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In recent years, perovskite material-based photovoltaic devices have attracted great attention of researchers because of an expeditious improvement in their efficiency from 3.8% to over 25%. The electron transport layer (ETL), which functions for the extraction and transportation of photogenerated electrons from active perovskite material to the electrodes, is a vital part of these perovskite solar cells (PSCs). The optoelectronic properties of these electron transport layer materials also have an impact on the performance of these perovskite solar cells, and for commercialized flexible perovskite solar cells, low-temperature and solution-processable electron transport layers having high stability and suitable optoelectronic properties are needed. In this regard, the solution-processable films of different metal oxides have been largely investigated by many research groups. So, this review summarizes the optoelectronic properties of the different metal oxide-based electron transport layers and the development in the performance of the perovskite solar cells, which have solution-processable metal oxides as electron transport layers.
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1 INTRODUCTION
Solar energy, a green energy source, is the demand of the time as conventional energy sources cannot deal with the present and future energy crises in the world. For harvesting solar energy, bulk silicon wafer-based solar cells (SCs), which are the first-generation SCs, have successfully been developed and commercialized (Liu et al., 2018). However, they have limited power conversion efficiency (PCE), and the cost of these is also high as the material is used in bulk (Andreani et al., 2019). To address the high cost of solar cells, there has been research into the second-generation solar cell technologies, such as thin-film silicon solar cells and thin-film heterojunction-based solar cells (Shah et al., 1995). However, the PCE of these SCs also remains limited. So, a solar cell that has high stability, high PCE, and low cost needs to be developed and commercialized. In this respect, third-generation solar cells like organic solar cells (OSCs), perovskite solar cells (PSCs), and quantum dot solar cells (SCs) are of great interest in research because of their potential for high PCE (Brown and Wu, 2009; Tvrdy and Kamat, 2011; Khatibi et al., 2019). In these, the PSCs have attracted the eye of the researchers more because of a significant increase in the PCE from 3.8% to 25.5% (as certified by the Best Cell-Efficiency Chart in 2022 shown in Figure 1) (Best Cell-Efficiency Chart NREL, 2021). PSCs have a basic construction in which an active perovskite layer is placed between a hole-transporting layer (HTL) and an electron-transporting layer (ETL) (Hussain et al., 2018). The active layer is used to absorb the light and create the hole–electron pairs (i.e., the excitons) in the devices. Although the carrier (i.e., electron or hole) transport layers (CTLs) are used for the efficient extraction and transportation of these carriers from the active layer to the electrodes. The performance of PSCs depends upon the stability of active material and the stability of these CTLs, i.e., these CTLs also play a vital role in achieving high stability and the high PCE of SCs (Wang et al., 2019a). For a high PCE, these CTLs should have many optical and electrical properties like high electron/hole mobility, high blocking ability to the counter carriers, a wide band gap, and high transparency to ensure the light passes through them with minimal absorbance (Ansari et al., 2018). These CTLs should also show a high compatibility and ohmic contact with the adjacent active layer and the electrode. In addition to these, for the better extraction of the electrons, the conduction band (C.B.) of the ETL should match the lower unoccupied molecular orbit (LUMO) of the active layer and for the better extraction of holes; the valence band (V.B.) of the HTL should match the higher occupied molecular orbit (HOMO) of the active layer (Ren et al., 2019). As the cost of solar is also a major factor for its commercialization, the CTLs should be processable via solution process methods that are cost-effective and highly compatible with large-scale printing of flexible solar cells. Metal oxides like TiO2, ZnO, SnO2, Nb2O5, CeOx, WO3, and In2O3 for ETLs are the ideal materials that meet such requirements (Kojima et al., 2009; Kumar et al., 2013; Song et al., 2015; Singh et al., 2016; Wang et al., 2019b). These metal oxides show high stability in the ambient environment, and these can be processable via solution process methods, which make these useful for large-scale and flexible solar cell devices. For the ETL, TiO2 has been investigated a lot as it has a wide band gap and high transparency. However, it also has low carrier mobility and also needs a high temperature (∼500 °C) for better crystallinity, leading to better performance of SCs. So, the materials like SnO2 and ZnO are emerging as an alternative to TiO2 because these can be processed at a relatively low temperature, and these materials possess a wider band gap, higher electron mobility, and higher transparency. In addition to these binary metal oxides, other inorganic materials like BaSnO3, SrTiO3, SrSnO3, ZrSnO4, and (CH3)2Sn(COOH)2 have also been developed and investigated as an ETL for futuristic PSCs (Bera et al., 2014; Shin et al., 2017; Guo et al., 2019a; Li et al., 2020; Noh et al., 2020). The aim of this review is to present a comprehensive analysis of binary metal oxide-based solution-processable ETLs used in PSCs.
[image: Figure 1]FIGURE 1 | Achieved efficiencies of different SCs. Adapted from the National Renewable Energy Laboratory (Best Cell-Efficiency Chart NREL, 2021).
2 PEROVSKITE SOLAR CELLS
In PSCs, perovskite materials (having a general chemical formula ABX3, where A and B are cations and X is an anion) such as CH3NH3PbI3, CH3NH3PbCl3 CH3NH3PbBr3, and CsPbBr3 are used as an absorber layer for harvesting the light (Mesquita et al., 2017). This is why the term “perovskite solar cell” is being used for this type of solar cell. The crystal structure of these perovskite materials is shown in Figure 2.
[image: Figure 2]FIGURE 2 | Crystal structure of a perovskite material.
The organic-metal halide perovskites consist of an organic cation [i.e., CH3NH3+ (methyl-ammonium), CH3CH2NH3+ (ethyl-ammonium), and NH2CH = NH2+ (formamidinium)], a divalent metal cation (i.e., Pb2+, Sn2+, and Ge2+), and a monovalent halogen anion (i.e., F-, Cl-, Br-, and I) (Ono et al., 2017). For photovoltaic applications, perovskite materials have first been investigated by Kojima et al. (2009) who fabricated the two different PSCs with CH3NH3PbBr3 and CH3NH3PbI3 as absorbing layers, having PCE of 3.1% and 3.81%, respectively. After this, CH3NH3PbI3 (methylammonium lead iodide or MAPbI3) has largely been investigated in PSCs because it has a small band gap (1.5–1.6 eV) and a wide absorption spectrum up to 800 nm.
2.1 Structure
The perovskite solar cell has a general structure, in which the active perovskite material film is sandwiched between the ETL and HTL, and the transparent conducting oxide (TCO) contact layer with a backing of the glass substrate and metal contacts have been attached with the corresponding ETL and HTL based on the structure. If the TCO layer exists adjacent to the ETL, the configuration is known as the n–i–p configuration, or if the TCO exists adjacent to the HTL, it is known as the p–i–n configuration or the inverted structure. The PSCs have been further divided into a planar and mesoporous structure. In the planar structure, only the compact layer of the transporting material is used. If the configuration is n-i-p, then it is a planar heterojunction PSC; otherwise, it is an inverted planar heterojunction solar cell, as shown in Figures 3A,B respectively. However, in the mesoporous (n-i-p) structure, the mesoporous scaffold layer either of n-type material or the inert Al2O3 is added, as shown in Figure 3C, and in the mesoporous (p-i-n) structure, the mesoporous scaffold layer either of p-type material or the inert Al2O3 is added, as shown in Figure 3D. These scaffold layers help in the formation of the pin-hole-free film of perovskite material and also in better extraction of the carriers.
