

[image: image1]
High-Performance Perovskite Solar Cells Based on Low-Temperature Processed Electron Extraction Layer









	
	MINI REVIEW
published: 12 April 2019
doi: 10.3389/fmats.2019.00057





[image: image2]

High-Performance Perovskite Solar Cells Based on Low-Temperature Processed Electron Extraction Layer


Shun-Hsiang Chan1, Yin-Hsuan Chang1 and Ming-Chung Wu1,2,3*


1Department of Chemical and Materials Engineering, Chang Gung University, Taoyuan, Taiwan

2Green Technology Research Center, Chang Gung University, Taoyuan, Taiwan

3Division of Neonatology, Department of Pediatrics, Chang Gung Memorial Hospital, Taoyuan, Taiwan

Edited by:
Liming Dai, Case Western Reserve University, United States

Reviewed by:
Lola González-García, Leibniz Institut für Neue Materialien (LG), Germany
 Josep Albero, Instituto de Tecnología Química (ITQ), Spain

*Correspondence: Ming-Chung Wu, mingchungwu@cgu.edu.tw

Specialty section: This article was submitted to Translational Materials Science, a section of the journal Frontiers in Materials

Received: 06 December 2018
 Accepted: 20 March 2019
 Published: 12 April 2019

Citation: Chan S-H, Chang Y-H and Wu M-C (2019) High-Performance Perovskite Solar Cells Based on Low-Temperature Processed Electron Extraction Layer. Front. Mater. 6:57. doi: 10.3389/fmats.2019.00057



Organic-inorganic perovskite solar cells (PSCs) is considered one of the most promising energy harvesting technologies due to its high power conversion efficiency (PCE). The T. Miyasaka group first reported the methylammonium lead halide (CH3NH3PbX3) as a light absorber of dye-sensitized solar cells with a PCE of 3.8% in 2009. Over the past decade, many research groups have been dedicated to constructing high-performance PSCs and have obtained fantastic progress. Before commercialization, many issues have to be overcome. To extend the application of PSCs, flexible PSCs are seen as the preferred choice. However, the conventional process requires high-temperature procedures that are incompatible with the production of flexible PSCs. Here, we specifically focus on the recent developments of the low-temperature process strategies for fabricating high-performance PSCs. This mini-review briefly discusses the development in low-temperature processed metal oxide and carbon-based electron extraction layer (EEL). The approaches for low-temperature solution-processed PSCs are introduced and then the various PSCs with distinctive EEL are discussed. Overall, this mini-review contributes to a better understanding of the low-temperature processed electron extraction layer. Strategies and perspectives are also provided for further high-performance PSCs.
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INTRODUCTION

The issue of energy crisis has received increasing attention in recent years. Researchers from all over the world have been focusing on the development of renewable energy, such as wind, geothermal, biomass, and solar energy, etc. Solar energy is less costly among renewable energy, it is predictable compared with wind energy, and is less site-dependent. Hence, solar energy technology has flourished in recent years. From first-generation poly/monocrystalline silicon solar cell, second-generation thin-film solar cell to third-generation solution-processed solar cell, the manufacturing cost has been significantly reduced. Third-generation solution-processed solar cells include organic photovoltaic (OPV), dye-sensitized solar cell (DSSC), and perovskite solar cell (PSC). Currently, PSC exhibits a power conversion efficiency (PCE) of as high as 23.7% in 2019. The typical perovskite structure is ABX3, where A is a monovalent cation [e.g., methylammonium (MA), formamidinium (FA), cesium (Cs), and rubidium (Rb)], B is a divalent cation [e.g., lead (Pb) and tin (Sn)], and X is a halide [e.g., chlorine (Cl), bromine (Br), and iodine (I)] (Liu et al., 2016; Saliba et al., 2016a,b). Furthermore, the structure is based on A-site cation occupying a cuboctahedral site with BX6 octahedra. The octahedron will connect with each other, and the center of each octahedron is the location of A cation. The PSC structure can be divided into two types, including p-i-n and n-i-p structures (Figures 1A,B). The p-i-n structured PSC is based on the organic solar cells having ITO/p-type material (HTL)/perovskite/n-type material (EEL)/metal electrode (Heo et al., 2015; Fan et al., 2018; Mali et al., 2018). In contrast, n-i-p structured PSC is adopted to construct DSSC with structure FTO/n-type material (EEL)/perovskite/p-type material (HTL)/metal electrode (Chan et al., 2017; Wu et al., 2018a). Many n-type materials, including TiO2, Al2O3, ZnO, ZrO2, and SnO2, are often used as electron extraction layer (EEL) for PSC due to the appropriate energy band alignment with perovskite absorber (Anaraki et al., 2016; Che et al., 2016; Zhang et al., 2017, 2018; Wu et al., 2018a). However, the synthesis of metal oxides often requires high-temperature treatment to increase the crystallinity. Therefore, developing metal oxides for EEL through the low-temperature process is imperative. For the flexible PSC, the processing temperature is usually lower than 150°C. The low-temperature process can effectively reduce production cost and increase the feasibility of mass-production (e.g., roll-to-roll manufacturing) (Dou et al., 2018). The photovoltaic characteristic of PSC based on various EELs prepared by the low-temperature process are shown in Table 1. In this mini-review, we briefly introduce the development of the low-temperature processed metal oxide and carbon-based EEL for state-of-the-art PSC. Moreover, we also compared the PSC made by the high-temperature process to the ones made by the low-temperature process.
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FIGURE 1. Schematic diagram of (A,B) energy level, (C–H) device structure of PSC prepared by low-temperature process.




