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Abstract As a promising photovoltaic technology, per-

ovskite solar cells (pero-SCs) have developed rapidly over

the past few years and the highest power conversion effi-

ciency is beyond 25%. Nowadays, the planar structure is

universally popular in pero-SCs due to the simple pro-

cessing technology and low-temperature preparation.

Electron transport layer (ETL) is verified to play a vital

role in the device performance of planar pero-SCs. Par-

ticularly, the metal oxide (MO) ETL with low-cost, superb

versatility, and excellent optoelectronic properties has been

widely studied. This review mainly focuses on recent

developments in the use of low-temperature-processed MO

ETLs for planar pero-SCs. The optical and electronic

properties of widely used MO materials of TiO2, ZnO, and

SnO2, as well as the optimizations of these MO ETLs are

briefly introduced. The commonly used methods for

depositing MO ETLs are also discussed. Then, the appli-

cations of different MO ETLs on pero-SCs are reviewed.

Finally, the challenge and future research of MO-based

ETLs toward practical application of efficient planar pero-

SCs are proposed.

Keywords Perovskite solar cell; Electron transport layer;

Metal oxide; Low temperature; Planar

1 Introduction

To date, various photovoltaic technologies have been

developed to harvest solar energy and generate electricity

efficiently [1–3]. Among them, perovskite solar cell (pero-

SC), a rising superstar, is considered as the most promising

choice due to its low production cost, easy fabrication, and

high-power conversion efficiency (PCE). The PCEs have

been rapidly increasing at an unprecedented rate achieving

a current world record of 25.2% through revolutionary

improvements in the film crystal growth control, interface,

and device engineering [4–6]. The high PCE of pero-SCs is

attributed to the unique optoelectrical properties of per-

ovskite, such as high light absorption ability, low exciton

binding energy, long carrier diffusion length, and carrier

lifetime [7–9].

In 2009, MAPbBr3 nanocrystalline was first intro-

duced into a dye-sensitized solar cell (DSSC) as a

sensitizer by Miyasaka’s group and achieved a PCE of

3.8% [10]. However, this type of perovskite sensitized

solar cells shows a poor stability due to the use of liquid

electrolytes, which could gradually dissolve perovskite

under the light irradiation. Since Park et al. remarkably

introduced spiro-OMeTAD as a hole transporting mate-

rial and assembled the standard solid-state pero-SC for

the first time in 2012 [11], the solid-state pero-SC with

mesoporous structure evolved into one of the most

important device architectures. Unfortunately, the struc-

ture commonly needs a complicated process for

depositing a compact layer followed by the mesoporous

TiO2, where a high-temperature sintering process at

more than 500 �C is unavoidable for improving their

quality. The high temperature and complicated processes

restrict the application of pero-SCs in flexible devices

[12].
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One representative way to fabricate pero-SCs with

flexible compatibility is to develop the planar type pero-

SCs, which can simplify the fabrication process and reduce

the processing temperature [13–15]. Since the perovskite

material itself has a long carrier diffusion length and carrier

lifetime, the carriers can effectively transport even if the

mesoporous structure is absent [16]. Currently, typical

planar pero-SCs can be structurally classified as regular (n-

i-p) and inverted (p-i-n) type, as shown in Fig. 1. In planar

pero-SCs, electron transport layers (ETLs) play a crucial

role in extracting and transporting the photogenerated

electrons, and doing benefit to block holes and suppress the

charge recombination [13–16]. Usually, both organic and

inorganic n-type materials can be processed and serve as

ETLs in pero-SCs. Organic ETLs show great merits of

good solution process and flexibility. However, they are

usually expensive and weak in the environmental, thermal,

and mechanical stability [17–19]. Inorganic n-type mate-

rials, especially metal oxides (MOs) such as TiO2, ZnO,

and SnO2, are usually employed as ETLs with low-cost,

low-temperature processability, superb versatility, great

stability, and excellent optoelectronic properties

[13–15, 20, 21]. Currently, many research efforts have been

devoted toward developing and optimizing MO ETLs to

pave the way for improvement and further application of

pero-SCs [22, 23]. Although there have been some reviews

on the progress of MO ETLs in pero-SCs [12, 24–26], few

of them focused on the low-temperature-processed MO

ETLs in planar pero-SCs systematically.

In this review, comments and discussions are offered

firstly on the optical and electronic properties of widely

used MO materials of TiO2, ZnO, and SnO2, as well as the

effect of element doping and constructing composites on

MO ETLs. Then, the recent advances in the development

of low-temperature-processed MO ETLs in planar pero-

SCs, various deposition technologies, and the application

of MO ETLs are all surveyed. Finally, a perspective on the

challenges and promising directions of low-temperature-

processed MO ETLs is offered.

2 MOs for ETL

2.1 Basic properties of MOs

The device performance of pero-SCs largely depends on

the properties of ETLs. Energy level of MO ETL is a key

factor to be considered. The MO ETLs should have a good

band alignment with the perovskite layer so that it can

extract electrons easily and block holes effectively, as well

as to increase the built-in potential [27]. Besides, a higher

electron mobility of ETL is required to make more efficient

charge transport and collection and thus reduce the charge

recombination and the contact resistance at the interface.

MOs with wide bandgap and small refractive index usually

exhibit favorable transmittance, which could allow more

sunlight to pass through and enhance light absorption by

perovskite absorber in regular pero-SCs. In addition, MO

ETLs on conductive substrate should be insensitive to

ultraviolet light to guarantee the interface stability of ETLs

and perovskite [28]. Meanwhile, high chemical stability is

required for an outstanding MO ETL so that it can prevent

gradual reaction with the adjacent perovskite or conductive

electrode under certain conditions (Fig. 2a, b).

Among n-type MOs, TiO2, ZnO, and SnO2 are popular

choices as ETLs for high-performance planar pero-SCs.