[image: Figure 3]FIGURE 3 | Different configuration of PSCs: (A) planar (n-i-p) heterojunction structure, (B) inverted planar (p-i-n) heterojunction structure, (C) mesoporous (n-i-p) heterojunction structure, and (D) mesoporous (p-i-n) heterojunction structure.
2.2 Working mechanism
When the light falls on a PSC and enters into the perovskite layer either passing through the ETL or HTL, the perovskite material absorbs the light and creates the pairs of electron–hole carriers, i.e., excitons, as shown in Figures 4A,B. Then, these carriers get diffused into the absorber layer and collected via ETL and HTL materials, respectively, at the boundaries and have been transported to the respective electrodes, and the external circuit connected to it gets the power (Jung and Park, 2015). For the efficient collection of carriers, the diffusion length of excitons should be high, and also, the thickness of the absorber layer should be less than the diffusion length of excitons so that the high number of carriers can be collected by transporting materials before their recombination happens.
[image: Figure 4]FIGURE 4 | Band diagram of PSCs in (A) regular structure and (B) inverted structure.
3 METAL OXIDES FOR ETLS
For collecting the carriers from the absorber and transporting them to the corresponding electrodes, the ETL plays a crucial role. Therefore, for a better outcome of the solar cell, these ETLs should also possess some important properties like high carrier mobility, large-band gap, better energy level alignment with the absorber layer, high transparency to the light, high conductivity, high stability, and better adhesivity to the absorber layer. In addition to these, for the low cost and flexible device, these can also be processable via vacuum-free and low-temperature solution process techniques. The metal oxides like TiO2, ZnO, SnO2, CeOx, WOx, InOx, and NbOx, have optoelectronic properties suitable for ETLs, and these can also be processed via solution-processable methods like spin coating, chemical bath deposition, electro-spray, spray pyrolysis, and screen-printing methods. Some advantages and disadvantages of these metal oxides as an ETL have been summarized in Table 1. Furthermore, the development in PCE and the other properties of the PSCs based on these solution-processable metal oxide ETLs have been discussed.
TABLE 1 | Advantages and disadvantages of different metal oxides as ETLs.
[image: Table 1]3.1 Titanium dioxide (TiO2)
As an ETL material in PSCs, TiO2 is a promising material as its optical and electrical properties favor electron extraction. In PSCs, TiO2 has been investigated in the form of a compact layer (c-TiO2) and a mesoscopic layer (m-TiO2). TiO2 has the properties like a wider band gap (∼3.1 eV), the electron mobility of the order of 1 cm2/V-sec, a conduction band minimum (CBM, i.e., LUMO level) of ∼ −4.1 eV, and a valence band maximum (VBM, i.e., HOMO level) of ∼ −7.2 eV with reference to the vacuum level (Seo et al., 2005; Green et al., 2014; Jung and Park, 2015). These properties favor the efficient extraction of electrons from the active material. The favorable conduction band minimum alignment of the TiO2 helps in the efficient extraction of the electrons, and the deeper valance band maximum blocks the movement of the holes from the perovskite layer to TiO2. Because of these, TiO2 has been used widely as an ETL material. In addition to these favorable properties, TiO2 has some drawbacks too like the low electron mobility and the need for a high temperature for the crystalline film. For the better electrical conductivity of TiO2, the nano-crystalline film is required and for this, there is a need for high-temperature (∼500 °C) annealing (Green et al., 2014). This requirement of high-temperature annealing limits the use of TiO2 for flexible photovoltaic devices. The performance of some TiO2 ETL based PSCs have been summarized in Table 2.
TABLE 2 | Performance of TiO2-based PSCs.
[image: Table 2]In 2009, when Kojima et al. (2009) introduced the first perovskite-based photovoltaic device, TiO2 had been used as the ETL material. In this work, the TiO2 film was fabricated by using the TiO2 paste post-treated at 480 °C temperature for 1 h. The TiO2/MAPbI3 heterojunction-based cell gave the best PCE of 3.81%. In the solution-processed methods, the most common precursor for the fabrication of the compact TiO2 film is titanium diisopropoxide bis(acetylacetonate). In 2012, Kim et al. (2012) first introduced the all-solid-state PSCs having the structure of FTO/TiO2/m-TiO2/MAPbI3/spiro-OMeTAD/Au, where the spiro-OMeTAD has been used as the HTL. In these PSCs, the c-TiO2 has been fabricated by the spin coating method with titanium diisopropoxide bis(acetylacetonate) as a precursor, while the m-TiO2 was fabricated by the doctor blade coating methods using the nanocrystalline TiO2 paste. These PSCs resulted in a champion PCE of 9.7%. Lee et al. (2012) had fabricated mesoporous PSCs of the structure of FTO/TiO2/m-Al2O3/MAPbI2Cl/spiro-OMeTAD/Ag, which resulted in a champion efficiency of 10.9%. In these PSCs, the c-TiO2 layer was deposited by the spray pyrolysis method. Kim et al. (2013a) used the nanorods of the rutile-phase TiO2 prepared via a hydrothermal method to form the m-TiO2 layer in PSCs, and the corresponding PSCs resulted in the champion PCE of 9.4% for 0.6-μm length of nanorods, and it decreased as the length of the nanorods increased. Liu et al. (2013) used the spin-coated TiO2 films on the FTO substrate to fabricate the planar PSCs having MAPbI3-xClx as an active material, which was deposited using the vapor deposition method, and these simple planar structured cells gave the best PCE of 15.4% without any complex structure. Docampo et al. (2013) had investigated the TiOx film prepared via spin coating and a low temperature (∼130 °C) post-annealing in the inverted structure PSCs. These inverted configuration cells delivered the best PCE of 9.8% and 6.4% on FTO-coated glass substrates and an ITO-coated flexible substrates, respectively. In addition to the spin coating and the spray pyrolysis method, the TiO2 ETLs have also been fabricated the via chemical bath deposition (CBD) method (Liu et al., 2013; Liang et al., 2017). Liang et al. (2017) fabricated the low-temperature (100 °C) annealed TiO2 film via the CBD method using TiCl4 as a precursor for the PSCs having the structure of FTO/TiO2/MAPbI3/spiro-OMeTAD/Au. The device resulted in a PCE of 11.18%, and the treatment of TiO2 films with UV-ozone improved the PCE to 12.62%. Lu et al. (2020) had also opted for the same CBD method and the same device structure, but they had delicately treated the TiCl4 precursor via KOH, which changes the morphology of the film, and hence, the device performance with a champion PCE of 19.1% have been achieved.