Table 1. List of state-of-the-art PSC based on EEL prepared by the low-temperature process.
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LOW-TEMPERATURE TiO2 ELECTRON EXTRACTION LAYER

For n-i-p structured perovskite device, TiO2 is often used as EEL due to the chemical stability, low-cost, and high charge transportability (Figure 1C). The minimum conduction band of TiO2 is lower than that of perovskite absorber, so that the electron can be effectively transported from perovskite absorber to TiO2 EEL. Moreover, the maximum valence band of TiO2 is also lower than that of perovskite absorber, resulting in the excellent hole blocking capability (Wu et al., 2016). For the TiO2-based EEL, it can be classified into two types, mesoporous-structured TiO2 layer and TiO2 compact layer (Wu et al., 2018b; Chen et al., 2019). The mesoporous-structured TiO2 layer must be calcined at above 400°C to remove the organic binder (e.g., ethyl cellulose) and form the porous structure (Wu et al., 2018a). However, the high-temperature calcination leads to cost increment and energy consumption, and it is not conducive to the low-temperature process. Therefore, the low-temperature process to prepare the nanostructure TiO2 layer has been regarded as a breakthrough. The low-temperature processed TiO2 as the EEL of PSC can be prepared by pulsed laser deposition. A laser beam was used to sublime a TiO2 target. Subsequently, the sublimed TiO2 films were deposited onto an ITO substrate at 300°C. The hierarchical TiO2 nanostructures can effectively increase the contact area with perovskite absorber. Therefore, the interface between hierarchical TiO2 EEL/perovskite absorber exhibits high electron-hole pair separation and electron extraction behavior. The PSC based on hierarchical TiO2 EEL has demonstrated a PCE of 14.1% (Yang et al., 2016).

The low-temperature processed 3D flower-like TiO2 array is also an alternative EEL for high-performance PSC. The TiO2 array layer was deposited on an FTO substrate by chemical bath deposition method. In this process, the FTO glass was immersed in an 80°C TiCl3/HCl solution for 4 to 10 h in a furnace. Subsequently, the TiO2 array layer was washed and dried at 100°C for 2 h. The light-harvesting efficiency of the perovskite-coated TiO2 array increases with increasing chemical bath deposition reaction time of the 3D flower-like TiO2 array EEL. This is beneficial for obtaining a full coverage of the perovskite absorber layer. The flower-like TiO2 nanorods is anatase phase, and it shows the high light-harvesting and low recombination rate. The PSCs based on flower-like TiO2 nanorods EEL has shown a PCE of 15.7% with high reproducibility and less hysteresis (Supplementary Figure 1A) (Chen et al., 2016).

