
transport, and blocking recombination behavior in perovskite solar cells. In particular, the electron
transfer rate at the ETL/perovskite interface is known to be slower than the hole transfer rate at
the perovskite/HTL, which affects not only the hysteresis behavior in efficiency measurement and
recombination in device, but also the device stability such as ion migration [11]. Therefore, ETL material
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selection and engineering are very important to achieve high-efficiency, and highly stable perovskite
solar cells.

Up to now, most of the high-efficiency perovskite solar cells are obtained from the structure of
n-i-p, and in here, n-type material plays and important role. In high-efficiency n-i-p perovskite solar cell
device, mainly meso-porous layer (which requires a high-temperature process) is employed, which is
expensive for mass production. For the commercialization of perovskite, an n-type capable of high
efficiency and stability of the device is required. In particular, for mass production or flexible device
applications, n-type material and engineering are required that can be prepared at low temperatures
and provides high efficiency and stability as high as high-temperature processes n-type material. Due to
this importance, most of noticeable development in perovskite solar cells were done by engineering
perovskite and electron transport layer.

Up to now, TiO; or SnO, has been used as an n-type material in high-efficiency devices, and studies
have been conducted to increase the efficiency and stability of devices through small changes in
materials or interface engineering. In addition, studies on new ETL and interface engineering have
shown many possibilities, but do not show the same efficiency and stability as TiO, or SnO,.

In this review, we will explore the noteworthy achievements in hybrid perovskite solar cells in
ETL and its engineering and look at the direction we are going forward.

2. Materials

The ETL plays a key role in the device to extract the electrons from the perovskite layer and block
the recombination between electrons in the FTO and holes in the perovskite layer. Up to now, TiO; has
been used as an ETL in most reported PSCs [12]. TiO, ETLs were widely applied in dye-sensitized
solar cells. The conduction band maximum (CBM) and valence band maximum (VBM) of TiO, are
—4.4 eV and -7.63 eV, respectively, which guarantee not only efficient electron transport from the
perovskite layer but efficient hole-blocking ability at the perovskite interface [13]. TiO, film fabrication
usually requires a high-temperature process, but recently, colloid-spray coating method was reported
enabling 100 °C fabrication of TiO; layer [14]. We reported that the thickness and contact optimization
of the TiO, ETL is important to get maximized efficiency [15]. However, too thick ETL can minimize
the recombination in the device; the electron flow may be hampered due to the high resistance. Thus,
contact between FTO and ETL should be considered carefully. TiO, surface properties can also be
controlled and they affect to the device performance. When the bare TiO, compact layers were
treated with TiCly and UV ozone, a device treated with TiCly showed better surface coverage on the
FTO; and a UV treated one showed increased hydrophilicity and increased device performance [16].
In PSCs, two kinds of TiO, ETL which are compact and meso-porous layer were used [2,12,17-21].
Thin compact layers were deposited on the FTO substrate which were deposited by spin-coating [22],
spray pyrolysis [23,24], sol-gel [25], chemical bath deposition [26], and atomic layer deposition (ALD)
methods [27]. A TiO, nano sheet with the perovskite was also employed by eliminating HTM [17].
In meso-porous devices, electrons can be transported through both perovskite and meso-porous layers.
Thus, TiO;, which has relatively low mobility (~107% cm? V1 s71) [28], was enough to collect the
electrons with hysteresis-free behavior. However, without a meso-porous layer, an interface between
ETL and perovskite was fully responsible for separating and transporting electrons.