Yang et al. (2021a) had opted for a low-temperature (∼150 °C) annealing process for anatase TiO2 film growth for fabricating flexible PSCs with the PEN/ITO/TiO2/MAPbI3/spiro-OMeTAD/Au structure. For the deposition of the TiO2 film, they synthesized the colloidal TiO2 solution via the sol–gel method, which was used as a precursor for the TiO2 layer. The concentration of the precursor has been optimized to 2 mol/L for full coverage and aggregation-free films, which resulted in 16.11% efficiency. Recently, Bao et al. (2023) had investigated a honey-comb (Hc) type TiO2 film as an ETL in PSCs with FTO/TiO2/Hc-TiO2/MAPbI3/spiro-OMeTAD/MoO3/Ag structure, as shown in Figure 5. To fabricate the interconnecting Hc-TiO2 network, the sacrificial template method has been opted. This Hc-TiO2 network has a periodicity of around 450 nm, resulting in an additional light trapping at this wavelength scale. Hc-TiO2 showed a better band alignment with perovskite than the compact TiO2, and the perovskite crystal film has a preferred orientation along the (110) plane due to the confinement in the Hc-TiO2 pores, which reduced the trap density. The corresponding PSCs have yielded a PCE of 20.85% and showed a high tolerance toward the change in the optical path with changing the incident angle of the light.
[image: Figure 5]FIGURE 5 | (A) Schematic representation of Hc-TiO2 deposition, (B) structure of FTO/TiO2/Hc-TiO2/MAPbI3/spiro-OMeTAD/MoO3/Ag PSCs, (C) band structure of corresponding PSCs, (D) SEM image of perovskite/c-TiO2 (i), perovskite/Hc-TiO2(ii), perovskite/pore (iii), and cross-sectional structure of corresponding PSCs, (E) J-V curve and parameter, and (F) stability of corresponding PSCs. Reproduced with permission from Bao et al. (2023).
3.2 Zinc oxide (ZnO)
TiO2 needs a high annealing temperature for suitable morphological, electrical, and optical properties to show high performance of the PSCs, which limits its use for a flexible photovoltaic device. So, an alternative that exhibits the same or better characteristics with low temperature treatment is needed to develop for highly efficient new-generation flexible photovoltaic devices. In this regard, ZnO is the first material as an alternative to TiO2, which has been investigated by the researchers. It has a large band gap of ∼3.4 eV, higher electron mobility (200–205 cm2V−1 s −1), and the HOMO and LUMO energy levels are also similar to TiO2 (Sun et al., 2011). In addition to these, it can crystallize at a lower temperature, which makes it a potential alternative to TiO2 for flexible PSC devices. ZnO-based PSCs have some drawbacks as well like the presence of hydroxyl (−OH) radicals at the ZnO film surface, which reacts with perovskite materials and leads to its degradation (Yang et al., 2015). It limits the performance and stability of the corresponding PSCs. Still, many research groups have investigated it as an ETL in PSCs and also tried to tackle these challenges. The performance of some ZnO ETL based PSCs have been summarized in Table 3. Kumar et al. (2013) had investigated the low-temperature (˂100 °C) processed ZnO film for the PSC application. For preparing the compact film of ZnO, the electro-deposition technique was opted and a film of the nanorod ZnO was fabricated over the compact layer by the CBD method; corresponding PSCs resulted in the best PCE of 8.9% on a rigid substrate, while only 2.62% on a flexible substrate. Liu and Kelly (2014) had used the ZnO nanoparticle dispersion solution in a mixture of butanol, chloroform, and methanol solvents in a 70:5:5 ratio as a precursor for spin coating the ZnO ETL to fabricate the cell of ITO/ZnO/MAPbI3/spiro-OMeTAD/Ag structures and achieved a 15.7% efficiency. Ahmadi et al. (2020) had investigated the suitable solvent to prepare the precursor solution for the deposition of ZnO ETL and found that the ZnO film that was prepared with the 2-methoxyethanol solvent showed a high PCE of 10.39% and also a good reproducibility in terms of performance. ZnO/MAPbI3 films prepared by 2-methoxyethanol demonstrate higher absorbance in the range of 400–600 nm, lower PL emission intensity, and larger grain sizes than their IPA and ethanol counterparts.
TABLE 3 | Performance of ZnO-based PSCs.
[image: Table 3]Chavan et al. (2022) had developed a new organic ligand-free organometallic approach to synthesize the ZnO quantum dots (QDs) for the ZnO ETL. The developed ZnO QDs were capped by easily removable dimethyl sulfoxide (DMSO) molecules. Furthermore, the developed QDs were spin-coated and needed only a 150 °C post-annealing treatment up to 10 min only for the growth of the ZnO ETL layer. The developed ZnO ETL showed better uniformity, better charge extraction, and better band alignment with perovskite than the ETL deposited by usual sol–gel-processed ZnO. The device based on these newly developed ZnO QDs resulted in a champion PCE of 20.05%. Leng et al. (2021) treated the ZnO nanoparticle-processed ETL via 4,7-dichloro-1,10-phenanthroline (Cl-phen) and 1,10-bathophenanthroline (BPhen). This can suppress the -OH group content on the ZnO surface. Furthermore, the Cl-phen modification reduced the energy gap between CBM OF ZnO and LUMO of perovskite from 0.29eV to 0.06eV, as shown in Figure 6. This enhanced the charge extraction and resulted in a champion PCE of 21.15%.
[image: Figure 6]FIGURE 6 | (A) Device structure of the phenanthroline derivatives/ZnO bilayer-based PSC. (B) Schematic representation of additive treatment and its effect on the perovskite grain size. (C) Energy-level diagram of the materials layer. (D) J-V curve of corresponding PSCs. Reproduced with permission from Leng et al. (2021).
3.3 Tin(Ⅱ) oxide (SnO2)
Tin (Ⅱ) oxide (SnO2) is also an emerging material for ETL purposes and as a replacement of TiO2 in PSCs. It has a large band gap of around 3.6 eV, higher bulk electron mobility (100–200 cm2V−1sec-1), and high transparency to the visible light spectrum (∼90%) (Sun et al., 2011; Wang et al., 2020a). In addition, the deposition and crystallization of the SnO2 film can be carried out at a comparatively lower processing temperature (≤200 °C) than TiO2. The performance of some SnO2 ETL based PSCs have been summarized in Table 4. Song et al. (2015) had also reported that SnO2 has better environmental stability than TiO2. SnO2 is widely used in the planar heterojunction PSCs as compared to the mesoscopic structure, i.e., the compact SnO2 (c-SnO2) has been investigated widely for ETL purposes. Ke et al. (2015) first investigated the solution-processed SnO2 films in PSCs, which were deposited via spin coating of the precursor of SnCl2 (dissolved in ethanol) with annealing at 180 °C, and the corresponding devices (i.e., FTO/SnO2/MAPbI3/spiro-OMeTAD/Au) gave the best PCE of 17.21% with small hysteresis, as shown in Figure 7.
TABLE 4 | Performance of SnO2-based PSCs.
[image: Table 4][image: Figure 7]FIGURE 7 | Schematic representation of (A) structure and (B) band diagram. FTO/SnO2/MAPbI3/spiro-OMeTAD/Au cells, (C) transmittance of FTO, TiO2/FTO, and SnO2/FTO, and (D) J-V curve of corresponding SnO2 ETL-based PSCs. Reproduced with permission from Ke et al. (2015).