The pin-hole free compact TiO2 can be coated on FTO substrate with high coverage by the vacuum electron beam evaporation technique. For the mesoporous TiO2 layer, it was fabricated by spin-coating method, followed by a UV treatment for 200 min. UV irradiation is used to remove the organic binders to form mesoporous scaffold. This work uses a full low-temperature process to prepare compact TiO2 and mesoporous TiO2 layer. For J-V curve measurement, the champion device reached a stabilized efficiency of 18.2% under AM 1.5G solar simulator light (Supplementary Figure 1A). This research has carried all requirements for high-efficiency perovskite/silicon tandem cell with the full low-temperature process (Schulze et al., 2017).

The planar PSC fabricated by the low-temperature process can reach a PCE >20%. The deep trap states present at the perovskite absorber/EEL interface can hinder the photovoltaic performance. Many literatures have indicated that passivating the perovskite absorber/EEL interface can efficiently suppress deep trap states. Chlorine-capped TiO2 EEL is able to reduce interface recombination at TiO2/perovskite absorber interface. Chlorine-capped TiO2 nanocrystals was fabricated by the modified non-hydrolytic sol-gel method. The precursor solution was spin-coated on FTO glass, then annealed in 150°C ambient air for 30 min. The chloride added into perovskite absorber can enhance grain boundary passivation in perovskite device. This type of planar PSC has exhibited a high PCE of 20.1% without J-V hysteresis (Supplementary Figure 1A) (Tan et al., 2017).

LOW-TEMPERATURE ZnO ELECTRON EXTRACTION LAYER

ZnO is a low-cost n-type semiconductor having a bandgap of 3.3 eV (Gaspar et al., 2017). ZnO can replace TiO2 as an EEL for PSC due to its higher electron mobility and suitable energy structure. Also, ZnO has a beneficial conduction band position at 4.4 eV, which is lower than LUMO of perovskite absorber. Therefore, ZnO has shown to play a critical role in improving the performance of PSC (Song et al., 2017). Especially, the fabricating temperature of ZnO film as EEL has been reduced to below 150°C (Figure 1D). The sol-gel ZnO was spin coated on ITO substrate, then annealed at 140°C. The optical property, surface morphology, and crystal structure of ZnO film can be tuned by adjusting thickness. The results have shown that the multi-layer ZnO film with high optical transmittance can increase the light absorption in perovskite absorber. After the thickness optimization of ZnO film, ZnO exhibits homogeneous surface morphology for the increment of perovskite crystal growth and suppression of deep trap states at the ZnO film/perovskite absorber interface. The PCE of PSC with ZnO film has reached 8.8% (Supplementary Figure 1B) (Mahmud et al., 2017).

To reduce the surface defects of the ZnO, chemical alkali-metal (Li, Na, and K) doping method has been adopted to passivate surface defect resulting in electron mobility enhancement and in raising the Fermi level. Doping metal ion into the semiconductor has been regarded as an effective strategy for electronic structure change. The alkali-metal doped ZnO EEL was prepared by dipping ZnO films into various 100°C alkali-metal hydroxide solutions for 10 min. Successfully doping alkali-metal ion into the low-temperature processed ZnO can simultaneously passivate surface defects. The performance of PSC with various alkali-metal doped ZnO EEL has shown to be higher than that with non-doped ZnO EEL. The PSC with K-doped ZnO EEL has achieved a PCE of 19.9% without significant J-V hysteresis (Supplementary Figure 1B) (Azmi et al., 2018).

LOW-TEMPERATURE SnO2 ELECTRON EXTRACTION LAYER

J-V hysteresis in n-i-p planar PSC remains a challenge for the advancement of such material. The hysteresis can lead to misjudgment of photovoltaic performance because the forward and reverse scans show different results. Recently, SnO2 has been reported as EEL of perovskite device that could eliminate J-V hysteresis in planar structure PSC due to its large bandgap (3.6 eV), higher electron mobility, optimal band alignment with perovskite absorber, and excellent electron extraction capability (Chen et al., 2018). SnO2 has shown high conductivity without high-temperature calcination treatment, thus beneficial for the preparation of flexible PSC (Figure 1E).