This imbalance of electron and hole mobility cause the hysteric behavior in TiO, meso-porous
skipped devices (in Al,O3 meso-porous and planar devices.) [8,29]. Thus most of the developments in
ETLs have been conducted in the planar device to improve not only their efficiency but reduce the
hysteresis. This hysteresis behavior caused the different device efficiency according to the measuring
environment such as scan direction and scan speed [29-36]. Such phenomena came from trapping
electronic carriers, ion migration, and ferroelectric effect of perovskite (Figure 1a) [34,36]. To control
these factors, appropriate ETL should be selected. Even ETL free perovskite solar cell with relatively
high 13.5% of efficiency was reported [37], which was obtained only from fast current density-voltage
(J-V) scan. Generally, maximum power point (MPP) measurement is accepted as a reliable result to
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evaluate the device efficiency [29] and the MPP efficiency of no ETL device reported as ~0%. A fast
scan device could get a relatively high efficiency due to the ion migration at the interface since the
pre-bias applied before measuring the device (Figure 1b). However, after it stabilized, the ion would
be redistributed and the device cannot get this advantage anymore (Figure 1c) [38]. The permanent
built-in potential in the device is very important to maintain the device efficiency for a long time.
We also reported that in an ETL free planar device, the ethoxylated polyethylenimine (PEIE) generated
the induced dipole in the device which provided a permanent built-in potential for the device result in
12.7% of MPP efficiency [28]. Thus, interfacial engineering at ETL/perovskite is the most vital factor to
increase the device performance. An ideal interface has small series resistance (Rs) with large shunt
resistance (Rgn) and recombination resistance (Rrec). These resistance values critically affect to the short
circuit current density (Jsc) of the device; thus to reduce the resistance of electron transport, ETL should
have well matched energy level to facilitate electron injection and hole blocking. In addition, electron
mobility of the material should be high enough [39]. Therefore, design of the appropriate ETL is really
crucial to improve the device efficiency. We summarized the energy level of the ETL materials which
have been introduced with high mobility in Figure 2.
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Figure 1. (a) Schematic illustration of planar, meso-porous TiO,, and Al,Oj3 scaffolds perovskite device
under applied electric field, and plausible physical mechanism of the polarization in ferroelectric
perovskite. Reprint with permission [34]; 2015, American Chemical Society. (b) Stabilized maximum
power point (MPP) measurement with and without compact layer (c) Schematic illustration of the ion
migration at pre-biased state. Reprint with permission [38]; 2015, Royal Society of Chemistry.
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Figure 2. Summary of energy level of electron transport layer (ETL) materials and perovskite.

ZnO is one of the promising materials as an ETL with —4.19 eV of CBM [11,36]. It has a direct
band gap of 3.3 eV and compared the TiO,, the ZnO has conductivity several orders of magnitude
higher [40,41] than that of TiO,. Thus, the ZnO could reduce the recombination loss in the device
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significantly. In addition, ZnO does not need the high temperature sintering process which is ideal for
deposition on thermally sensitive substrates (flexible substrate) [42,43].

The low temperature ZnO was employed by cathodic electron deposition to apply the flexible
perovskite (Figure 3a) [44]. Of the compact ZnO layer, 50-200 nm was deposited on the flexible
substrate which has angular grains (Figure 3b,c). The resulting flexible device showed 8.9% of efficiency.
Sol-gel type of ZnO was also introduced due to its simple fabrication process at room temperature
processed perovskite solar cells (Figure 3d) [45]. The resulting perovskite solar cell showed 15.7% and
10.2% efficiency of the conventional and flexible device which maintained its efficiency after bending
test (Figure 3ef).
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Figure 3. (a) Schematic illustration of the architecture for the perovskite devices. (b) Top down
and (c) cross-sectional SEM images of the ZnO compact layer electrodeposited on FTO. Reprint
with permission [44]; 2013, Royal Society of Chemistry. (d) Device structure and energy diagram
of ITO/ZnO/CH3NH;3Pbl;/spiro-OMeTAD/Ag cells. (e) Photo of flexible device, (f) normalized PCE
(measured on a flat device) after first bending the substrate. Reprint with permission [45]; 2014, Springer
Nature. (g) Schematic illustration of perovskite solar cell employing self- assembled monolayer (SAM)
device. (h) Top down images of perovskite on the FTO and modified ZnO. Reprint with permission [46];
2015, American Chemical Society.

This low efficiency could be improved by forming a dense and compact perovskite layer. To control
the morphology of the perovskite on the ZnO compact layer, self-assembled monolayer (SAM) was
employed on the ZnO compact layer (Figure 3g). ZnO-SAM compact layer changed the surface
properties of the substrates, improving the crystallization and morphology of perovskite layer
(Figure 3h) resulting in increased efficiency as high as 15.7% [46]. However, ZnO has a degradation
problem like TiO, does, which will reduce the device stability [47,48].