Originated from DSSCs, TiO2 is one of the commonly used

ETL in planar pero-SCs due to its wide bandgap and

suitable energy levels compatible with perovskites [12]. In

detail, the conduction band minimum (CBM) of TiO2

locates around -4.1 eV with a bandgap of 3.2 eV for ana-

tase, 3.1 eV for brookite, and 3.0 eV for rutile, respectively

Fig. 1 Typical pero-SC structures: a mesoporous, b regular planar (n-i-p), and c inverted planar (p-i-n)
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[29, 30]. Besides, it has a low refractive index of 2.4–2.5.

However, the bulk electron mobility of TiO2 is relatively

low with a range of 0.1–4 cm2�V-1�s-1, which makes a

poor electron transport capability of TiO2 film [24].

Unfortunately, TiO2 is likely to degrade perovskite mate-

rial under ultraviolet light due to its high catalytic activity

[31]. ZnO is another widely used ETL material, which has

attracted much attention as an alternative to TiO2. Similar

to TiO2, ZnO has a favorable energy level structure (-

4.17 eV for CBM and 3.2 eV for bandgap) as well as high

transmittance in the visible light wavelength, but a much

higher bulk electron mobility of over 200 cm2�V-1�s-1

[32–34]. Besides, ZnO has a good structural tuning ability

at a nanoscale level and is easily to crystallize to form

various nanostructures at low temperature, such as

nanoparticles, nanorods, nanoflowers [24]. However, the

thermal instability at the interface of ZnO/perovskite,

stemming from the residual hydroxyl groups and/or acetate

ligands on the ZnO surface, hampers its application [35].

Recently, SnO2 has attracted great attentions and been

regarded as the most promising ETL material featuring

with relatively deep CBM from -4.2 to -4.5 eV, good band

alignment with perovskite, as well as outstanding bulk

electron mobility up to 240 cm2�V-1�s-1 [25, 36]. Besides,

SnO2 has a small refractive index (\ 2), a wide optical

bandgap (3.6–4.0 eV), and a high transmittance over the

whole visible spectra [25, 36]. Notably, SnO2 showed

excellent chemical stability, UV-resistance properties, and

less photocatalytic activity in comparison with TiO2 or

other ETLs [36].

Although MOs demonstrate high potential as ETLs in

pero-SCs, there are still some intrinsic problems such as

trap defects, insufficient mobility, and mismatched energy

levels. The above problems are not facilitated for highly

Fig. 2 a Schematic diagram of charge transfer process in typical regular pero-SCs based on MO ETLs; b major effect factors for MO ETLs

Table 1 Electronic properties of representative binary and ternary MO ETLs for planar pero-SCs

ETL CBM /eV Eg/eV Bulk mobility /(cm2�V-1�S-1) Refractive index Refs.

TiO2 - 4.1 3.0–3.2 0.1–4 2.4–2.5 [24, 29, 30]

ZnO - 4.17 3.1–3.3 205 2.1 [25, 32–34]

SnO2 - 4.3 3.6–4.0 240 2.0 [24–26, 36]

WOx - 4.5 2.6–3.1 10–20 1.95 [40–42]

Nb2O5 - 4.25 3.2–3.9 0.2–0.4 2.1–2.4 [43–45]

Cr2O3 - 3.93 3.5 10–5–1 1.4–2.1 [46–48]

CeOx - 4.0 3.5 0.01 1.6–2.5 [25, 49, 50]

Fe2O3
* - 4.5 2.2 0.01–0.1 2.7–3.5 [51–53]

Zn2SnO4 - 4.1 3.8 10–30 2.0 [54, 55]

BaSnO3 - 4.3 3.1 50 2.07 [56–58]

TiZn2O4
* - 4.13 3.29 – – [59]

Ti0.5Fe0.5Ox
* - 4.08 2.65 – – [60]

*Denoting high-temperature MO ETLs
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efficient and stable pero-SCs, and thus, optimizing MO

ETLs is necessary. Doping is a commonly used approach to

tune the optical, electrical, and physicochemical properties

of MOs. Generally, this method could not only passivate

oxygen defects and reduce trap states at the surface of MOs

but also lead to a better energy level alignment benefitting

from the shift of CB [25]. Doping also could increase the

mobility of MOs and dramatically improve the electron

extraction and transport. Surface modification is regarded

as an alternative to the doping approach, which can opti-

mize the electronic properties and reduce defects of the

MOs surface [37, 38]. In addition, the formation of novel

composites is an effective approach to tune the properties

of MOs via synergistic effect, such as straightly blending

MOs with carbon materials or another binary MO with

complementary properties. For example, by optimizing the

size and concentration of graphene quantum dots (GQD),

GQD-SnO2 films with higher conductivity, better film

uniformity, and raised Fermi level were achieved, which

remarkably contributed to electron transfer and device

performance of regular pero-SCs [39]. The electronic

properties of representative binary and ternary MO ETLs

for planar pero-SCs are shown in Table 1

[24–26, 29, 30, 32–34, 36, 40–60].

2.2 Deposition methods of low-temperature-processed

MO ETL

The methods of depositing low-temperature MO ETLs on

conductive substrate or perovskite absorber in pero-SCs are

diverse. Here, the characteristics of universal methods are

summarized.

2.2.1 Solution process

Solution process is usually employed to deposit low-tem-

perature-processed ETLs by either thermal decomposition

of metal salt precursors or direct synthesis of MO

nanocrystals and nanocolloidals (Fig. 3a) [13, 61–64].

Regarding the thermal decomposition method, a metal salt

precursor dissolved in the suitable solvent was deposited on

the substrate by spin-coating or spray-coating methods, etc.