Anaraki et al. (2016) had opted for the chemical bath deposition (CBD) method for the deposition of the SnO2 ETL in mixed perovskite-based PSCs, which result in the best PCE of 20.8%. Liu et al. (2016) had used the dual combustion method for preparing the precursor of SnO2. In this, SnCl2 and ammonium nitrate (NH4NO3) were used as the combined oxidizer, while urea and acetylacetone as the fuel to the reaction. This method lowers the annealing temperature of SnO2 to 140 °C, but the corresponding PSCs show severe hysteresis and the PCE remains only 12.93%, which further increases to 15.18% via passivation of SnO2 with C60-SAM (self-assembled monolayer). Jiang et al. (2017) had used the SnO2 nanoparticles as the precursor solution and 150 °C annealing temperature for the SnO2 ETL in mixed perovskite ((FAPbI3)1−x (MAPbBr3)x)-based SCs, which resulted in the best PCE of 21.6% in the 0.0737 cm2 area device and the 20.1% in 1 cm2 area device. Huang et al. (2017b) investigated the low temperature (∼70 °C) UV-sintered SnO2 ETL in CH3NH3PbI3-xClx-based PSCs with the highest PCE of 16.21%. Barbé et al. (2017) had deposited the amorphous SnO2 via CBD at only 55 °C without any further annealing for MAPbI3-based PSCs, which result in the best PCE of 14.28%. Dong et al. (2019) had investigated the low-temperature (∼50 °C)-processed and UV-treated SnO2 ETL for mixed perovskite [Cs0.05(FA0.85MA0.15)0.95Pb(I0.85Br0.15)3]-based PSCs. The PSCs yielded the best PCEs of 20.5% and 17.5% on rigid and flexible substrates, respectively. A bilayer SnO2 of amorphous-crystalline hetero phase has been studied by Lee et al. (2020) in the triple cation perovskite-based PSCs, which yield a best PCE of 20.39% and 14.93% for smaller (∼0.09 cm2) and larger (3.55 cm2) active device areas, respectively. Recently, Wang et al. (2021) had modified the precursor of SnO2 with an addition of hydrogen peroxide (H2O2). In comparison to the unmodified precursor-based SnO2 film, the resultant modified precursor-based SnO2 film exhibits less trap density, improved electrical conductivity, outstanding film fabrication repeatability, and better energy level alignment, leading to significantly higher charge carrier extraction. The corresponding PSCs yield a best and a stabilized PCE of 22.15% and 21.9%, respectively, having a reduced hysteresis effect as compared to the devices based on an un-modified SnO2 precursor.
In addition to the compact layer SnO2, mesoscopic SnO2 (m-SnO2)-based PSCs have also been reported. Li et al. (2015) first reported PSCs based on m-SnO2 annealed at 450 °C, which resulted in a best PCE of 6.50% without any treatment of the SnO2 surface and a PCE of 10.18% with surface treatment via TiCl4. Roose et al. (2016) had investigated the m-SnO2-based PSCs on FTO and AZO substrates having the structures FTO/SnO2/m-SnO2/perovskite/spiro-OMeTAD/Au and AZO/SnO2/m-SnO2/perovskite/spiro-OMeTAD/Au, respectively. For this, the compact SnO2 has been synthesized via spray pyrolysis, while m-SnO2 has been synthesized via spin coating of the precursor, followed by annealing at 450 °C. The PSCs on AZO substrates show better performance than those on FTO substrates with the best PCE of 13.1%. The aforementioned mesoscopic scaffold SnO2 ETLs require a high temperature for growth, which hinders the growth of flexible PSCs. So a low-temperature (∼180 °C) processable m-SnO2-based PSCs have been reported by Wang et al. (2020a). To optimize the m-SnO2 layer, polyethylene glycol has been introduced in the colloidal SnO2 precursor and the PEG can be removed from the film through low-temperature annealing, which resulted in a mesoporous SnO2 film. The corresponding mixed perovskite [(Cs0.05FA0.95PbI3)0.97 (MAPbBr3)0.03]-based PSCs show a best PCE of 20.82%. Xiong et al. (2021) introduced polyethylene glycol diacrylate (PEGDA) in SnO2 dispersion solution to avoid agglomeration in the SnO2 film for ITO/SnO2/FAPbI3/Spiro-OMeTAD/MoO3/Ag PSCs. The PEGDA-modified SnO2 films were more uniform than the pristine SnO2 films, and the energy level of the modified film matched well with the perovskite, which improves the carrier transfer and reduces the energy loss. This resulted in a higher Voc of 1.14 V and a high PCE of 23.31%. Yoo et al. (2021) had opted the CBD route for the SnO2 ETL deposition in FTO/SnO2/mixed perovskite/spiro-OMeTAD/Au PSCs. They studied the changes in SnO2 film deposition with reaction time. During the SnO2 film deposition, the decomposition pathway of the SnO2 precursor (i.e., SnCl2) depends on the pH of the solution, which changes with the reaction time as urea present in the precursor decomposes and releases OH−. Initially, for pH ∼1–1.5, the dominant product of deposition was SnO2, and later on at pH = 3, the incomplete oxidation of Sn2+ to Sn4+ occurred due to the reduced amount of oxygen in the precursor solution, resulting in the SnO2-x phase. For higher pH∼6, (Sn6O4(OH)4 and SnO are produced, which are non-electron transporting phases. So, by optimizing the time of deposition, these phases can be avoided. The PSCs based on the ETL with SnO2 and SnO2-x phases yielded a high PCE of up to 24.4% with a certified PCE of 25.2%. Min et al. (2021) had reported a certified champion PCE of 25.5%, introducing an interlayer between the SnO2 ETL and FAPbI3 perovskite layer. They used the Cl− ion-based precursor for the SnO2 layer and also introduced the Cl− ions in FAPbI3. This introduced an interlayer of FASnClx between SnO2 and FAPbI3, which can enhance the charge extraction and reduce the recombination, leading to a high PCE.
3.4 Tungsten oxide (WOx)
In PSCs, WOx has also been investigated by many research groups as an alternative to TiO2. It shows a band gap of 2.6–3.1 eV varying according to its crystal structure (Berak and Sienko, 1970; Wang et al., 2012; Wang et al., 2017a). Although its band gap is smaller than TiO2, it shows high stability, and it also has a high electron mobility (10–20 cm2 V−1 s−1) in comparison to TiO2 (Wang et al., 2016). The performance of some WOx ETL based PSCs have been summarized in Table 5. Mahmood et al. (2015) had explored hydrothermally grown tungsten trioxide (WO3)-based nanostructures like 0-D nanoparticles, 1-D nanorods, and 3-D nanosheet arrays to fabricate porous ETL by using the electrospray method. In these, the 2-D nanosheet-WO3 film yielded enhanced carrier transport as compared to the nanorods or nanoparticles, which resulted in a PCE of 11.24% in FTO/WO3-nanosheet/TiO2/MAPbI3/spiro-OMeTAD/Ag configuration devices. Wang et al. (2016) had prepared amorphous WOx at 150 °C as the ETL for PSCs by using the spin coating method. The pristine WOx-based cell yielded a PCE of 10.42%, and with a composite of WOx-TiOx, the performance increased to a PCE of 14.47%. When the annealing temperature of WOx-TiOx layer decreased to 70 °C, corresponding PSCs yielded a best PCE of 13.45%. Wang et al. (2017a) had investigated the low-temperature (120 °C) annealed film of WOx and Nb-doped WOx, i.e., W(Nb)Ox in the flexible PSCs. The cell with pristine WOx yielded a PCE of 14.59%, and the introduction of Nb had increased the PCE to 15.65%. Chen et al. (2020) had prepared a solution-processed nano-crystalline WOx film at ultra-low temperature (50 °C) by using the precursor of WCl6 dissolved in different alcohols like ethanol, butanol, and hexanol named as E-WOx, B-WOx, and H-WOx. The PSCs produced by using the hexanol solvent and mixed perovskite have resulted in the best performance with a higher PCE of 20.77%, less charge recombination sites, and higher carrier mobility than the film produced by using other solvents.
TABLE 5 | Performance of WOx-based PSCs.
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Indium oxide (In2O3), having a wide band gap (∼3.75 eV) and a high carrier mobility (∼20 cm2 V−1 s −1), is also a promising alternative to TiO2 (Korotcenkov et al., 2005), (Lau et al., 2015). It also shows high transparency and good thermal stability. The performance of some In2O3 ETL based PSCs have been summarized in Table 6. In 2016, Qin et al. (2016) optimized the precursor (In(NO3)3· 4.5H2O+ ethanol) concentration and the annealing temperature (200 °C) of the solution-processed film of In2O3 for the MAPbI3-based PSCs. The PSCs with only In2O3 as an ETL have exceeded a PCE of 13%, and when it was used in combination with PCBM as other ETL, the cell yielded a best PCE of 14.83%. Chen et al. (2017) had also used the spin coating method to prepare the film of In2O3 for the PSCs, but the precursor of [In(NO3)3·4.5H2O+ ethanol] has been modified by adding acetylacetone to chelate In3+ and stabilize the precursor, which yielded the PCE of the cell (ITO/In2O3/MAPbI3/Spiro-OMeTAD/Ag) to be 15.3%. This modified precursor film of In2O3 has strongly quenched the photoluminescence (PL) emission peak intensity of perovskite, which indicates the efficient extraction of the carriers (i.e., the electrons) from the perovskite material. Guo et al. (2019b) used the fuel combustion method to prepare the precursor for spin coating the film of In2O3, and these films resulted in an electron mobility of 0.65 cm2V−1s -1, and after modification with PCBM, the device having a structure of ITO/In2O3/PCBM/mixed perovskite/Spiro-OMeTAD/Ag resulted in the best PCE of 18.12%. Yang et al. (2021b) had demonstrated a gradient potential structure for the ETL by using the bilayer of pristine In2O3 and Sn-doped In2O3. This bilayer provided a gradient potential to the charge carrier, which enhanced the charge separation, extraction, and suppressed the charge recombination. This, as a result, enhanced the Voc of the device (1.05 V for pristine In2O3 to 1.10 V for the bilayer), leading to a device efficiency of 20.65% in the ITO/NiOx/perovskite/Sn: In2O3/In2O3/Ag structure.