Therefore, researchers have tried to find other new ETL material. Recently, SnO, has been attracting
much attention as a promising ETL in p-PSCs. The SnO; particles prepared by low temperature process
showed better electronic property than that of prepared by high temperature process. Low temperature
processed SnO; introduced to the sequentially deposited perovskite and vacuum processed perovskite
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which showed 13% and 15.1% of efficiency respectively [49,50]. Due to the low temperature process
(<150 °C), excellent optical and electrical properties (~1072 cm~! v=! s71) [51] of SnO,, it is employed
in many p-PSC [52]. After several rounds of optimizing, the efficiency was increased over 23% [53,54];
however, there was hysteresis between forward and reverse scan efficiency [55]. To overcome this
hysteric problem, (FAPbI3)g g5(MAPbBr3)( 15 mixed perovskite was combined with the SnO, to make
a barrier free electron transporting interface. Lower CBM of SnO, provided the barrier free band
alignment between the perovskite and the charge selective contact which removed the hysteresis in the
device with high efficiency of 18.4% (Figure 4a,b) [56]. In addition, ALD and chemical bath deposition
(CBD) were employed (Figure 4c) to achieve the better contact with the FTO substrate and perovskite
on the FTO (Figure 4d) resulted in high efficiency of 19 and 20.8% (Figure 4e), respectively, with high
electron extract efficiency (Figure 4c—e) [57]. Apart from the ZnO and SnO,, other inorganic materials
are also employed as an ETL [58]. Low temperature process Cs;CO3 was employed on the ITO with
14.4% of high efficiency but it was troublesome in the process because it needed to be repeated to get a
desired layer thickness [59]. Indium tin oxide (ITO) was also introduced on the FTO substrate but
the device showed high efficiency of 13% only when it was combined with the phenyl-C61-butyric
acid methyl ester (PCBM) layer [60]. Low temperature solution processed amorphous WOy was also
employed [61,62]. ZnSnO4 was employed to the flexible device by reacting ZnCl, with SnCly which
showed high efficiency of 14.4% but it showed hysteresis at the forward scan [63]. In addition, hybrid
TiO,/Zn0O, was also introduced [64].
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Figure 4. (a) Energy band diagram of the perovskite films and the ETL in the planar device with
schematic energy band and electron flow in the device. (b) Energy band of TiO; and SnO, with
MAPbI; and (FAPbI3)g 85(MAPbBr3) 15. Reprint with permission [56]; 2015, Royal Society of Chemistry.
(c) Schematic illustration of preparation of SnO, by spin coating and chemical bath deposition. (d) Top
view images of SnO, prepared by ALD, SC and SC-CBD methods. (e) J-V and MPP efficiency of the
device employed SnO; and transient absorption measurement of SnO, and TiO, based p-PSC. Reprint
with permission [57]; 2015, Royal Society of Chemistry.
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Organic electron transport layer also employed instead of inorganic ETL. Fullerene derivatives are
used mainly as ETL. PCBM is one of the most common fullerene derivative which is modified of Cgg
fullerene. Even Cgy has higher mobility (6.1 cm? V= s71) and conductivity (2.3 X 1073 Sem™!) than the
PCBM (1.6 cm? V~! s71 and 3.2 x 1073 Scm™!, respectively); it is not commonly employed due to its
poor solubility in common organic solvent [65]. These fullerene and fullerene derivatives are usually
demonstrated in p-i-n structured device due to the low solvent resistance of C4y and PCBM. It is well
known that the Cyy and its derivative could be washed by organic solvent such as DMF and CB which
are common solvents used in perovskite precursor and Spiro-MeOTAD solution [65]. Partially-washed
sites could create a shunting pathway and lead hysteresis. Thus, it showed lower efficiency than the
conventional n-i-p type device because of low hole mobility and acidic nature of PEDOT: PSS [66].
Recently, modified fullerene derivatives were introduced by cross-linking the fullerenes’ derivatives
with each other. The resulting ETL showed increased solvent resistance to the DMF and Cg, which also
requires a synthesis process [67].