Fig. 3 Schematic illustration for typical deposition methods of MO ETLs: a solution process; b atomic layer deposition for ZnO film; c chemical

bath deposition; and d magnetron sputtering
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Later, the as-deposited films were converted to desired MO

layers by thermal annealing. The MO nanomaterials

decouple the crystallization of oxide from the film-forma-

tion process, and the synthesized nano-sized solution can

be directly deposited through many common methods, such

as spin-coating, slot-die coating, and ink-jet printing.

Among them, the slot-die coating and ink-jet printing

present great potentials for mass production of MO ETLs.

Solution process was widely used in a variety of low-

temperature-processed MO ETLs and high-performance

planar pero-SCs due to both good crystallinity and less

defects of deposited films. It should be noted that the

ambient humidity and annealing temperature are critical to

control the preparation of high-quality MO films during the

thermal decomposition process [25, 36].

2.2.2 Atomic layer deposition (ALD) process

ALD is a key technology to finely control the film growth,

which has been used to fabricate compact, uniform, and

conformal thin films in semiconductor industry [65]. It is

convenient to precisely control the film thickness and even

suitable for film growth on rough substrates. A single ALD

cycle consists of typical four steps: (1) exposure of the first

precursor in the reactor chamber to form a layer on the

substrate; (2) purge the excess first precursor and the by-

products; (3) exposure of the second precursor; and (4)

purge or evacuation of the excess second precursor and by-

products. The ALD deposition process of ZnO is shown in

Fig. 3b [24, 66]. Notably, ALD deposition is compatible

with flexible substrate, the crystalline films can be achieved

at a low growth temperature. So far, ALD method has been

successfully applied in preparing low-temperature-pro-

cessed MO ETLs, such as TiO2 [67], ZnO [68], and SnO2

[69] for high-performance pero-SCs. However, ALD

method is high cost, time-consuming and sensitive to the

purity of substrates, which may not be compatible for

scalable production.

2.2.3 Chemical bath deposition (CBD) process

CBD is an extensively used technique to deposit semi-

conductor layers where the substrates are immersed into

dilute solutions containing metal ions and sources of

hydroxide or sulfide ions, as shown in Fig. 3c [25, 70]. It

has been demonstrated to be suitable for the preparation of

semiconductor layers in thin-film solar cells, such as CdS

or Zn(S, O, OH) for Cu(In,Ga)Se2 and Cu2ZnSnS4 [71, 72].

More importantly, recent reports have shown that CBD

method can be successfully employed to prepare highly

efficient MO ETLs such as TiO2, ZnO, and SnO2 for planar

pero-SCs with n-i-p structure [73, 74]. CBD method is

suitable for low temperature and large-scale processing and

has merits of low fabrication cost, easy growth adaptation

as well as high reproducibility [25]. Nevertheless, the

growing conditions referring to temperature, concentration,

and pH of the solution have a great influence on the growth

of thin films.

2.2.4 Other deposition processes

In addition to the deposition processes as mentioned above,

there are also some other effective methods to prepare low-

temperature-processed MO ETLs according to the different

physicochemical properties of materials. For example,

electrochemical deposition (ED) is a common method to

prepare high-quality MO thin films and is utilized in TiO2,

ZnO, and SnO2 ETLs of regular pero-SCs precedentedly

[75–77]. The ED technique shows the merits of facile and

fast deposition process as well as low-temperature prepa-

ration. And it can precisely control the quality of deposited

layer forming good adhesion with substrate by adjusting

the current density and depositing time [36]. Besides,

several other physical deposition techniques such as mag-

netron sputtering (Fig. 3d) and E-beam evaporation were

also utilized for MO ETLs deposition [78, 79]. These

methods exhibit good potential in the fabrication of flexible

devices because the MOs can crystallize along with the

deposition on the substrates, which can successfully avoid

post-annealing.

3 Pero-SCs based on low-temperature-processed MO

ETLs

3.1 TiO2

Solution process is widely applied to deposit low-tem-

perature TiO2 layer. Generally, the well-dispersed TiO2

nanoparticles (NPs) are a preferred approach for planar

pero-SCs. Initially, Snaith et al. successfully fabricated a

flat TiOx film as ETL in a planar inverted pero-SC [13].

The all low-temperature-processed pero-SC realized a

champion PCE approaching 10%, and an over 6% PCE on

flexible polymer substrates. Subsequently, they synthe-

sized TiO2 NPs by a nonaqueous approach using TiCl4,

which delivered a crack-free TiO2 film [80]. With the

addition of titanium diisopropoxidebis (acetylacetonate)

(TiAcAc), the conductivity of TiO2 layer was signifi-

cantly increased contributing to an improved PCE to

15.9%, which demonstrated the feasibility of low-tem-

perature process in regular pero-SCs. Conings et al. [81]

introduced a low-temperature-processed TiO2 ETL

deposited from an easy one-pot synthesis NP dispersion,

customized for planar regular pero-SCs. The TiO2 layer

requires a thermal treatment at only 135 �C, making it
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compatible with roll-to-roll fabrication on plastic foils.

Almost simultaneously, Zhou et al. [14] reported a low-

temperature-processed ETL (150 �C) by doping yttrium

(Y) into TiO2 nanocrystals to manipulate carrier behavior

and increase its conductivity (Fig. 4a, b). The Schottky

barrier at the interface of ITO/TiO2 was reduced by using

PEIE and the Y-doped TiO2. The enhanced electron

extraction and transport boosted the device performance

up to 19.3%. Recently, Tan and co-workers [82] found

that the imperfect interfaces and charge recombination

between TiO2 and perovskite could deteriorate device

efficiency and stability in low-temperature planar pero-

SCs. As an alternative, they added chlorine (Cl) to the

TiO2 colloidal dispersion, resulting in a lower density of

interfacial trap states and a stronger binding between TiO2

and perovskite. Based on the passivation strategy, the

planar pero-SCs showed a PCE more than 20% and

superior stability, as shown in Fig. 4c–f. More recently,

Zhao et al. further increased the perovskite film quality

that grown on the low-temperature Cl-added TiO2 ETL

[83]. A CsCl-enhanced PbI2 precursor method by intro-

ducing CsCl into the PbI2 solution was reported to pro-

duce high-quality perovskite film via sequential

deposition. By this approach, the device delivered a PCE

exceeding 22%, which demonstrated that TiO2 NP ETL is

a good candidate for planar pero-SCs.