TABLE 6 | Performance of In2O3-based PSCs.
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Having a wide optical band gap (∼4.1-eV), high transmission, higher carrier mobility, and a suitable conduction band energy level, Nb2O5 has also been investigated as an ETL and hole-blocking layer in PSCs (Yokoyama et al., 2020). The performance of some NbOx ETL based PSCs have been summarized in Table 7. Kogo et al. (2015) had studied solution-processed Nb2O5 as the hole-blocking layer in mesoporous Al2O3-based PSCs. The cells show a VOC up to 1.13 V, but the average PCE remains at only 8.8%. In this study, niobium ethoxide was used as a precursor to spin coat the film of niobium oxide. Zhang et al. (2018) investigated the different precursors like NbCl5 in ethanol and niobium ethoxide in isopropanol and in ethanol to prepare the amorphous NbOx film for PSCs, which was treated with UV-ozone without any further annealing. It has been found that it is too obstinate to remove many counter ions and solvent molecules like the chloride ion, which have a strong ionic interaction with Nb5+ and the IPA molecule by UVO treatment only. These impurities show an impact on the electrical properties like conductivity, carrier mobility, and defect concentration of the film, which further reduce the photovoltaic performance of the device. Furthermore, the ethanol molecules have a shorter molecular length, and the C2H5O− anion has a weak interaction with the Nb5+ ion. So, these can easily be escaped from the film by UV treatment only. This is why niobium ethoxide and ethanol are suitable precursors to prepare the film of amorphous NbOx. The NbOx film annealed at 500 °C has also been investigated, and it showed that high-temperature post-treatment is not required to achieve the high efficiency. The UVO-treated amorphous NbOx ETL-based PSCs with a FTO/NbOx/mixed perovskite/spiro-OMeTAD/Ag structure have shown the best PCE of 19.09%. Furthermore, the amorphous NbOx ETL-based PSCs showed resistance against UV light because of the large band gap (∼4.0 eV) of NbOx, thus leading to enhancement of the stability of these PSCs. Wang et al. (2019b) had used the colloidal Nb2O5 solution to prepare the spin-coated film of Nb2O5 at low temperature (150 °C) for PSCs having an FTO/Nb2O5/mixed perovskite/spiro-OMeTAD/Au structure. The device displayed good stability, and the highest PCE of 20.22% and also a higher VOC of 1.19 V.
TABLE 7 | Performance of NbOx-based PSCs.
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Cerium oxide (CeOx) is a rare-earth oxide that has a wide band gap (∼3.5 eV), high ionic conductivity, large dielectric constant, and high thermal and chemical stability (Wang et al., 2017b). The performance of some CeOx ETL based PSCs have been summarized in Table 8. In 2017, Wang et al. (2017b) investigated a low temperature (∼150 °C) and sol–gel-processable CeOx films as an ETL in PSCs having an FTO/CeOx/MAPbI3/spiro-OMeTAD/Ag structure. These solar cells show a best PCE of 14.32% with better stability than the devices with TiO2 as the ETL, and when in addition to CeOx, a PC61BM layer was introduced in PSCs; the PCE was improved to 17.04%. The introduction of PC61BM has improved the charge extraction and the transmittance of the ETL and hence the device performance. The HOMO and LUMO energy levels of CeOx were found to be −7.5 and −4.0, respectively, by this group, which is suitable for electron extraction and transportation, as well as blocking of holes in PSCs.
TABLE 8 | Performance of CeOx-based PSCs.
[image: Table 8]Hu et al. (2018) had investigated CeOx as an ETL in the inverted structure (ITO/NiOx/Perovskite/CeOx/Ag) PSCs. They prepared the CeOx film via solution process with the cerium (III) acetylacetonate hydrate as a precursor, followed by low-temperature (100 °C) annealing, and the devices based on these showed the best PCE of 17.1%. In a nitrogen environment, the devices based on CeOx retained more than 90% of their performance after 200 h, which was greater than their PCBM-based counterparts, in which 80% was retained after 160 h. This is because the CeOx film resists the pinhole formation from the Ag electrode side, which isolates the perovskite film, and its degradation gets slow. Fang et al. (2018) had opted for a precursor of CeOx nanocrystals in chlorobenzene to fabricate high-quality nanocrystalline films of CeOx, which showed highly compact, pin-hole-free morphology and comparatively higher conductivity (∼10−4 S cm-1). This method has been used in fabricating the devices having the inverted device structure, i.e., FTO/NiMgLiO/MAPbI3/CeOx/Ag, which showed a best PCE of 16.65%. When a PC61BM layer has been introduced in addition to the CeOx film, the best cell PCE improved to 18.69%. Pang et al. (2020) had demonstrated the low-temperature (80 °C) and UV-O3 treated CeOx film in flexible PSCs having a PEN/ITO/CeOx/MAPbI3/spiro-OMeTAD/Au structure, which resulted in the best PCE of 14.63%.
4 CONCLUSION AND OUTLOOK
In summary, we have provided a focused review of the different solution-processable metal oxide-based ETLs for PSCs. In metal oxides, TiO2 has largely been investigated as an ETL material, but the necessity of a high temperature for film growth and crystallization, which leads to superior performance of the corresponding PSCs, hampers the development of flexible photovoltaic devices. For these, other materials like ZnO and SnO2 have been investigated by researchers as an alternative to TiO2. ZnO-based PSCs show lower stability because of the degradation of the perovskite material due to the existence of the hydroxyl (-OH) group on the ZnO surface. In addition, SnO2 has emerged as a suitable low-temperature-processable ETL that has excellent optoelectronic properties, and the SnO2 ETL-based PSCs achieved a remarkable PCE of ∼25.5%. In addition to these, other metal oxides such as CeOx, NbOx, InOx, and WOx have also been investigated as a solution-processable ETL in PSCs. These have shown many favorable improvements relating to the efficiency and stability of the PSCs, but these have not been investigated largely by the photovoltaic research community. These can also emerge as the facile ETL for PSCs in the future when these will be investigated as ETLs in the PSCs largely, and more attention will be given to engineering the optoelectronic properties of these in favor of the emergence of excellent ETLs for PSCs.
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pentanedionate hydrate | PC,,BM/CeO,/Ag (2018)
Spin coating Cerium (1) ITO/NIO,/CsPbIBry/ 100 °C 101 876 063 | 560 2019 | Yangetal.
acetylacetonate hydrate = CeO,/Ag (2019)
Spin coating CeO, colloidal solution | PEN/ITO/CeO,/ 80°C 099 1942 076 | 1463 | 2020 | Pangetal.
MAPbI,/spiro- (2020)

