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Abstract: Due to the solution processable nature, the prepared perovskite films are polycrystalline with considerable number of defects. These defects, especially defects at interface accelerate the carrier recombination and reduce the carrier collection. Besides, the surface defects also affect the long-term stability of the perovskite solar cells (PVSCs). To solve this problem, surface passivation molecules are introduced at selective interface (the interface between perovskite and carrier selective layer). This review summarizes recent progress of small molecules used in PVSCs. Firstly, different types of defect states in perovskite films are introduced and their effects on device performance are discussed. Subsequently, surface passivation molecules are divided into four categories, and the interaction between the functional groups of the surface passivation molecules and selective defect states in perovskite films are highlighted. Finally, we look into the prospects and challenges in design noble small molecules for PVSCs applications.
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1  Introduction

After ten years of accumulation, the photoelectric conversion efficiency (PCE) of organic-inorganic perovskite solar cells (PVSCs) has increased from the initial 3.8% [1] to 25.7% [2]. The rapid development is attributed to the excellent photophysical properties [3,4] of the perovskite materials, such as direct bandgap, prominent light absorption coefficient (≈105 cm−1), and long carrier diffusion length (>1 μm) [5,6]. Although progressive achievement has been witnessed, the achievable PCE is still far lower than the theoretical Shockley-Queisser (S-Q) limit, mainly due to the non-radiative recombination [7]. To be honest, non-radiative recombination is inevitable in photovoltaic devices. While developing methods and strategies to reduce the non-radiative recombination are always a hot topic in the photovoltaic field.

The non-radiative recombination is largely defect contributed. To be more specific, the more defect states in the device, the more severe the non-radiative recombination and inferior PCE. Take the open-circuit voltage (Voc) as an example, the Voc originates from the quasi-Fermi level of electron and hole in the light-excited photo-absorber. The defect state in the photo-absorber would trap part of the carriers and cause non-radiative recombination, reducing the steady-state carrier density [8,9]. Therefore, the splitting of the quasi-Fermi level would be reduced, reducing the achievable Voc [10]. As for perovskite, they are polycrystalline films prepared by a low-temperature solution process. Non-negligible defects (such as dangling bond, vacancies, interstitials, and antisites) can be expected at the perovskite bulk, grain boundaries and interfaces [11–13]. Although theoretical investigation suggests most bulk defects are shallow defects which don’t result in carrier recombination [14,15], the defects at interface are different. It was found that the defect density of the PVSCs is in the order of ~1018 cm−3, much higher than that of single crystals [16]. This suggests surface defects instead of bulk defects are the dominant defect in PVSCs. Besides, some of the defect species, iodide vacancy (VI) for example, which are benign in the bulk, turn into recombination center at surface [17,18]. The situation can be worse taking the different chemical environment near interface into consideration [19,20].

Surface passivation which introduces suitable materials at perovskite/carrier selective interface (CSL), can heal deep defects at interface. Non-radiative recombination can be reduced, effective charge carrier can be guaranteed and improved PCE is achieved. At present, different kinds of materials including inorganic materials [21–25], small molecules [26–32] and polymers [33–35] are selected for surface passivation. Among them, the small molecule is most widely used. This is because the small molecule can be adjusted according to the species of defects [36]. While more effective surface passivation molecules are needed to reduce the Voc loss of PVSCs. In this review, since the non-radiative recombination is defect contributed, we start with a general description of the defect states in PVSCs. The type and chemical nature of selective defects are discussed. The influence of defects during the carrier transporting process are highlighted. Next, we summarize some of the most widely used surface passivation molecules. The interaction between different defects and surface passivation molecules are described in detail. Due to the complexity of defect states at the perovskite/CSL interface, there might still be a long way in developing effective surface passivation molecules. At last, we talk about the problems, challenges and strategies in developing effective surface passivation molecules for PVSCs approaching the theoretical limit.