Some other effective methods were also utilized to

prepare low-temperature-processed TiO2 ETLs. Kim et al.

[65] first applied the ALD technique to deposit an

annealing-free TiO2 compact film for flexible planar pero-

SCs. Plasma enhanced ALD enabled to form a 20-nm-thick

TiOx compact layer on the plastic conductive substrate

below 80 �C. They presented highly bendable pero-SCs at

a 1-mm bending radius, while the devices with the bending

radii of 10 mm could withstand up to 1000 cycles retaining

over 95% of its initial PCE, as shown in Fig. 5a–c. Besides,

Yella et al. [84] reported a CBD method to deposit a

judiciously designed nanocrystalline TiO2 for application

in the low-temperature-processed pero-SCs. The resulting

rutile TiO2 could more efficiently extract photogenerated

electrons from perovskite than the planar anatase TiO2 due

to the increased interfacial area, thus resulting in impres-

sive PCE of 13.7%. Furthermore, with the CBD method,

Liao et al. demonstrated a low-temperature (70 �C) solu-
tion-processed Mg-doped rutile TiO2 as ETL in efficient

planar pero-SCs, while the doctor-bladed carbon was

introduced as the counter electrode [73]. The optimized

device yielded a champion PCE as high as 15.73%. Mag-

netron sputtering is another interesting technique to deposit

TiO2 ETL. Chen et al. [85] employed the radio frequency

(RF) magnetron sputtering method to deposit TiO2 ETL on

conductive substrate at low temperature for planar pero-

Fig. 4 a Cross-sectional SEM image of planar pero-SC based on Y:TiO2 ETL and b diagram of energy levels of pero-SC device. Reproduced

with permission from Ref. [14]. Copyright 2014, The American Association for the Advancement of Science. c Device structure and cross-

sectional SEM image of planar pero-SC based on TiO2-Cl ETL; d J-V curves of pero-SCs with TiO2 and TiO2-Cl as ETLs measured at reverse

and forward scans; e Normalized transient photovoltage decay of pero-SCs with TiO2 and TiO2-Cl as ETLs (sr, charge recombination lifetime);

and f J-V curves of the best-performing large-area (1.1 cm2) CsMAFA pero-SC. The inset shows a photo of large-area device. Reproduced with

permission from Ref. [82]. Copyright 2017, The American Association for the Advancement of Science
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SCs. By controlling the thickness of TiO2 film, the flexible

pero-SC with a PCE of 8.9% was achieved using this

deposition technique (Fig. 5d, e). Yang et al. [78] further

developed a sputtering technique for planar flexible pero-

SCs. The dense amorphous TiO2 ETL deposited at room

temperature can offer faster electron transport and better

electron extraction from perovskite, which facilitates to

fabricate flexible device, achieving a 15.07% PCE.

Recently, the compact and uniform TiO2 ETL by RF-

magnetron sputtering method with an optimization was

used to further improve the device performance to

approximate 16% on flexible substrates, as shown in

Fig. 5f–i [86]. Moreover, the resulted devices exhibited

stable PCE for up to 200 bending cycles, demonstrating the

superiority of the sputtering method.

3.2 ZnO

ZnO NP solutions exhibit some unique advantages like

simple and controllable synthesis process, and facile for-

mation of low-temperature processed film, which has been

extensively studied and used as the ETL in planar pero-

SCs. As for pero-SCs, ZnO NP films were firstly intro-

duced by Liu and Kelly [20] in 2014, the ZnO NPs were

synthesized through a solution method with KOH and

Zn(CH3COO)2�2H2O. Subsequently, they developed room-

temperature-processed ZnO NP film as the compact ETL

for planar regular pero-SCs, and the crystalline nature of

NPs makes absent heating step possible. By optimizing the

film thickness and surface roughness, the perovskite films

with large crystallite size and a high PCE of 15.7% and

10.2% for rigid and flexible devices, respectively, were

obtained. Hwang et al. [87] reported a fully slot-die-coated

pero-SCs based on ZnO NP ETL fabricated with a home-

made 3D printer under ambient conditions. As a result, the

best PCE of 11.96% was realized (Fig. 6a–c), demon-

strating the possibility of the low-cost mass production of

pero-SCs. Meanwhile, Zhou et al. [88] reported a hole-

transporting layer and metal-electrode free planar pero-SC

with a structure of ZnO/perovskite/carbon. By using this

unique structure, the mechanical strength of flexible devi-

ces can also be significantly improved. To address the

thermal instability issue of ZnO-based pero-SCs, Song

et al. [89] used commercial ZnO NPs to prepare low-

Fig. 5 a Cross-sectional SEM image of flexible planar pero-SC and schematic of device structure with ALD-TiO2; b normalized PCE of devices

measured after bending substrate within a specified radius of 400 mm to 1 mm and (insets) real images attached on human neck, wrist, and finger

corresponding to 400, 10, and 4 mm bending radii, respectively; c normalized PCE of flexible devices with radii of 400, 10, and 4 mm as a

function of bending cycles and (insets) real images taken during bending tests. Reproduced with permission from Ref. [65]. Copyright 2015,

Royal Society of Chemistry. d Photograph of flexible pero-SC with TiO2 ETL by RF sputtering; e normalized PCE of flexible devices with radii

of 24, 16, 12, and 8 mm as a function of times of bending cycles. Reproduced with permission from Ref. [85]. Copyright 2015, Springer Nature.