For the band structure of SnO2, it shows a lower conduction band and higher electron mobility compared to TiO2 EEL. Tuning the band alignment between SnO2 and perovskite absorber can facilitate charge transfer from perovskite absorber to SnO2 EEL and reduce charge accumulation. Applying the low-temperature solution-processed SnO2 as EEL can maintain high-performance for PSC. The SnO2 precursor solution was prepared by diluting SnO2 aqueous solution. The precursor solution was spin coated onto ITO substrates, then annealed on a 150°C hot plate for 30 min. SnO2 EEL has been further constructed with the perovskite absorber by introducing an excess PbI2 phase, passivating the traps in perovskite. This has achieved the best PCE of 20.5% without J-V hysteresis (Supplementary Figure 1C) (Jiang et al., 2016).

The low power nitrogen plasma treatment has been used to fabricate the low-temperature processed SnO2 EEL. The SnO2 precursor solution was prepared by dissolving SnCl4.5H2O in IPA followed by continuous stirring for 2 h. The precursor solution was spin coated on rigid FTO or PET-ITO. Then, the samples were treated by low power RF plasma under nitrogen gas flow. Nitrogen plasma induces the initial cleavage of metal alkoxy and hydroxyl groups, resulting in the formation of the Sn-O-Sn framework. The PCE of PSC based on nitrogen plasma threated SnO2 EEL has achieved 20.3% for rigid FTO substrates and 18.1% for flexible PSC (Supplementary Figure 1C) (Subbiah et al., 2018).

Atomic layer deposition is a deposition technique for high-quality film fabrication. Highly transparent amorphous SnO2 was manufactured in atomic layer deposition reactor by low-temperature process (<200°C). The high-quality SnO2 film exhibited high electron mobility (36 cm2/V•s). The PCE of PSC with deposition temperature of 50 and 200°C SnO2 has reached 17.5 and 17.8%, respectively (Kuang et al., 2018).

The PSC modules based on the low-temperature synthesized crystalline SnO2 have been studied. The electron transport resistance of SnO2 and charge recombination at EEL/perovskite absorber interface have been significantly decreased by thermal and UV-ozone treatments. The reported optimal thermal temperature for rigid PSC is 180°C, and can be decreased to 120°C for flexible PSC. The PCE of rigid PSC, flexible PSC, and 5 × 5 cm2 flexible module have achieved 19.4, 16.5, and 12.4%, respectively (Supplementary Figure 1C) (Bu et al., 2018).

OTHER METAL OXIDE ELECTRON EXTRACTION LAYER

Tungsten oxide (WOx) is n-type semiconductors with wide bandgap (2.0–3.0 eV) and high electron mobility (10–20 cm2/V•s). These excellent properties make WOx suitable as an EEL for perovskites photovoltaics. For the preparation of WOx solution, tungsten hexachloride and n-propanol were mixed together, then the WOx solution was spin coated on FTO. The amorphous WOx EEL prepared by low-temperature solution process (150°C) shows higher electrical conductivity compared to TiO2. Moreover, the excited electrons in perovskite absorber have shown to transfer more efficiently from perovskite absorber to WOx EEL. Therefore, the short-circuit current density of PSC with WOx EEL has shown to be higher than that of PSC with TiO2 EEL. The PSC with WOx EEL has shown an average PCE of 9.0% (Supplementary Figure 1D) (Wang et al., 2015).

Niobium oxide (Nb2O5) exhibits high electronic properties and high chemical stability. Therefore, Nb2O5 has also been seen as a candidate material for EEL. The amorphous Nb2O5 was fabricated at room temperature by a facile radio frequency magnetron sputtering technique on a Nb2O5 target in an argon atmosphere. The room-temperature sputtered Nb2O5 was successfully used as the EEL for planar PSC. The amorphous Nb2O5 film is highly transparent under visible region. As a results, the PSC with the amorphous Nb2O5 EEL has exhibited a PCE of 17.2% (Supplementary Figure 1D) (Ling et al., 2017).