2  Defects in PVSCs

Since most of the perovskite films used for PVSCs are low temperature solution processed, the perovskite precursor undergoes fast nucleation and crystallization, so it is difficult to prepare well-ordered and defect-free perovskite films. The defect density of the polycrystalline perovskite films is approximately five orders of magnitudes higher than that of single crystal perovskite and conventional crystalline silicon [10,37–41]. Thus a detailed and comprehensive understanding of the defect properties will be essential for developing high-performance PVSCs.

2.1 Defects in Perovskite

The crystal structure of the organic-inorganic perovskite ABX3 is composed by B (central metal ion: Pb2+, Sn2+) and X (halogen ion: Cl−, Br−, or I−) forming BX64− corner-sharing octahedra, the cubic octahedral cavity is occupied by the A cations ((MA+; CH3NH3+), (FA+; HC(NH2)2+)). However, this is the ideal case. Imperfect lattices such as vacancies, interstitials, and antisites inevitably exist in the perovskite crystals [42,43]. As shown in Fig. 1, the defects in perovskite crystals can be classified as follows: vacancy (VA, VB, VX), interstitial (Bi, Xi) and antisites (PbI, IPb). At the same time, at the surface or grain boundary, the lattice is suddenly interrupted, resulting in a large numbers of non-coordinating ions and dangling bonds.
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Figure 1: Schematic illustration of typical defects in PVSCs: (a) perfect lattice, (b) Pb2+ vacancies, (c) I− vacancies, (d) interstitial Pb2+, (e) interstitial I3−, (f) Pb-I antisite substitution, (g) grain boundary, and (h) dangling bonds on the surface

2.2 The Impact of Defects

The optoelectronic properties of the perovskite films are largely determined by the defect states [44]. Starting with the band structure, the valance band maximum (VBM) of the organic-inorganic perovskite is mainly composed of Pb s and I p anti-bonding states, and the conduction band minimum (CBM) consists of a Pb p state [45]. The defect states will possibly bring extra band state into the band gap and alter the conductivity of the semiconductors. The conductivity of the perovskite films can be well tuned from p-type to n-type through defect engineering [46]. The MAI-rich and PbI2-rich perovskite films are p and n self-doped, respectively. Depending on the growth condition, the carrier concentration (defect density) of the prepared films varied as much as six orders of magnitude [46].

In terms of photophysics, the defect states can be classified into shallow-level defects and deep-level defects depending on their energy states. If the energy state of the defects is located near the band edges (VBM/CBM), this kind of defects can be named as shallow defect, while deep defects are located at intermediate transition levels within the band gap, only the latter (deep defect) is responsible for the non-radiative recombination. Taking the widely used methylamine lead iodide (MAPbI3) as an example, theoretical investigation suggests the bulk defects of the MAPbI3 with low formation energy (Ii, MAPb and VMA) are shallow defect, this explains the long carrier diffusion length of the perovskite films [47,48]. While due to different local chemical environment at surface, deep defects show up at surface. According to a recent study by Huang, deep defect favored the surface instead of the bulk [37]. Agiorgousis et al. suggested the uncoordinated Pb2+ at surface tended to form Pb clusters, which was deep defect with low formation energy [49]. Taufique et al. [50] suggested anti-site defects (PbI and IPb for example) were deep defect, since anti-site defects introduced new bonds between the defect atoms and other chemicals, thereby forming electron trap states in the bandgap region. During the two-step preparation process of the perovskite films, a Pb-rich environment can be expected at surface, this greatly reduces the formation energy of the PbI deep defect [51–53]. These deep defects with low formation energies act as Shockley-Reid-Hall non-radiative recombination centers, which lead to non-radiative recombination of free electrons and holes, resulting in the loss of Voc and seriously affecting the performance of the device [54].

In addition to the energy loss, the presence of defects can also have other adverse effects on the device characterization [55]. Due to the soft nature of perovskite materials, charged defects move with the assistance of an electric field [56]. This phenomenon is called ion migration [57,58]. Under an electric field, positively charged point defects with low activation energy tend to move toward the cathode, while negatively charged defects diffuse to the anode [59,60]. The ion migration tendency is highly dependent on light and temperature [61–63]. In 2016, Xing et al. found that the ion drift velocity of polycrystalline MAPbI3 film under 1 sun was an order of magnitude higher than that under dark conditions [62]. This proved that illumination can greatly reduce the active energy of ion migration. The hysteresis behavior of the current density-voltage (J-V) curves of PVSCs under different scanning directions (forward and reverse scan) is also believed to be caused by ion migration [63,64]. As charged defects with high mobility under working conditions, will lead to the defect accumulation and band bending at the perovskite-carrier transport layer interface [65].