Another approach to improve carrier transport in perovskite solar cells is dipole formation
between electrode and perovskite by ionic species. Asymmetry functional group on the metal oxide
such as FTO or SnO; produce the dipole moment leading to fast electron extraction [28]. Since ionic
liquid is considered as the suitable material for devices [68], there are several attempts to induce the
ionic liquids to perovskite solar cells. In 2018, 1-benzyl-3-methylimidazolium chloride-treated SnO,
based perovskite solar cell was reported [69]. The binding between Sn and electronegative anion of
ionic liquid generated perovskite-faced interfacial dipole, leading to reduced Rg and improved Jsc.

3. Structure and Engineering

To overcome the shortage of nanoparticles, metal oxide nanostructures are fabricated and applied
in various research fields such as energy, materials, optics, photonics, and many other physics and
electrochemistry areas such as battery, catalysis, fuel cell, sensor, solar cell, and transistor [70]. Basically,
nanostructures have an advantage of large surface area and tuned band gap which could give benefit
in electrochemistry fields [71]. In addition, the nano-scale size and unusual shape of the nanostructure
have shown unique properties [72]. Thus, many researchers have employed these nanostructures as
an ETL in perovskite solar cell as well.

Among them, due to their well-matched energy level and electrical properties, many TiO,
nanostructures have been developed for applying solar cells. Common TiO, nanostructures have
a large active area and could enhance the photoelectric properties compared to bulk TiO, structure.
Therefore, ETL which is consisted of TiO, nanostructures, could provide the improved electron
collection and transport with preventing recombination in the dye sensitized solar cells [73,74].
Following the rapid development of perovskite solar cells, many TiO, nanostructures are applied to
improve the device performance [75-79] which successfully increases the power conversion efficiency by
enhancing the electron mobility and charge separation at the ETL/perovskite interface compared to the
conventional perovskite solar cells [78,80]. Longer length and thinner film thickness of nanostructures
such as nanorod, nanofiber, and rutile could provide fast electron diffusion coefficient and lower
recombination rate resulting in improved efficiency of 9.4% and 9.82%, respectively [75,76]. Moreover,
1-D nanostructures, such as nanorod and nanotube, could provide a direct electron transport pathway
which could be optimized in the synthesis condition. For instance, ZnO-TiO, core-shell nanostructure
(TiO; covered ZnO nanorod) provides more improved film morphology without UV ozone treatment
or TiCly surface treatment and enhanced band gap. Thus 1-D ZnO-TiO; core-shell nanorod which was
grown in charge transport direction demonstrate 15.3% of PCE with increased open-circuit voltage
(Voc) and short-circuit current (Jsc) [79]. In the same way, nanostructured ETL, which consist of TiOp
on the SnO, nanowire, also showed improved efficiency of 14.2% [81].

Perovskite crystal growing on nanostructure is another major issue. Grain size and film morphology
of perovskite crystal is very sensitive according to the property of substrate, so perovskite crystal on
the nanostructure exhibits various properties. This phenomenon even interrupts the optimization of
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devices but can bring the advantage of meso-structured perovskite solar cells, which is the formation
of perovskite bilayer due to the difference between the inside and outside of the nanostructure [82].
Combination of small size crystal layer at the nanostructure and large size crystal layer on the small
size one carries out the enhanced charge collection and light absorption [4,83].

Moreover, TiO, morphology control and crystal phase control in nano-scale can be good a trial
for highly efficient perovskite solar cells. Due to the large roughness of FTO glass ETL layer on the
FTO glass have irregular film thickness with many defects. However, using an anodization method
for single crystalline, uniform thickness, and defect-free TiO, nanostructure which provides efficient
electron extraction and hole blocking was demonstrated. Thus, planar perovskite solar cell devices
using anodized TiO, ETL has high efficiency and solves the usual problem of planar device structure
such as high hysteresis and small surface contact area at ETL/perovskite interface [15]. Figure 5 shows
the anodizing method, transmission electron microscope (TEM) image, and its electron energy loss
spectroscopy (EELS) image of anodized TiO, ETL. Resulting nanostructure showed regular thickness
with excellent transparency result in 13.5% of efficiency.
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Figure 5. (a) Illustration of anodizing process. (b) Cross-sectional TEM image of anodized TiO,
(c) electron energy loss spectroscopy (EELS) image of resulting nanostructure. (d) Top down and
cross-sectional SEM images of nanostructure on FTO substrate. (e) Transparent measurement of
anodized and spin-coated TiO, layer on FTO substrate. Reprint with permission [15]; 2016, American
Chemical Society.