f Schematic of device structure and g cross-sectional SEM image of planar flexible pero-SCs based on an RF sputtered TiO2 ETL; h J-V curve of

champion pero-SC device and (inset table) corresponding solar cell parameters; and i IPCE spectrum of champion pero-SC device and (inset) real

image of fabricated flexible pero-SC. Reproduced with permission from Ref. [86]. Copyright 2017, Royal Society of Chemistry
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temperature ETL for pero-SCs by spin-coating and

employed HC(NH2)2
? instead of CH3NH3

? to synthesize

the perovskite via sequential deposition method. Upon

optimization, the ZnO-FAPbI3 planar structure demon-

strated a PCE as high as 16.1%, and the thermostability of

the perovskite film on ZnO was substantially improved

with FAPbI3 due to the basically robust nature of FA

compared with MA in MAPbI3. Further, when replacing

FAPbI3 with triple cation perovskite, a stable light absorber

prepared with a one-step deposition method could be

realized based on the same ZnO NP ETL, and the pero-SCs

achieved the highest PCE of 18.9% accompanying with

excellent environment durability and photostability

(Fig. 6d, e) [90]. Recently, an ultrasonic-assisted method

was reported, and a more transparent ZnO NP solution was

obtained, which facilitated to form a denser and more

uniform ZnO film. In this research, an aging step of ZnO

film in air at room temperature was also introduced to

improve the thermal stability between ZnO and MAPbI3.

Under the synergistic effect of high-quality ZnO and per-

ovskite films, the degradation of device was effectively

suppressed, showing a high stability even though exposed

in air for 45 days [91]. Yang et al. reported a low tem-

perature and aqueous solution-processed route using an

ammine-hydroxo zinc complex solution, [Zn(NH3)x](OH)2,

to prepare the ZnO ETLs for pero-SCs [92]. As a result, the

processing temperature of ZnO layer can be reduced to

150 �C, and the related device with a n-i-p structure

exhibited an increased open-circuit voltage of 1.07 V.

When implanted ZnO ETL in the p-i-n structure, the low-

temperature ZnO NPs on top of perovskite film enabled the

p-i-n structure pero-SCs to have both inorganic HTL and

ETL, which delivered a PCE of 16.1% and significantly

improved device stability compared with the pero-SCs

Fig. 6 a Energy level diagram of fully slot-die coated pero-SC; b schematic illustration of slot-die coating with a gas-quenching process for

preparation of PbI2; c J-V characteristics for highest-performing pero-SCs under various processing-temperatures of MAI slot-die coating.

Reproduced with permission from Ref. [87]. Copyright 2015, John Wiley and Sons. d Cross-sectional SEM image of planar pero-SC device

based on triple cation perovskite and ZnO ETL; e photocurrent density–voltage characteristic of best-performing device and dark J-V curve.

Reproduced with permission from Ref. [90]. Copyright 2017, Royal Society of Chemistry. f J-V curves of pero-SCs based on ZnO ETL prepared

by sputtering under working gas of pure Ar (ZnO-Ar) and O2/Ar mixture (ZnO-10% and ZnO-20%); g XPS spectra of ZnO-Ar and ZnO-20%

films, and h illustration of frontier orbitals energy levels. Reproduced with permission from Ref. [96]. Copyright 2015, Springer Nature. i Device
structure of inverted pero-SC based on sputtered ZnO ETL, and j J-V characteristics of pero-SCs with various ETLs for comparison. Reproduced

with permission from Ref. [98]. Copyright 2015, AIP Publishing
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using organic HTL and ETL [93]. Because the top ZnO

layer could effectively prevent elemental interdiffusion

between perovskite and metal electrode. Similarly, Savva

et al. [94] incorporated the low-temperature-processed

aluminum-doped ZnO (AZO) as ETL in inverted pero-SCs.

AZO can further optimize the characteristics of MO pro-

viding suitable energy levels for carrier selectivity, neu-

tralizing the presence of pinholes, and providing intimate

interfaces, thus contributing to the increased PCE,

improved reliability, and stability of pero-SCs.

As for other deposition methods, Lee et al. [95] devel-

oped the compact ZnO films by ALD method under a

temperature of 80 �C as the ETL of planar regular pero-

SCs, where systematic investigation about the effect of

ZnO film thickness on the pero-SCs performance was

carried out. By this method, Yuan et al. realized a PCE of

13.1% [68]. They found that the ALD-based compact ZnO

layer could facilitate the growth of CH3NH3PbI3 when the

precursor containing chloridion at room temperature.

Mathews et al. employed both a ZnO compact film formed

by electro-deposition method and a ZnO nanorod film

grown by CBD method as the ETL for pero-SCs, achieving

the fabrication of low temperature, solution-processed and

flexible pero-SCs [74]. Meanwhile, Zhang and Pauportè

[76] applied the electro-deposition method to deposit ZnO

ETL at low temperature for pero-SC application. The ZnO

and TiO2 ETLs and their influence on the preparation of

CH3NH3PbI3 by either ‘‘one-step’’ or ‘‘two-step’’ tech-

niques were investigated and compared. The results indi-

cated that the best device efficiency of 15% could be

achieved by combining a low-overvoltage electro-de-

posited ZnO layer and a ‘‘one-step’’ route deposited per-

ovskite layer. Magnetron sputtering technology is also a

popular method to fabricate ZnO ETL. Tseng et al. [96]

studied the influence of RF sputtering parameters on the

ZnO film quality. They found that the electric and elec-

tronic properties of ZnO film were greatly affected by the

oxygen vacancies which could be controlled by adjusting

the ratio of working gases (Ar and O2) during the sputtering

process (Fig. 6f–h). The resulting regular planar pero-SC

based on ZnO fabricated under Ar working gas achieved

the highest PCE up to 15.9%, demonstrating that sputtering

was one of the excellent techniques to prepare ZnO ETL

with controllable properties. By using the similar method,

they also successfully prepared the high quality, fully

covered Al-doped ZnO (AZO) film on ITO substrate [97],

which showed a higher conductivity, better band matching

with MAPbI3 and higher acid resistance than ZnO.