The poor stability of the PVSCs has been regarded as the main obstacle hindering their commercialization [66]. Taking MAPbI3 as an example, the decomposition process can be expressed by the following chemical equation [67]:


CH3NH3PbI3(s)↔H2O⁡PbI2(s)+CH3NH3I(aq.)
(1)


CH3NH3I(aq.)↔CH3NH2(aq.)+HI(aq.)
(2)


4HI(aq.)+O2↔2I2(s)+2H2O(l)
(3)


2HI↔hv⁡H2(g)+I2(s)
(4)

The existence of surface and bulk defects also accelerates the degradation of perovskite materials in air and thermal environments [68,69]. The degradation of PVSCs starts from grain boundaries (GBs), and then gradually decomposes into irreversible products [70–72]. Ahn et al. found that charges which were trapped by the defect states at interface, can trigger the irreversible degradation of PVSCs under light and moisture [73]. Besides moisture, VI exposed at surface tends to bond with oxygen, speeding up the reaction between reactive superoxide (O2−) and MA+. It is demonstrated that high-quality perovskite films with large grain size, less defect density exhibited lower density of O2− [74].

Since the PCE is defect related and the stability of the devices is also largely contributed by defects, it is necessary to suppress the defect related deleterious effects including nonradiative recombination, charge trapping, ion transport, as well as hysteresis and device degradation. Thus, defect passivation strategy can speed up the development of long-term stable, reliable, and efficient PVSCs.

3  Surface Passivation Molecule

Since the poor interface has been regarded as the main reason for the unsatisfied PCE of PVSCs, introducing small molecule to reduce the chemical activity of the perovskite/CSL interface could be a solution [21,35,75,76]. While the effectiveness of surface passivation molecule is highly dependent on its structure [77–79]. In other words, the interaction between surface passivation molecule and selective defect on the surface. So far, alkylamine halides, Lewis bases, Lewis acids and multifunctional molecules are used, increased performance can be achieved by forming ionic bonds, coordination bonds and supramolecular halogen bonds.

3.1 Passivation with Organic Amines and Their Halides

Inspired from methylamine cation, alkyl amine and its halide are the most commonly used surface passivation molecule for PVSCs. At present, organic amines such as ethylamine (EA) [80], n-butylamine (BA) [81], phenethylamine (PEA) [82], octylamine (OA) [83] and dioctylamine iodide (C8) [84] have been used to passivate the surface defects of PVSCs. For EA, BA with relatively smaller radius, low-dimensional perovskites with improved stability can be expected (Fig. 2a). In 2017, Wang et al. found that BAI constituted a wide bandgap two dimensional (2D) layered perovskite on the three dimensional (3D) perovskite surface [81]. Since the band gap of 2D perovskite is larger than that of 3D perovskite, when the charge reaches this interface from the 3D perovskite grains, they will be reflected and stay in the 3D perovskite without being trapped by surface defects. At the same time, 2D perovskite can alleviate the erosion of water vapor on perovskite films, the 2D perovskite caped devices maintain 80% of their ‘post burn-in’ efficiency after 1000 h in air, and close to 4000 h after encapsulation. Afterwards, Huang et al. suggested that a 2D/3D heterojunction structure can be formed using n-butylamine (BA) and n-butylamine hydroiodate (BAI) as surface passivation molecule [85]. PVSCs with 2D/3D superimposed structure have been proved to effectively improve the device performance via defect passivation and self-healing effects. Compared with the BAI treatment, BA passivated perovskite forms a textured 2D perovskite layer as shown in Fig. 2b. In the end, they reported PVSCs with PCE of 19.29%, which still maintain 96.5% of the original PCE when heated at 95°C for 100 h. While for the large alkylamines (octylamine, OA, etc.), they could not self-assembly into a 2D/3D structure due to higher formation energy, but they can directly act as passivation molecules (Fig. 2a). 2D structure is not observed on the OA armoured perovskite films. Instead, (110) preferred orientation can be expected. This facilitate carrier transportation and an improved stability [83].
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Figure 2: (a) Schematic diagram of passivation mechanism [84]. Reproduced with permission. Copyright 2016, ACS Energy Letters. (b) Schematic figure of the perovskite film treated by BA to form a 2D/3D stacking structure and SEM images of MAPbI3 films, BA-treated MAPbI3 films, and BAI-treated MAPbI3 films [85]. Reproduced with permission. Copyright 2018, The Journal of Physical Chemistry Letters