OMeTAD/Au
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Spin coating Niobium ethoxide FTO/Nb,04/m-Al,0,/ 500°C Ll 117+ | 067+ 88+ | 2015 | Kogoetal
CH;NH;Pbl, ,Cly/spiro- 0.02 11 005 15 (2015)
OMeTAD/Au

Spin coating Niobium ethoxide FTO/NbO,/Cso 05 RT. 112 242 | 076 1909 | 2018 Zhang etal.
[(FAPDL)ys5 (2018)
(MAPbBr3)o,15]o.05/spiro-
OMeTAD/Ag

Spin coating Niobium ethoxide FTO/Nb,05/mixed 550 °C 102 239 073 182 2018 Shenetal.
perovskite/spiro- (2018)
OMeTAD/Au

Spin coating Niobium oxalate powder | FTO/Nb,Os/ 200°C 102 28 | 074 1717 2018 | Guoetal.
CH3NH;Pbl;_Cl,/Spiro- (2018)
OMeTAD/Au

Spin coating Niobium(V) chloride FTO/Nb,O5/ 500°C 102 2163 | 068 1482 2018 | Guetal
CH,NH,Pbl,_,Cl,/Spiro- (2018)
OMeTAD/Ag

Spin coating. Nb,0; colloidal solution FTO/Nb,Os/mixed 150 °C L19 2163 0.78 2022 2019 | Wangetal
perovskite/spiro- (2019b)
OMeTAD/Au

Spin coating Nanosheets of Nb,Og in | ITO/NiO,/CsPbl,Br/ - 106 1413 078 1174 | 2019 Hanetal

ethanol Nb,Os/PCei BM/ (2019)

BPhen/Ag

Spin coating Nb(C,H;0)5 and FTO/Zn:Nb,O5/MAPbI,/ | 200 ‘C 112 255 | 070 1770 2019 Yeetal

Zn(NO;)»6H;0 (for spiro-OMeTAD/Ag (2020)

doping) + NH,NO +
acetylacetone in 2-
methoxyethanol
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Spray pyrolysis | Butyl-(tin FTO/Sn0,/m-$n0,/MAPbI/spiro- 500 °C 093 1738 | 062 | 1018 | 2015 | Lietal (2015)
chloride) and $n0O, = OMeTAD/Au
nanoparticles
Spin coating $n0, ITO/SnO,/MAPbI/spiro-OMeTAD/Ag | 200 °C 108 195 062 | 130 | 2015 | Songetal.
nanoparticles in (2015)
butanol
Spin coating SnCl,2H,0 + FTO/SnO,/MAPbIy/spiro-OMeTAD/Au | 180 °C L1 2327 067 1721 2015 | Keetal (2015)
Ethanol
Spin coating $nCL2H,0 FTO/SnO,/mixed perovskite/spiro- 180 °C 117 2259 | 075 208 2016 | Anarakietal
+CBD OMeTAD/Au (2016)
Spin coating SnCl, + NH,NO; | ITO/SnO,/MAPbIy/spiro-OMeTAD/Ag 140 °C 108 1901 | 063 1293 2016 | Liuetal (2016)
+ urea + acetyl
acetone in 2-
methoxyethanol
Spin coating Butyltin trichloride | AZO/SnO,/m-SnO, /perovskite/spiro- | 450 °C 098 211 098 | 131 | 2016 | Rooseetal.
for SnO; and OMeTAD/Au (2016)
SnCly5H,O for
m-$n0,
Spin coating Sl FTO/SnO,/MAPbI/CuSCN/Au 200°C 096 | 1899 | 045 838 2017 | Murugadoss
et al. (2016)
Chemical bath S$nCl5H,0 in2- | FTO/SnO/mixed perovskite/SWNT + | 180 °C 114 2207 | 075 189 2017 | Habisreutinger
deposition propanol spiro-OMeTAD/Ag etal. (2017)
Spin coating $n0, ITO/SnO/mixed perovskite/spiro- 150 °C 112 2386 | 080 2164 | 2017 | Jiangetal.
nanoparticles OMeTAD/Au (2017)
Spin coating $nCL2H,0 FTO/Sn0,/CH;NH,Pbl, ,Cl,/Spiro- 70°C 107 2195 | 069 | 1621 | 2017 | Huangetal.
OMeTAD/Ag (2017b)
Chemical bath SnCl5H,0 ITO/SnO/MAPbI/Spiro-OMETAD/Ag | 55 °C 105 213 066 | 148 | 2017 | Barbé etal.
deposition (2017)
Spin coating SnCly2H,0 + FTO/Sn0,/MAPbI/carbon/Au 180 °C 103 1950 064 | 1420 | 2018 | Linetal.(2018)
Ethanol
Spin coating SnCl,2H,0+ FTO/SnO,/mixed perovskite/spiro- 200 °C 113 2305 | 079 2079 | 2018 | Yangetal
CN;H,S in water ~ OMeTAD/Au (2018)
Spin coating $n0, colloidal FTO/SnO,/MAPbIy/spiro-OMeTAD/Au | 150 °C 108 204 076 | 194 | 2019 | Méndez et al.
solution (2019)
Spin coating $nCl2H,0 FTO/SnO,/mixed perovskite/spiro- 50 °C 116 224 078 | 205 | 2019 | Dongetal
OMeTAD/Au (2019)
Spin coating Colloidal $n0, +  FTO/m-$nO,/mixed perovskite/spiro- | 180 °C 110 2456 | 077 2082 | 2020 | Wangetal
polyethylene glycol =~ OMeTAD/Au (20202)
Spin coating 0, quantum ITO/SnO,/MAPbI/Spiro-OMeTAD/Ag | 200 ‘C 108 2185 | 074 1766 2020 | Wangetal
dots. (2020b)
Spin coating S$nCl,2H,0 and | ITO/a-SnO,/c-$nOy/mixed perovskite/ 190 °C 1125 2326 077 | 2039 | 2020 | Leeetal. (2020)
$n0, Spiro-OMeTAD/Ag
nanoparticles
Spin coating Colloidal $n0, +  ITO/SnO,/mixed perovskite/spiro- 185 °C 116 2422 078 2215 | 2021 | Wangetal
H;0; in water OMeTAD/Au (2021)
Spin coating SnCl,2H,0 in FTO/SnO,/ 200°C 117 233 071 | 195 | 2021 | Lietal (2021)
isopropanol Cs05(FAo 35 MAo 17)ass(losBro 1)y
Spiro-OMeTAD/Au
Spin coating. $nO, QDs FTO/SnO,/MAPbI,/Spiro-OMeTAD/Ag | - 114 2338 0.76 20.24 2021 Xu et al. (2021)
Spin coating Colloidal $n0, ITO/SnO,/FAPbL,/Spiro-OMeTAD/ 150 °C L4 2524 081 2331 | 2021 | Xiongetal
MoO3/Ag (2021)
Chemical bath SnCl,2H,0 FTO/SnO,/mixed perovskite/spiro- 170 °C L18 25.14 0.84 252 2021 Yoo et al.
deposition OMeTAD/Au (2021)
Spin coating Tin(IV) FTO/SnO,/FAPDIy/spiro-OMeTAD/Au | 190 °C 118 2574 | 083 255 2021 | Minetal
isopropoxide and (2021)
SnCl,
Spray deposition | Colloidal $n0, FTO/$nO,/mixed perovskite/spiro- 150 °C L1 2283 079 2008 | 2022 | Kumaretal
OMeTAD/Au (2022)
Spin coating Colloidal $n0, FTO/SnO,/MAPbI,/Spiro-OMeTAD/Ag | RIT. 115 2308 | 7881 2088 2022 | Xuetal (2022)
Spin coating Colloidal $nO, + | FTO/SnO,/ 120°C - - - 2 2023 | Giletal (2023)