Therefore, pero-SC based on this AZO ETL efficiently

promoted the device performance. In the pero-SCs with

inverted structure, room-temperature RF-sputtered ZnO

was also considered as a feasible choice of ETL. Lai et al.

[98] introduced a C60 interlayer between perovskite and

sputtered ZnO layers for protection to prevent the sput-

tering damages on the perovskite layer, which could

increase the device performance, as shown in Fig. 6i, j.

3.3 SnO2

SnO2 is an intrinsic n-type semiconductor with unique

advantages, including natural abundance, nontoxic, high

electron mobility, good stability, and high transparency,

which present tremendous potential as ETL materials in

planar pero-SCs. Among various deposition methods, low-

temperature solution process, including thermal decompo-

sition of Sn-based precursors (sol–gel approach) and direct

spin-coating of SnO2 NP solutions, is the most widely used

method for preparing SnO2 films. For sol–gel approach,

Sn-based salts such as SnCl2, SnCl4, or their hydrate

SnCl2�2H2O and SnCl4�5H2O are used to synthesize SnO2

films after thermal annealing in ambient air. In 2015, Ke

et al. [63] adopted a SnCl2�2H2O as precursor to synthesize

SnO2 by thermal annealing in air at 180 �C for 1 h

(Fig. 7a). After a UV-ozone treatment for 15 min, the

perovskite film could be well grown on it showing a

champion PCE of 17.21%. By using the similar method,

Zuo et al. [99] reported a SnO2-based planar pero-SCs with

an impressive PCE of 20.23% after modifying perovskite

with a polymer template. To reduce the thermal decom-

position temperature, Dong et al. [100] proposed a new

sol–gel route by introducing atmosphere O2 and H2O by

refluxing, which greatly promoted the oxidation and

hydrolysis of SnCl2�2H2O in alcohol solution. As a result,

the SnO2 film could be reduced below 80 �C. The n-i-p

structured devices based on this SnO2 ETL realized PCEs

of 19.2% and 16.11% on rigid and flexible substrates,

respectively. Subbiah et al. [101] employed a low-power

N2 RF plasma to activate the precursor film at room tem-

perature. The high-energy UV photons generated from N2

plasma facilitated the break of alkoxy and hydroxyl groups,

leading to the formation of the metal-oxide-metal frame-

work. The pero-SCs based on N2 plasma-treated SnO2 gave

a PCE of 20.3% on rigid substrates. This method was also

used to fabricate flexible pero-SCs on PET substrates

showing a champion PCE of 18.1%, and 90% of its initial

efficiency could be retained after 1000 bending cycles

(Fig. 7g–i).

In comparison, the SnO2 NPs are prepared before

deposition, and therefore, the high-temperature decompo-

sition process can be avoided. In 2015, Song et al. [64]

dispersed the commercial SnO2 NPs (ca. 22–43 nm) in

butanol and prepared the SnO2 NP thin-film by spin-coat-

ing as the ETL to fabricate low-temperature-processed

pero-SCs. However, the produced SnO2 NP films were not

very uniform, and the n-i-p structured devices showed a

best PCE of 13.0%. Further, You et al. used the
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commercialized SnO2 NP colloidal solution to develop

low-temperature-processed ETLs for efficient planar pero-

SCs. The SnO2 NPs are very uniform with particle sizes

around 3–4 nm, and it can form a dense, pinhole-free film

[102]. With the introduction of a PbI2 passivation phase in

the perovskite layer, a certificated device efficiency of

19.9% was acquired. Later on, by further optimizing the

PbI2 contents, planar pero-SCs behaved efficiencies of

21.6% in small size (0.0737 cm2) and 20.1% in large size

(1 cm2) with a certificated PCE of 20.9% for small size

Fig. 7 SEM images of SnO2 deposited by various methods. a SnO2 films coated on FTO substrate with a thermal decomposition method.

Reproduced with permission from Ref. [63]. Copyright 2015, American Chemical Society. b SnO2 films coated on FTO by ALD; c SnO2 films

coated on FTO substrate by spin-coating and CBD method. Reproduced with permission from Ref. [110]. Copyright 2016, Royal Society of

Chemistry. d SEM image of perovskite film with observable white phase of PbI2 formed on surface; e, f J-V curves for best devices based on

SnO2 NPs in small and large size. Reproduced with permission from Ref. [103]. Copyright 2017, John Wiley and Sons. g Device architecture of

flexible device based on SnO2 fabricated with N2 RF plasma; h J-V characteristics of the flexible device with PCE of 18.1% and a stable power

output efficiency of 17.1% under 1-sun illumination; i normalized device efficiency (green line) and fill factor (red line) of flexible device being

subjected to 1000 bending cycles and (inset) photograph of flexible pero-SC. Reproduced with permission from Ref. [101]. Copyright 2018,

American Chemical Society. j Schematic of slot-die coating of SnO2 films; k structure of six sections series connected large-area flexible

devices; l corresponding J-V curves of champion flexible pero-SCs and (inset) photograph. Reproduced with permission from Ref. [105].

Copyright 2018, Springer Nature
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device (Fig. 7d–f) [103]. In 2019, the same group reported

the use of PEAI for perovskite surface defect passivation,

which led to higher-efficiency pero-SCs by passivating the

defects and suppressing non-radiative recombination. Pla-

nar pero-SCs showed a certificated PCE of 23.32% with a

Voc as high as 1.18 V [104]. To investigate the solution

printability of SnO2 NPs on plastic substrates, Bu et al.