Besides alkyl amines, aromatic amine also have a strong interaction with the defect states in the perovskite film [86]. Wang et al. [87] introduced aniline (A), benzylamine (BnA) and phenethylamine (PEA) as surface passivation molecule through a simple post-deposition process, the Voc was increased to 1.12 V, almost the record at that stage. Furthermore, with the assist of grazing-incidence wide angle X-ray scattering (GIWAXS), Hu et al. discovered that compared with BAI, the PEAI could vertically aligned on the surface of the perovskite films, the longitudinal transport of carriers is facilitated [88]. In 2018, Jiang et al. [8] reported a record PCE of 23.32% using PEAI as passivator. After a detailed investigation, they suggested the structure of PEAI passivated perovskite was dependent on the processing condition. 2D structure would not show up without annealing. Moreover, they proved that the room temperature processed PEAI brought the best photoluminescence (PL) density. Simultaneously, the stability of PEAI passivated PVSCs was also improved. Although previous investigation proved 2D perovskite were effective passivator, recent studies suggested they might also be recombination centers [89,90]. To reduce the possibility of 2D perovskite formation, Nazeeruddin et al. selected ortho-(o-), meta-(m-) and para-isomers (p-) of (phenylene)di(ethylammonium) iodide (PDEAI2) as surface passivation materials [91]. The results showed that the O-PDEAI2 effectively increases the energy barrier of the 2D perovskite. Bulky organic cations from entering the perovskite lattice are prevented even at high temperatures as shown in Fig. 3a. The achievable PCE is also influenced by the morphology of the surface passivation molecules on the perovskite surface. Michael Grätzel et al. synthesized a new molecular passivator 4-tert-butyl-benzylammonium iodide (tBBAI), the tert-butyl side group prevented the unnecessary aggregation through steric repulsion [92]. TRPL (Figs. 3b and 3c) confirmed that tBBAI passivated perovskite films exhibit less nonradiative charge carrier recombination. The fill factor (FF) has been increased from 0.75 to 0.82 after introducing tBBAI passivation. In addition, the high hydrophobicity of tBBAI leads to an enhanced moisture resistivity and thus better operational stability.

[image: images]

Figure 3: (a) Temperature-dependent PL images of the perovskite films treated with the different organic halide salts [91]. Reproduced with permission. Copyright 2021, Nature Communications. (b) TRPL for the layer structure glass/FTO/mp-Al2O3/perovskite/without surface layer (control, blue), with PEAI (red), and tBBAI (black) [92]. The fitted curves using the model described in the main text are shown by green lines. (c) TRPL measurements of HTL containing samples without interface layer, with PEAI, and with tBBAI [92]. Reproduced with permission. Copyright 2020, Advanced Materials