Cerium oxide (CeOx) demonstrates wide bandgap, good transparency, large dielectric constant, and high chemical stability. CeOx film was fabricated by sol-gel and spin-coating method at low temperature (150°C). The PSCs with CeOx film showed high performance and high stability. Then the PCE of PSC with CeOx film increased from 14.32 to 17.04% by [6,6]-phenyl C61 butyric acid methyl ester (PCBM) insertion (Supplementary Figure 1D) (Wang et al., 2017b).

FULLERENE COMPOUNDS ELECTRON EXTRACTION LAYER

The p-i-n structured PSC usually shows no hysteresis and is easier to prepare a flexible device. The p-i-n structured PSC has used [6,6]-phenyl C61 butyric acid methyl ester (PCBM) (Supplementary Figure 2A) (Figure 1F) and C60 (Figure 1G) as n-type EEL owing to its high electron mobility (Kuang et al., 2015). In order to further improve the PCE of the p-i-n structured PSC, the perovskite/PCBM heterojunction solar cell can be fabricated by a solvent engineering method (Figure 1H). The perovskite precursor solution contained PbI2, PbCl2, and CH3NH3I in DMSO/GBL solvent. PCBM solution was dissolved in chlorobenzene with various concentrations. After the perovskite precursor solution was spin coated on the substrate, the PCBM solution was injected on the perovskite film. The perovskite/PCBM films were annealed at 100°C for 20 min. The perovskite/PCBM heterojunction can improve the perovskite absorber quality and can increase charge extraction. Notably, adding PCBM during the baking procedure for perovskite absorber can form two separated EELs simultaneously, which effectively reduces the processing time. The champion device has exhibited a PCE of 17.8%, which is higher than that of the reference device (13.7%) (Zhou et al., 2018).

On the other hand, owing to the poor solubility of PCBM in DMF solvents, PCBM modification by fluorination can increase the solubility in the perovskite precursor. For the perovskite/fluorinated PCBM precursor solution, the fluorinated PCBM was directly added into the perovskite precursor solution. The perovskite/fluorinated PCBM precursor solution was spin coated on PEDOT:PSS film. The perovskite/fluorinated PCBM film was annealed at 100°C for 3 min to form the bulk heterojunction active layer. The fluorinated PCBM has shown to reduce the surface defects and to enhance the current density of PSC. The bulk heterojunction device with fluorinated PCBM has achieved a PCE of 16.2% with long-term stability (Supplementary Figure 2B) (Chang et al., 2018).

In order to enhance the fill factor of PSC, the perovskite-PCBM bulk heterojunction PSC has been fabricated by a low-temperature two-step spin-coating method. PCBM has been used as an acceptor to fill the vacancies and grain boundaries of the perovskite absorber. The product has demonstrated high current density, high fill factor, and high PCE because of high conductivity, high mobility, and long diffusion length of charge carriers. The bulk heterojunction PSC has achieved a PCE of 16.0%, fill factor of 82%, and without J-V hysteresis (Chiang and Wu, 2016).

Although fullerene compounds have been commonly used in p-i-n structured PSC, C60 has also been used as an EEL for p-i-n structured PSC recently. The C60 EEL with various thickness was deposited by vapor deposition in the evaporation chamber. Fluorescence microscopy and impedance spectroscopy have been used to investigate electron extraction behavior. The role of the C60 EEL can support electron extraction and collection. The PCE of PSC with 1 nm C60 EEL has achieved 18.0%. J-V hysteresis has also been significantly eliminated due to reduced space charge accumulation at the interface (Supplementary Figure 2C) (Liu et al., 2018).

ADVANTAGES AND DISADVANTAGES OF THE DIFFERENT APPROACHES

As mentioned above, most of the EEL is prepared by spin coating method due to easy fabrication, low-cost, and solution process. However, the spin coating method is very difficult when preparing a large-area film as the non-uniform film can directly affect device performance. The advantages of chemical bath deposition are a simple experimental setup and good reproducibility. But chemical bath deposition often requires a large amount of solution. Although evaporation and sputtering technique can produce large-area and uniform film, such methods require high vacuum and expensive equipment. Pulsed laser deposition can deposit many materials with the same composition as the target materials. Nevertheless, the coverage of the films is difficult to control by pulsed laser deposition. Atomic layer deposition can grow different multilayer structures with high sensitivity and precision. However, the disadvantages of atomic layer deposition are a longer process time for film fabrication and expensive setup. This summary also shows that the advantages and disadvantages of various methods should be considered for EEL fabrication.