[105] demonstrated a slot-die method for printing high-

quality SnO2 films for efficient flexible pero-SCs. To

suppress the inherent hysteresis caused by SnO2, a uni-

versal potassium passivation strategy was conducted to

passivate the interface. The small size flexible pero-SCs

achieved a PCE of 17.18% and large-size (5 cm 9 6 cm)

flexible modules obtained an efficiency over 15% with no

hysteresis (Fig. 7j-l). Besides commercial SnO2 colloidal

NPs, SnO2 quantum dots synthesized by Yang et al. [106]

are other promising candidates. Through a facile stirring of

SnCl2�2H2O and thiourea in ambient air, high-quality SnO2

quantum dots with tunable carrier concentration can be

developed. A champion stabilized PCE of 20.32% on rigid

FTO and 16.97% on flexible PEN were realized for regular

pero-SCs.

Similar to TiO2 and ZnO, ALD method is also used to

produce SnO2 film. Baena et al. [107] adopted ALD pro-

cess to produce compact SnO2 films, which showed a more

favorable aligned energy level with perovskite film. The

resultant pero-SCs exhibited a hysteresis-free behavior

with a PCE of 18% and a high Voc up to 1.19 V. To

facilitate the low-temperature large-scale fabrication,

Wang et al. [108] employed plasma-enhanced atomic layer

deposition (PEALD) to decrease the deposition tempera-

ture to below 100 �C. Pero-SCs based on SnO2 films

deposited by PEALD delivered PCEs of 19.03% and

16.80% on glass and flexible polymer substrates, indicating

the potential of low-temperature process. They further

assisted the SnO2 film growth by water vapor, which could

promote a more complete reaction of organic precursors,

thus giving a high-purity SnO2. The flexible pero-SCs

based on the obtained SnO2 reached a remarkable PCE of

18.36% [109].

CBD method was also used to prepare SnO2 films.

Anaraki et al. [110] reported a simple SC-CBD method

combining spin-coating (SC) and CBD to form the ETL.

They first spin-coated a SnO2 seed layer, then CBD method

was used to grow SnO2 layer as a post-treatment on spin-

coated layers (Fig. 7b, c). The deposited SnO2 layer based

on SC-CBD method demonstrated to present efficient hole

blocking ability and improved reproducibility. The resul-

tant pero-SCs showed a PCE of 20.7% under maximum

power point (MPP) tracking with a high Voc of 1.214 V. Bu

et al. [111] also adopted CBD method to fabricate SnO2

ETLs. Combining with a novel quadruple-cation per-

ovskite, KxCs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3, PCEs

of 20.56% and 15.76% were achieved for a small size pero-

SCs and 6 cm 9 6 cm sub-modules, respectively.

Several other methods such as electrochemical deposi-

tion [77], combustion [112], pulsed laser deposition [113],

and E-beam evaporation [79] are also developed. Among

them, E-beam evaporation seems a good choice since the

fabrication of hundreds of SnO2 ETL substrates can be

realized at one time, which deserves industrial deployment.

By this deposition technique, Fang et al. reported the

efficient SnO2-based planar pero-SCs with a best PCE of

up to18.2% without any interface modification [79].

3.4 Other MO ETLs

Apart from commonly used TiO2, SnO2, and ZnO, some

other binary MOs can also be explored as ETL materials.

Dong et al. [47] prepared Cr2O3 film by spin-coating Cr2O3

ink on FTO substrates without post-annealing. The as-

prepared Cr2O3 film showed a high optical transmittance

and good electron transport. The planar pero-SCs based on

Cr2O3 achieved a PCE of 16.23%. Wang et al. [50] pre-

pared CeOx films through a simple sol–gel method at

150 �C. After modifying CeOx with PCBM, a PCE was

increased to 17.04% and showed a superior stability under

illumination. Hu et al. [114] reported solution-processed

CeOx films at 100 �C to serve as ETLs on top of perovskite.

The inverted pero-SCs achieved a PCE of 17.1% and

robust long-term stability under the protection of CeOx.

Wang et al. [115] developed a series of niobium-modified

tungsten oxides W(Nb)Ox on plastic substrates annealed at

120 �C and room temperature. It can be found that the

introduction of Nb5? can improve the electron-transporting

ability, and a good PCE of 15.65% was achieved on

polyethylene naphthalate (PEN) substrates. Feng et al. [45]

developed an E-beam evaporated Nb2O5 as ETL without

any post-treatment. The pero-SCs based on 60-nm-thick

Nb2O5 exhibited the champion PCEs of 18.59% and

15.56% for rigid and flexible devices, respectively. More-

over, the E-beam evaporated Nb2O5 is beneficial for large-

area flexible pero-SCs with comparable Jsc and Voc values

to those of small-area devices, and the PCE loss was

mainly caused by an increased series resistance, leading to

a reduced FF.

Compared with binary MOs, ternary MOs possess some

unique properties, such as high crystallization and full

coverage. Moreover, their chemical and physical properties

of materials can be fine-tuned by changing the composi-

tions. Zn2SnO4 is a typical n-type ternary metal oxide. To

decrease the processing temperature, Shin et al. [116] used

hydrazine to assist the synthesis of Zn2SnO4 at a low

temperature below 100 �C. Based on this Zn2SnO4 NPs, a

PCE of 15.3% was achieved for flexible regular pero-SCs.

They further tailored the energy levels in oxide ETL using
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Zn2SnO4 NPs and QDs. The energy level-graded ETL

formed by sequential deposition of NPs and QDs exhibited

a better electron collection and a higher PCE of 16.5% on

flexible substrate [117]. Jung et al. [118] developed

amorphous Zn2SnO4 films with good surface uniformity,

high electron mobility, and low charge traps through a sol–

gel method. The resulted pero-SCs delivered a PCE of

20.02% with improved device stability and hysteresis

behavior.