Furthermore, organic amines with special steric structure are considered as passivator. Since porphyrin and its derivatives have excellent photoelectric properties and thermal stability, Wu et al. introduced a monoammonium zinc porphyrin (ZnP) compound onto the perovskite surface and realized a remarkably enhanced performance for large-area (1.96 cm2) PVSCs [93]. In 2021, Cao et al. introduced monoamine porphyrins (MPs, M = Co, Ni, Cu, Zn, or H) into the perovskite films. XRD test (Fig. 4a) confirmed the porphyrin self-assembled into supramolecular structure at the grain boundaries of perovskite films [94]. The time of flight secondary ion mass spectrometry (TOF-SIMS) suggested the superstructure was located at the grain boundary of the perovskite film (Figs. 4b–4d). This porphyrin self-assembled supramolecular realized the rapid transfer of holes, which accelerated the effective extraction of the charges in the devices. Finally, the devices received an efficiency of 22.8% with an active area of 1 cm2. Next, a series of new organic passvation molecules with strong hydrophobicity synthesized by Zhao et al. [95]. Here, they started with triarylated amine,the building blocks of Spiro-OMeTAD [96]. Their study showed that PVSCs modified with N-((4-(N,N,N-triphenyl)phenyl) ethyl)ammonium (TPA-PEABr) had the best PCE. The improved performance can be attributed to the defect passivation ability and hydrophobicity of TPA-PEABr. Subsequently, Zhang et al. designed and synthesized 2-(4-ethylaminobenzene)-9,9’-spirobifluorene (BSBF-NH2) organic passivated small molecules. With the assistance of femtosecond transient absorption (fs-TA) spectrum, they discovered the extraction rate of holes was reduced from 302 ps to 139 ps after BSBF-NH2 passivation as shown in Figs. 4e–4g. The enhancement of hole extraction efficiency due to the improved interfacial contact between the perovskite layer and the HTL by introduce BSBF-NH2. In addition, the BSBF-NH2 with an amino group can reduce the density of defect states in perovskite films, reduces the probability of non-radiation recombination. With the assistance of improved contact and defect healing potential, the Voc and FF of PVSCs after BSBF-NH2 modification are greatly improved. Finally, PVSCs with PCE of more than 20% are successfully prepared. The environmental stability of PVSCs is improved after modification with BSBF-NH2, which can be attributed to the hydrophobicity of BSBF-NH2.
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Figure 4: (a) XRD of simulated NiP-supramolecule, perovskite samples with and without NiP [94]. (b) Fragments distribution in NiP-doped perovskite film [94]. TOF-SIMS profiles showing (c) NiP and (d) NiP-H+ components from the top to bottom [94]. Reproduced with permission. Copyright 2021, Journal of the American Chemical Society. (e) Transient band edge bleach kinetics (dot symbols) and their corresponding decay exponential fits (lines) for the perovskite/Spiro-OMeTAD films at 780 nm [96]. Schematic illustration of hole extraction process at the control (f) and BSBF-NH2 passivation interface (g) [96]. Reproduced with permission. Copyright 2022, Journal of Materials Chemistry C