CURRENT ISSUES AND FUTURE CHALLENGES FOR ELECTRON EXTRACTION LAYER

For the traditional high-temperature process, the EEL exhibits uniform mesoporous structure and high crystallinity. Comparing to the high-temperature process, the low-temperature process shows many fascinating advantages. The photovoltaic performance of PSC with the low-temperature process can still maintain high efficiency due to (1) passivation of the perovskite absorber/EEL interface, (2) high conductivity of EEL, and (3) application of UV or plasma treatment for EEL coalescence. Furthermore, the low-temperature processed EEL has shown to eliminate the hysteresis (Wojciechowski et al., 2014; Hou et al., 2015; Jeong et al., 2016; Tan et al., 2017; Wang et al., 2017a). When selecting EEL, several essential properties should be considered: (1) good electron mobility, (2) wide bandgap, and (3) band alignment with perovskite absorber. EEL with good electron mobility can facilitate the electron collection. For n-i-p structured PSC, the wide bandgap EEL is selected to facilitate the absorption behavior of perovskite absorber. With the proper band alignment, it can promote electron transfer from perovskite active layer to EEL and can block holes to avoid recombination. If the above issues can all be satisfied and the existence of J-V hysteresis be eliminated, PSC with low-temperature process EEL can achieve a breakthrough in solar energy technology and realize commercialization.

CONCLUSIONS

In this mini-review, we summarized the metal oxide-based and fullerene compound-based EEL for PSC. Many n-type materials used for EEL, including TiO2, ZnO, SnO2, WOx, CeOx, Nb2O5, PCBM, and C60 have been thoroughly introduced. In addition, all these alternative materials for EEL can be fabricated under low-temperature process and can achieve PCE of over 20%. Using a low-temperature process to produce high-performance PSC is a major breakthrough. However, there are two issues that must be overcome before commercialization. The first one is the fast degradation phenomenon under humidity or constant irradiation, and the second is the hysteresis phenomena that can cause inaccurate estimation of PCE. The low-temperature process can effectively reduce production costs and energy waste. After addressing these issues, the commercialization of the low cost and flexible PSC is just around the corner.
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Device EEL Processing  Fabrication method Js (MA/em?) Voo (volts)  FF (%) PCE (%) References
structure temp. (°C)
nip Tioz 80 Chemical bath deposition 220 099 720 157  Chenetal, 2016
120 Evaporation/UV Treatment 213 1.07 840 191  Schuzeetal, 2017
150 Spin-Coating 223 1.49 806 214  Tanetal, 2017
300 Pulsed laser deposition 201 1.01 690 141 Yangetal,2016
70 140 Spin-Coating 149 093 627 88  Mahmudetal., 2017
130 Spin-Coating 230 118 774 199 Azmietal,2018
150 Spin-Coating 226 141 753 189  Songetal, 2017
SnOy 150 Spin-Coating 249 1.09 7.7 20.5 Jiang et al., 2016
~RT Spin-Coating /N Plasma treatment 218 1.42 830 203  Subbiahetal, 2018
180 Spin-Coating 219 113 780 19.4 Buetal, 2018
200 Atomic layer deposition 22.4 1.08 750 178 Kuangetal, 2018
WOy 150 Spin-Coating 218 o7 580 90  Wangetal, 2015
CeOx 150 Spin-Coating 233 1.08 69.1 170 Wangetal, 2017b
NbyOs ~RT RF Magnetron sputtering technique 229 1.04 720 174 LUngetal, 2017
pin PCBM 100 Spin-Coating 218 1.04 780 178 Zhouetal,2018
PCBM (BHJ) 100 Spin-Coating 218 1.00 733 162  Changetal, 2018
100 Spin-Coating 202 097 820 160  Chiangand Wu, 2016
c60 ~RT Thermal evaporation 223 1.08 759 182  Liuetal, 2018

RT, room temperature; BHJ, bulk heterojunction; RF, radio frequency.
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