SnCL2H,0 +
NH,CI

C50.05(FA055MA0.17)0.95Pb(lo3Bro.17)3/
Spiro-OMeTAD/Au
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Electro-deposition | Zn(NO,);6H,0 FTO/Zn0O/ZnO nanorod 90 °C 102 1698 051 890 | 2013  Kumaretal
+CBD MAPbI/spiro- (2013)
OMeTAD/Au
Spin coating ZnO nanorod colloidal FTO/ZnO/MAPbly/spiro- | 400 °C 068 | 127 058 52 2013 | Bietal (2013)
solution OMeTAD/Ag
Spin coating ZnO nanoparticle solution | ITO/ZnO/MAPbL/spiro- | RT. 103 204 075 | 157 | 2014 | Liuand Kelly
OMeTAD/Ag (2014)
Spin coating Zn(CH,C00),2H,0 and | FTO/ZnO/ZnO nanorod 450 °C 099 | 2008 056 1113 | 2014  Sonetal (2014)
ZnO nanorod solution MAPbL/spiro-
OMeTAD/Au
Spin coating Zn(CH,C00),2H,0+ ITO/ZnO/MAPbI,/PTB7- | 290 °C 086 | 1431 068 837 | 2014  Kimetal (2014)
ethanolamine in 2- Th/MoO,/Ag
methoxyethanol
Spin coating + Zn(CH,C00),2H,0 FTO/ZnO/m-ZnO MAPbl,/ = 350 °C 101 160 067 | 108 | 2014 | Mahmood et al
electrospray spiro-OMeTAD/Ag (2014a)
Spin coating + Zn(CH;C00),2H,0 FTO/ZnO/ZnO nanorod/ | 350 °C 092 | 180 062 | 1035 | 2014 | Mahmood et al.
hydrothermal MAPbI/spiro- (2014b)
method OMeTAD/Ag
Spin coating ZnO nanoparticle solution | ITO/ZnO/MAPbI3/ RT. 098 | 174 067 | 114 | 2015 | Yangetal
P3HT/Ag (2015)
Spray ZnO nanoparticle solution | FTO/ZnO/MAPDL/Cul/Au 150 °C 055 | 1421 044 347 | 2016  Zhuetal(2016)
Spin coating Zn(CH,C00),2H,0+ ITO/ZnO/MAPbI3/ 140 °C 093 | 1499 062 877 | 2017 | Mahmud etal
ethanolamine in 2- P3HT/Ag (2017)
methoxyethanol
Spin coating Zn(CH,C00),2H,0 ITO/ZnO/CsPbBr,1/Spiro- 150 °C 104 878 052 | 48 2018 | Aamir etal.
OMeTAD/Ag (2018)
Spin coating Anhydrous zinc acetate + | ITO/ZnO/MAPb/spiro- 125°C o 192 059 | 115 | 2020 | Liuet al (2020)
poly-ethylene glycol OMeTAD/Ag
Spin coating Zn(CH;CO0);2H,0+ FTO/ZnO/MAPbly/spiro- | 140 °C 075 199 068 1039 | 2020 | Ahmadietal.
‘methanol amine in 2- OMeTAD/Ag (2020)
methoxyethanol
Slot die coating Zn(CH,C00),2H,0+ FTO/ZnO/Csg17FAgs5Pb 180 °C 096 | 1553 073 1081 | 2021  Khambunkoed
ethanolamine in 2- (To3Bro.17)s/Spiro- etal. (2021)
methoxyethanol OMeTAD/carbon
Spin coating ZnO nanoparticles FTO/ZnO/ 120°C 116 | 2288 079 2115 | 2021 | Lengetal
(EAPDI3)g o(CsPbBrs)o 1/ (2021)
Spiro-OMeTAD/Ag
Spin coating ZnO QDs FTO/ZnO/triple cation 150 °C 1129 2293 077 | 2005 | 2022 | Chavanetal.
perovskite/PTAA/Au (2022)
Spin coating + ZnO QDs and FTO/ZnO QDs/ZnO NRs/ | 350 °C 101 1904 064 1069 | 2022 Jarwaletal.
hydrothermal Zn(NO5);.6H:0 MAPbIy/PTAA/Ag (2022)
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Deposition Precursor Device structure Annealing FF. PCE Year Reference

technique temperature (%)

Spin coating + | Titanium FTO/TiO,/m-TiO,/MAPbI/spiro- 550 °C 088 170 | 062 97 2012 | Kim etal.

Doctor blade diisopropoxide OMeTAD/Au (2012)

method bis(acetylacetonate)
and TiO, paste

Spray pyrolysis | Titanium FTO/TiO,/m-AlL, O/ MAPbLClispiro- | 550 ‘C 098 178 | 063 109 | 2012 | Leeetal.(2012)
diisopropoxide OMeTAD/Ag
bis(acetylacetonate)

Spin coating + | Titanium (IV) FTO/TiO,/TiO, nanorods/MAPbLy/ | 550 °C 095 156 063 94 2013 | Kim etal.

hydro thermal n-butoxide spiro-OMeTAD/Au (2013a)

Spin coating + | Tetrabutyl titanate | FTO/TiO,/TiO, nanowire array/ 550 °C 082 | 1012 | 059 | 487 | 2013 | Quetal

hydro thermal CH,NH,PbIBr/spiro-OMeTAD/Au (2013)

Spin coating Titanium FTO/TiO,/MAPbL, ,Cl,/spiro- 500 °C 107 | 215 067 154 | 2013 | Liuetal (2013)
isopropoxide OMeTAD/Ag

Spin coating Titanium FTO/TiO,/m-ALO,/CH,NH,Pbl, 500°C 102 178 | 066 118 | 2013 | Docampo et al.
isopropoxide Cl/spiro-OMeTAD/Ag (2013)

Spin coating Titanium FTO/PEDOT:PSS/CHNH3Pbl3Cl/ | 130 °C 094 158 | 066 98 2013 | Docampo et al.
isopropoxide PCyBM/TIO,/Al (2013)

Spin coating Titanium PET/ITO/PEDOT: PSS/CH;NH,PbL,. | 130 °C 088 | 144 | 051 | 64 2013 | Docampo et al.
isopropoxide CL/PCoBMITIO /AL (2013)

Spin coating + | Ti(IV) bis (ethyl FTO/c-TiO,/m-TiO,/MAPbl,/spiro- | 450 °C 090 181 048 78 2013 | Kim etal.