3.2 Passivation of Lewis Base

A Lewis base contains electron-donating atoms such as N-donator, O-donor, S-donor and P-donor, which can effectively passivating positively charged defects (e.g., under-coordinated Pb2+ and Pb2+ interstitials) [97]. Thiophene and pyridine were first used for surface passivation [98]. The uncoordinated Pb atoms at grain boundaries can be effectively passivated by thiophene and pyridine (Fig. 5a). The PL lifetimes have been enhanced by nearly an order of magnitude, highlighting the effectiveness of thiophene and pyridine (Fig. 5b). Using time-domain density functional theory combined with nonadiabatic molecular dynamics, He et al. investigated the interaction between Lewis base molecule and the perovskite surface in detail. They discovered that the charge recombination is driven by slow Pb-I vibrations. Besides, bidentate Lewis bases, 2-mercaptopyridine (2-MP) and d-4-tert-butylphenylalanine (D4TBP) for example, are effective surface passivation molecules. Other types of molecules with different functional groups, such as carboxyl groups (C=O) [99,100] and phosphoric acid containing groups (P=O) [101] also exhibit a strong passivation effect on uncoordinated Pb2+. In 2018, Chen et al. introduced a hydrophobic organic acid molecule, 4-dimethylaminobenzoic acid (4-DMABA) [102], to modify the top surface of perovskite thin film (Fig. 5c). Fourier transform infrared spectroscopy (FT-IR) showed that the stretching vibration of the C=O bond has shifted from 1666 cm−1 (4-DMABA) to 1618 cm−1 (4-DMABA/MAPbI3) as shown in Fig. 5d. The shift can be explained by the strong interaction between C=O and Pb2+. Ultimately, the PCE of inverted PVSCs has increased from 17.43% to 19.87%. In addition, Yang et al. systematically investigated the effect of theophylline, caffeine, and theobromine as surface passivation molecules [103]. Owing to the strong interaction between theophylline molecule and surface antisite defects, the PCE has been improved from 21% to 22.6% after theophylline passivation. Organic molecules with P=O groups have also been exploited as efficient passivation agents for Pb2+ defects. Meng and co-workers [101] proved that tribenzylphosphine oxide (TBPO) was an excellent passivator through strong Pb-O coordination and intermolecular π-π conjugation, thereby achieving efficient and stable PVSCs. The TBPO can significantly inhibit the deep defects and reduce the attempt-to-escape frequency (ν0) by two orders of magnitude. Therefore, high efficiency of exceeding 22% with significantly suppressed hysteresis has been achieved. More importantly, the TBPO passivated perovskite films show a higher contact angle, which contribute to significantly enhanced stability.
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Figure 5: (a) Proposed passivation mechanism of thiophene or pyridine [98]. (b) Time-resolved PL measurements of control, thiophene, and pyridine samples with 507 nm pulsed (200 kHz) excitation [98]. Reproduced with permission. Copyright 2014, ACS Nano. (c) Schematic diagram showing the interaction mode of 4-DMABA molecules with MAPbI3 [102]. (d) FTIR spectra of powder samples of MAPbI3, 4-DMABA and a 4-DMABA/MAPbI3 mixture [102]. Reproduced with permission. Copyright 2018, Journal of Materials Chemistry A

3.3 Passivation of Lewis Acid

Lewis acid refers to molecules or ions that can accept electron pairs. Such molecules can be covalently bonded to form acid-base complexes without electron transfer. Therefore, Lewis acid has a unique passivation potential for negative charged defects, such as free iodide ions and lead iodine antisite defects. The most representative Lewis acid passivator is fullerene (C60) and its derivatives. Due to their inherent electronic attraction ability, they are also good electron transport materials [104–106]. In 2015, Sargent et al. reported the first perovskite-PCBM hybrid solid with significantly reduced hysteresis and less Voc loss [104]. As shown as in Fig. 6a, UV-vis spectroscopy suggests that a peak shows up at 1020 nm for the perovskite-PCBM hybrid solution, which can be attributed to the fact that PC61BM molecules receive electrons from iodide. Furthermore, three fullerene derivatives (IC60BA, PC61BM, and C60) with different carrier mobility were considered as surface passivator. C60 stands out due to the high mobility, as confirmed from PL spectra (Fig. 6b) [107]. Iodopentafluorobenzene (IPFB) is reported to interact with uncoordinated halides effectively and passivate surface anion defects by forming halogen bond (Fig. 6c) [108]. This enhances the charge transfer at the perovskite/HTM interface and increases the carrier lifetime [108].
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Figure 6: (a) Ultraviolet-visible absorption spectroscopy of the PCBM in hybrid solution and normal solution [104]. Reproduced with permission. Copyright 2015, Nature Communications. (b) Steady-state PL spectra of perovskite in the presence of the C60, PC61BM and IC61BA [107]. Reproduced with permission. Copyright 2015, Advanced Energy Materials. (c) Schematic view of the halogen bond interaction between the iodopentafluorobenzene (IPFB, halogen bond donor) and a generic halogen anion (X− = I−, Br−, Cl−, halogen bond acceptor) with sp3-hybridized valence electrons. Schematic view of the IPFB assembly on the crystal surface [108]. Reproduced with permission. Copyright 2014, Nano Letters