Instead of TiO, which is hard to applied low temperature process, other band gap suitable oxide
nanostructure materials such as ZnO was also employed in perovskite solar cells [45]. By controlling
the concentration of ZnO precursor solution and immersion time, various diameters and lengths of
nanorods were fabricated. Well optimized ZnO nanorod ETL gave 11.1% of efficiency which showed
efficient charge collection than TiO, nanorod [84].

In addition, an anodizing method can provide the defect-free multi-layered ETL for photovoltaic
devices, serving a deep understanding of carrier extraction. The carrier extraction is dominated by
mobility of the transport layer and the gap of Gibbs free energy between the transporting layer and
perovskite in solar cells. The case study on single SnO,, TiO,, SnO,@TiO,, and TiO,@5SnO, application
on perovskite proved that the large free energy difference between perovskite and contact material was
effective to extract the electron when the mobility of ETL was higher than 10~* cm? V-1 s~! [85]. Figure 6a
shows the scheme and efficiency of the modified ETLs-based perovskite solar cells. By separating
a contact material and a transport material, the relationship between electron extraction and Gibbs
free energy/mobility was successfully investigated. Using anodized high-crystalline defect-free TiO,
deposition and spin-coated SnO, with deep energy level, the perovskite solar cell achieved 21.1% in
2017 (Figure 6b). More recently, Wang et al. reported In,O3/SnO, bi-layered ETL-based perovskite
solar cell showing minimized V¢ loss and high device stability. These enhancements were originated
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from the gradient energy alignment of ETL [86]. The gradient energy alignment of the transport layer
was typical of the structure design for efficient perovskite solar cell today [87].
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Figure 6. (a) [llustration and J-V characteristics of different Gibbs free energy and electron mobilities;
Sn0O;, TiO,, SNO,@TiO,, and TiO,@Sn0O,. (b) Illustration and SEM image of SnO, on anodized TiO,
layer. Reprint with permission [85]; 2017, American Chemical Society.

One of the problems with p-PSC in low temperature processes is its stability. In many p-PSCs,
it has been pointed out that the operation stability is relatively lower than that of the TiO, meso-based
device to which the high temperature process is applied [88]. This is due to imbalance resulting from
the difference between the moving speeds of the electrons and holes, thus the electrons cannot be
efficiently collected to the electrode at the ETL/perovskite interface, resulting in recombination taking
place. This is due to the imbalance resulting from the difference between the hole movement speed and
the electron movement speed, and recombination occurs without efficiently transferring charges at
the ETL/perovskite interface [89,90]. To solve this problem, studies on improving electrical properties
through engineering of ETL/Perovskite interfaces are actively being conducted.

For example, zwitterion-treated SnO, was introduced to perovskite solar cells, showing 21.4%
PCE with enhanced thermal stability in 2018 [91]. This zwitterion materials could make dipole
moment at the interfaces, leading to inducing driving force of electrons. More recently, tuned work
function of SnO; and trap passivation of perovskite produced by zwitterion served the higher PCE
and longer device stability compared to the reference device [92,93]. In addition, many studies are
being conducted to improve the efficiency and stability of devices through interfacial modification
using organic molecules on SnO; [94,95]. Furthermore, biological polymer treatment on SnO, ETL
could control the crystal align of perovskite, improving interface contact and device stability of solar
cells [96].

Recently, ETL/perovskite engineering has been reported that performs a dual function of
passivating perovskite traps while at the same time changing the surface properties using creatine
self-assembly properties for SnO, [97]. In addition to the organic molecule, an inorganic chemical was
also added to improve the quality of the low-temperature processed SnO; layer. Zhu et al., employed
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the SnO,-KCl composite ETL to simultaneously passivate the defects at the ETL/perovskite interface
and the grain boundaries of perovskite film [98].