Doctor blade acetoacetate) OMeTAD/Au (2013b)
diisopropoxide

Spray pyrolysis | Titanium FTO/c-TiO,/m-TiO/MAPbly/spiro- | 550 'C 063 | 145 053 | 485 | 2014 | ltoetal (2014)

and screen diisopropoxide OMeTAD/Au

printing bis(acetylacetonate)

and TiO; paste

Spin coating TiO, nanoparticles  FTO/TiOy/m-ALOy/MAPbI; (Cl/ 150 °C 105 | 200 072 | 153 | 2014 | Wojciechowski

and titanium di spiro-OMeTAD/Ag et al. (2014)
isopropoxide
bis(acetylacetonate)

Spin coating Ticl, FTO/TiO,/m-TiO,/MAPbI/spiro- 450 °C 105 198 | 064 137 | 2014 | Yellaetal

OMeTAD/Au (2014)

Spin coating TiO, nanoparticle ITO/TiO,/CH,NH,Pbl, ,CL/P3HT/Ag | 135 °C 093 | 210 | 069 136 2014 | Coningsetal
dispersion (2014)

Spin coating Titanium FTO/TiO,/m-TiO,/MAPbI/spiro- 500°C 107 174 | 074 | 139 | 2014 | Kimand Park
diisopropoxide OMeTAD/Au (2014)
bis(acetylacetonate)

and TiO, paste

Spray pyrolysis | Titanium bis(acetyl  FTO/TiO,/m-TiO»/MAPbly/spiro- 500 °C 087 | 1737 | 058 876 | 2014 | Wuetal

acetonate) and TiO; | OMeTAD/Au (2014)
paste.
Spray pyrolysis | Titanium bis(acetyl | FTO/TiO,/m-TiO,/MAPbL,/ 500°C 197 101 | 062 | 124 | 2014 | Qinetal
and Spin coating | acetonate) and TiO, | CuSCN/Au (2014)
paste
Spray pyrolysis | Diisopropoxide FTO/TIO,/TiO, nanosheets/m-ZO,/ | 500 ‘C 086 | 201 061 | 1064 | 2014 | Rongetal.
and screen titanium MAPbI/carbon (2014)
printing bis(acetylacetonate)

and TiO, nanosheets

Spin coating Titanium di FTO/TiO,/m-TiO,/MAPbly/spiro- 500 °C 105 | 2164 | 074 | 1701 | 2014 | Imetal (2014)
isopropoxide OMeTAD/Au
bis(acetylacetonate)

and TiO, paste

Spin coating Titanium di FTO/TiO,/m-TiO»/MAPbly/spiro- 550 °C 102 | 2002 | 076 | 1446 | 2014 | Leeetal.(2014)

isopropoxide OMeTAD/Au
bis(acetylacetonate)

and TiO; paste

Spray coating TiO, nanoparticles in | FTO/TiO,/MAPbI,/spiro- - 092 | 2276 067 | 1430 | 2017 | Huangetal

isopropanol OMeTAD/Ag (20172)
Chemical bath | TiCl, FTO/TIO,/MAPbI/spiro- 100°C 101 | 2006 | 063 | 1262 | 2017 | Liang etal.
deposition OMeTAD/Au (2017)
Spin coating Titanium di FTO/TiO,/m-TiO,/MAPbly/spiro- 500 °C 106 | 2203 | 075 | 1751 | 2017 | Jeongetal.
isopropoxide OMeTAD/Au (2017)
bis(acetylacetonate)

and TiO, paste

Chemical bath TiCl FTO/nanoflower TiO,/MAPbL/spiro- 500 ‘C 109 | 243 072 | 191 2020 | Luetal. (2020)

deposition OMeTAD/Ag
Spin coating TiCly PEN/ITO/TiO»/MAPbl/spiro- 150 °C LIl 2232 0656 1611 | 2021 | Yangetal
OMeTAD/Au (20212)

Spin coating + | Titanium FTO/TIO,/TiO; nanorods + 500 °C 1048 | 2250 | 059 | 1414 | 2021 | Nguyen etal.

hydrothermal diisopropoxide nanoparticles/MAPbL,/CuSCN/Au (2022)

method bis(acetylacetonate)

+ TiO; nanorods/
nanoparticles
Spin coating Ticl, FTO/TiO,/m-TiO,/(EAPbL,)g 45 500°C 110 | 2372 064 1681 | 2022 | Hanetal
(MAPbBr;)y,5/Spiro-OMeTAD/Au (2022)

Bar coating Titanium di FTO/TiO,/m-TiO»/MAPbIy/spiro- 500°C 09 233 | 057 121 | 2022 | Mandatietal.
isopropoxide OMeTAD/Au (2022)
bis(acetyl acetonate)

Aerosol spray Titanium di FTO/TIO,/ 450°C 108 | 2312 | 076 | 1921 | 2022 | Culuetal.

pyrolysis isopropoxide bis- Cs0.05(FA055MA0,15)0.95Pb(lo.55Bro.15)s/ (2022)
(acetylacetonate) PCBM/Au

Spin coating Titanium butoxide | FTO/TiO,/He-TiO,/MAPbI,/spiro- 500 °C 115 2070 | 077 | 2085 | 2023 | Baoetal

(OMEeTAD/MoO,/Ag (2023)
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Advantage
High optical transparency

High band gap

High electron mobility
Wider band gap

High electron mobility

Wider band gap

High transparency

Deeper conduction band minimum
Low-temperature annealing for growth
Small hysteresis

Stable in harsh and corrosive environments, high
electron mobility (10-20 cm®/V-sec)

Wide optical band gap (~4.1-¢V)
High transmission

Suitable conduction band energy level

sadvantage

Low electron mobility

Needs high annealing temperature

Presence of the -OH group on the surface leads to

 perovskite degradation

Low crystallinity at low-temperature growth and
the presence of cracks in high-temperature growth

Corresponding PSCs are more sensitive to the
ambient atmosphere

Low electron mobility

Reference

Jung and Park (2015)

Seo et al. (2005)

Green et al. (2014)
Sun et al. (2011)
Yang et al. (2015)

Wang et al. (2020a)

Zhu et al. (2019)

Gheno et al. (2017)

Zhou et al. (2020)

In,05

Wide band gap (~3.75 eV)

Low-temperature-processable

High electron mobility (20 cm?/V-sec)

Wide band gap

High ionic conductivity

High thermal and chemical stability

Poor surface coverage of the film

Low electron mobility (~0.01 cm?/V-sec)

Lau et al. (2015); Korotcenkov et al. (2005)

Suzuki et al. (2004), Orel and Orel (1994),
GarcAa-SAjnchez et al. (2010)

Zhou et al. (2020)






OPS/images/cover.jpg
& frontiers | Frontiers in Electronic Materials






OPS/images/femat-03-1174159-g001.gif
Bost Resoarch.Cell Effciencies






OPS/images/femat-03-1174159-g002.gif