3.4 Co-Passivation of Multifunctional Groups

Compared with monofunctional molecules, multifunctional molecules have a stronger synergistic passivation effect [109,110]. Small molecules with carboxyl or carbonyl and amine are firstly considered. Aminovaleric acid (AVA), which contains a carboxyl group and an amine group, has shown to effectively improve the stability of selective devices [111]. Next, Hu et al. [112] combined experimental and theoretical study to explore the effect of natural amino acids (NAAs) passivators. They chose glycine (Gly), glutamic acid (Glu), proline (Pro) and arginine (Arg) as passivation materials. The Arg passivated PVSCs received a Voc of 1.17 V and a PCE of 20.49%. In order to study the passivation effects of molecules with different functional groups, Huang et al. designed and synthesized the D-4-tert-butylphenylalanine (D4TBP) molecule, which contains amino group, carboxyl group and benzene ring [113]. The results revealed that carboxyl and amine groups can heal charged defects through static electricity interaction, while neutral iodine-related defects can be passivated by the aromatic structure (Fig. 7a). The defect passivation reduces the Voc deficit to 0.34 V and boosts the efficiency to 21.4%.
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Figure 7: (a) Schematic illustration of the origin of D4TBP passivation effect on different defect sites [113]. Reproduced with permission. Copyright 2019, Journal of the American Chemical Society. (b) Schematic illustration for multifunctional passivation on different defect sites and ion migrations [114]. (c) XPS spectra of Pb 4f for pristine, H-BA, F-BA and Cl-BA films [114]. (d) FT-IR spectra of F-BA and pristine perovskites [114]. Reproduced with permission. Copyright 2021, Chemical Engineering Journal

Designing effective passivation molecules has become an important method of inhibiting charge recombination and reducing voltage loss of PVSCs. A good surface passivation molecule should both passivating negative/positive and neutral defect, Liu et al. [114] customized multifunctional passivation molecules benzamide (H-BA), 4-fluorobenzamide (F-BA) and 4-chlorobenzamide (Cl-BA) by varying halogen functional groups. According to Fig. 7b, the organic cation vacancies and iodine vacancies can be partially passivated by H-BA molecule. After introducing halogen functional groups, the Pb2+ and FA+ can be anchored due to strong bonding. The formed ionic bonds can be verified by XPS spectra of Pb 4f (Fig. 7c). Compared with the control film, the Pb2+ 4f orbital has shifted to a relatively higher energy, indicating a stronger bonding. While for the FT-IR measurements (Fig. 7d), the shift of the N-H vibration (3500–3350 cm−1) of F-BA support the formation of hydrogen bonds (N-H···F). Table 1 summarizes the passivation molecular, device structure and PCEs of the discussed in this paper.
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4  Conclusion and Outlook

The performance improvement of PVSCs is significant, achieving high efficiency comparable to silicon cells in less than ten years. However, the current PCE is not enough, and the long-term stability should be improved thus guaranteeing its market entrance. Passivation at the grain boundaries and interfaces can increase the grain size of the perovskite film, promote the formation of pure phases, reduce surface pores, and form a smooth and dense perovskite layer. It is an effective means to further improve the PCE of PVSCs. In addition, the introduction of passivating molecules in the interface can reduce the formation of interface defects and the recombination of carriers, extend the diffusion distance of carriers, and facilitate the transport of carriers at the interface.

In this review, we summarize the research and results of organic molecules as passivators to improve the photovoltaic performance of PVSCs. Focus has been given to the influence of functional groups on defect passivation and device performance. These results indicate that organic passivation molecules can make an important contribution to the further development of high-efficiency perovskite solar cells. Compared with the single passivation effect of traditional organic molecules, multifunctional passivation molecules can improve the PCE of PVSCs in many ways.

Although great progress has been made in the interface engineering for efficient and stable PVSCs, there is still a big gap in commercial applications. In general, the wide application of PVSCs has potential difficulties and challenges, that is, the manufacturing process of large-area nanomaterials, long-term stability, device encapsulation technology, and the toxicity of perovskite films. In order to accelerate the commercialization of PVSCs, it is necessary to actively explore good interface modification methods and develop excellent interface modification materials suitable for PVSCs. These strategies will lay a solid foundation for the long-term stability of PVSCs and the development towards industrialization.
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