BaSnO3 is a transparent semiconducting perovskite

oxide with a large bandgap up to 3.2 eV. However, its high

processing temperature over 900 �C greatly limited its

application [119]. To solve this problem, Shin et al. [120]

developed a superoxide-molecular cluster colloidal solu-

tion to deposit La-doped BaSnO3 films below 300 �C. The
pero-SCs realized a PCE of 21.2% and 93% of the initial

efficiency retained after 1000 h of 1-sun illumination.

However, this temperature is still too high to fabricate

devices on plastic substrates. Sun et al. [58] synthesized

well-dispersed BaSnO3 NPs by a facile peroxide-precipi-

tate route, which enabled the planar device with n-i-p

structure to be processed at low temperature of 150 �C
giving a PCE of 10.96%.

To overcome the performance deficiency of single MO

material used as ETL, a simple blending strategy by com-

bining two semiconductors with compensated properties was

proposed [121]. Wang et al. [122] found the addition of TiOx

to WOx would raise the Fermi level and suppress the charge

recombination in comparison with pure WOx. As a result,

the planar regular pero-SCs based on WT2/10 (the molar ratio

of titanium to tungsten was 2/10) realized a best PCE of

14.47% by optimizing the MO component fabricated at

150 �C. They also demonstrated that the WT2/10 exhibited

temperature-insensitive property when employing it as the

ETL of pero-SCs, which exhibited a PCE of 13.45% at

70 �C and a PCE of 11.56% at room temperature, respec-

tively. Moreover, Song et al. [123] fabricated a series of

ZnO-SnO2 nanocomposite thin films by simply mixing ZnO

and SnO2 NPs. When selecting the ZnO-SnO2 with various

ratios as ETL, the resultant devices showed an obvious

dependence of Jsc and FF on the ZnO/SnO2 ratio. With an

optimized weight ratio of 2:1, planar pero-SCs exhibited a

relatively high PCE of 14.3%. More importantly,

CH3NH3PbI3 deposited on ZnO-SnO2 nanocomposite films

obtained much-improved thermostability compared to bare

ZnO, indicating the effectiveness of blending strategy in

tuning the properties of MO ETLs.

4 Summary and outlook

Low-temperature-processed MOs have been shown to be

very promising candidates as effective ETLs for efficient

planar pero-SCs, which can effectively reduce device

fabrication cost and be favorable for large-area and flexible

solar cells. In this review, the basic properties of various

MO materials in terms of mobility, transparency, energy

levels, processability, and even stability are clearly clari-

fied and summarized to understand relationship between

device performance and MO ETL. Then, commonly used

methods for depositing MO ETLs are presented concisely.

Finally, recent developments of low-temperature-processed

MO ETLs in high-performance planar pero-SCs are com-

prehensively presented and discussed. It should be pointed

out that an ideal MO ETL for high-performance peso-SCs

should meet the critical requirements as follows: (1) solu-

tion process and excellent film forming ability for low-cost

fabrication technologies; (2) suitable energy levels for an

effective charge extraction; (3) high mobility for efficient

charge transport; and (4) high ambient, chemical, and

optical stability for long-term stable pero-SCs. From this

perspective, SnO2 with these unique advantages presents

promising candidate of MO-based ETL in planar pero-SCs.

Although significant progress has been made in the past

decade, further exploration is needed for low-temperature-

processed MO ETLs. On one hand, to develop new mate-

rials used as effective ETLs with high mobility, low sur-

face defects, and proper energy band alignment is a never-

ending pace. Besides, optimizations of the MOs via uni-

versal strategies are effective to tune their chemical,

physical, and optoelectronic properties, such as elemental

doping, surface modification, composite construction, and

bilayer engineering. As a consequence, the pero-SC devi-

ces toward higher efficiency and stronger stability can be

dramatically promoted. Noticeably, among the various

approaches utilized in fabricating MO ETLs, employing

nanocrystal solution to directly deposit ETLs is a low-cost

and low-energy consumption process. From this view

point, the preparation and use of colloidal nanocrystals

with excellent crystallinity and tunable optoelectronic

properties can be meaningful in forming the low-temper-

ature ETLs of planar pero-SCs. Therefore, the continuous

exploration of novel MOs and optimization processes for

nanocrystal ETL will provide a crucial element with high-

efficiency, low-cost, large-area, and flexible devices.

In flexible pero-SCs, the intrinsically brittle character-

istics of MOs are one of the major issues affecting the

device application. In comparison, organics show the merit

of good flexibility. Therefore, blending MOs with func-

tional organic materials may be an effective approach to

increase the flexibility of ETL thin films. Especially when

there are specific functional groups interacting with MOs,

the organic molecules can be firmly adsorbed on MO.

Further, the introduction of chemically crosslinked organic

materials can transform a fragile MO ETL into a

mechanically tough semiconducting composite by the
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formation of organic network framework. Using this

strategy, the surface modification of MO ETLs may also

play a positive effect in improving the flexibility. In

addition, the organic modification can tune the work

function, surface energy, and wetting properties of MOs,

etc. Given the large number of surface and interface defects

of perovskite, the different functional groups such as Lewis

acid and base can be introduced into the organic molecules

to form various chemical interactions with the perovskite

layer, which can passivate the trap states and facilitate the

interfacial charge transfer, thus enhancing device perfor-

mance and reduce the hysteresis.

Overall, we believe that through developing and opti-

mizing the MOs combining with the in-depth understand-

ing of material science, the planar pero-SCs based on low-

temperature MO ETLs will make a huge leap in perfor-

mance and deserve to be a promising candidate for future

commercialization.
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