Furthermore, this surface treatment strategy can be conducted to flexible devices to improve
efficiency of perovskite solar cells. For example, a fullerene has superior electrical properties to replace
solid metal oxide layer in optoelectronic device, but also has critical adhesion problem. Song et al.
reported that the mixture of fullerene and poly(allylamine) provided enhanced solvent resistance
and adequate energy level, achieving 15.1% efficiency of flexible perovskite solar cell (Figure 7a) [99].
The improved characteristics of the interface were investigated by contact angle and electron dynamic
measurement systems such as space charge limited current, time-resolved photoluminescence, and
impedance analysis (Figure 7b).
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Figure 7. (a) J-V curve, device stability, and bending test of flexible perovskite solar cell
using fullerene and poly(allylamine) (Cgp-PAA). (b) Contact angle, space charge limited current,
time-resolved photoluminescence, and impedance analysis of FTO/Cgy-PAA based devices. Reprint
with permission [99]; 2018, Elsevier.

Doping is other good way to improve the properties of ETL. By doping the material, electron
mobility or energy level of the ETL could be enhanced which affects the device performance.
An Mg-doped TiO, layer increased the energy level of ETL which could give the increased V¢
value in the perovskite device. Moreover, magnesium oxide and magnesium hydroxide, which formed
at ETL/perovskite interface, hinder the recombination in the device result and improved V¢ was
obtained, thus the resulting perovskite solar cell showed 12.3% of efficiency mainly due to the increased
Voc [100]. Zr-doped TiO; also formed a Zr,Ti; 4O, which moved the energy level of TiO, resulting in
improved V¢ with 9.8% efficiency [101]. The device efficiency was also improved by doping of Al
When the Al-doped on TiO, ETL, traps in the TiO, were filled by Al, thus, the traps were passivated
resulting in a decrease of defect sites. The resulting ETL efficiently blocked the electron recombination
which gave 13.8% of efficiency (Figure 8) [102]. Sn was also employed as a doping material on TiO,
ETL. Unlike other doping materials, Jsc was increased due to the increased electron mobility with
decreased transport resistance [103].
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Figure 8. Al doped TiO, and the passivation of traps by Al. (a) Oxygen defect inducing deep
electronic traps in TiO,. (b) Al substitution passivating oxygen traps. (c) Trap passivation produced by
ionization of Ti. (d) Neutralized Ti by holes, which (e) enables charge recombination. Reprint with
permission [102]; 2014, STM Signatory.

4. Conclusions and Outlook

Recently, rapid and impressive developments have been achieved in perovskite solar cell field.
Understanding of the perovskite materials and electron transport layers (ETL) heavily contribute
to this achievement. In this review article, we have given an overview of a historical development
of perovskite solar cells focused on the perovskites and electron transport materials. Morphology
control, perovskite engineering, and ETL material selection were described to be important factors
which directly affect the device performance. Moreover, the correlation between device structures
and its required ETL and perovskite characters were also discussed, which is also of great importance
to achieve the efficient planar perovskite solar cells. Fabrication methods, including one, two step,
vacuum processes, and solvent engineering were shown to influence the crystal growth and the
morphology of perovskite. In addition, by choosing the effective ETL, charges from the perovskite
effectively separated, thereby impacting on the power conversion efficiency of solar cells. This result
indicates that the importance of material and morphology control of perovskite solar cells. So far,
the champion cells have been based on the meso-device. However, after engineered the material and
interface, perovskite solar cell could show highly efficient performance with simplified structure with
flexible application.

The development of perovskite solar cells mainly relies on the composition of perovskite.
The composition change of perovskite can improve not only increasing device characteristics of
perovskite solar cells but also leading the way to the future-oriented solar cells such as flexible,
transparent, or Pb-free perovskite. As perovskite material evolves, it is too self-evident that the deep
study of suitable ETLs should be accompanied. For example, it seems that the conventional metal oxide
layer with Pb-free Sn-based perovskite cannot fabricate efficient solar cells. Besides, in the near future,
new perovskite may require aligned lattice and crystal face orientation to achieve high-crystalline and
high-stable perovskite crystal. These needs cannot be satisfied by current metal oxides and will be
achieved by continuing the exploration of new materials and deep understanding of electron transfer
in the devices.
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