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The organic-inorganic hybrid perovskite solar cells with its great advances in the cost-efficient fabrication process and high-power conversion efficiency have outperformed a range of traditional photovoltaic technologies such as multi-crystal Si and CIGS. Meanwhile, the undesirable operational stability of perovskite solar cell lags its commercialization where perovskite solar cells suffer a lattice degradation and lost the capability of energy harvesting when encountering the crucial environmental factors such as high moisture and strong irradiation. Accordingly, improving the operational stability becomes one of the decisive factors to govern the next wave advancement of the perovskite solar cells. Among a plethora of reported strategies to improve the stability, building a multidimensional (2D/3D) heterojunction perovskite as the light-harvesting layer has recently become one of the most credible approaches to stabilize the PSCs without sacrificing of photovoltaic performance. In this mini-review, the recent progress in 2D/3D multidimensional PSCs has been elaborately reviewed. Detailed information including the long-chain cation materials, development of fabrication process, charge carrier dynamics, optoelectronic properties, and their impact on the photovoltaic performances has been systematically discussed. Finally, some of the further challenges are highlighted while outlining the perspectives of multidimensional 2D/3D perovskites for stable and high-performance PSCs.
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INTRODUCTION
Organic-inorganic hybrid metal halide perovskite materials have shown lots of promising optoelectronic properties including high absorption coefficient, low exciton binding energy and high defect tolerance (Yan et al., 2018; Kim et al., 2020). Currently, the highest power conversion efficiency (PCE) of three-dimensional (3D) PSCs surpassed 25% (Li and Zhang, 2020), which is comparable with that of commercial silicon solar cells. However, poor stability is the main limitation hindering the commercialization of 3D PSCs. Researchers have devoted tremendous effort to enhance the stability of 3D PSCs and obtained inspiring progress through various approaches such as compositional engineering, interfacial regulation, defects passivation, device encapsulation, and so on (Zheng et al., 2017; Li et al., 2018a; Li and Zhang, 2020). Among them, the introduction of long-chain hydrophobic organic cations based two-dimensional (2D) perovskites is one potential strategy for the stability improvement specified as 2D/3D multidimensional heterojunction perovskites, which secures the long-term stability and high performance simultaneously (Zhang et al., 2018; Krishna et al., 2019). According to the recent studies, the long-chain hydrophobic and bulky organic spacer in 2D perovskites can effectively prevent the moisture adsorption and invasion at the perovskite surface, thereby retard the decomposition at the initial step (Ortiz-Cervantes et al., 2019; Zhang et al., 2020). Whereas, perovskites with pure 2D crystal structures are generally not desirable for high-performance PSCs, own to their wide band gap and non-preferred crystallographic orientation where the former reduces the overall high harvesting and letter retards the vertical charge transfers (that is, the dissociated charge carriers injects into charge transport layers) (Zhang et al., 2020). Therefore, it is very essential to optimize the composition and orientation of the 2D/3D multidimensional perovskites and to combine the 2D perovskite with great moisture tolerances and 3D perovskite with distinct charge carrier dynamics to achieve the facile manipulation in the advanced PSCs. In this mini-review, we will mainly concentrate on the application of 2D/3D multidimensional perovskites in solar cells. First, we will give a introduction to the structural and optoelectronic properties of 2D perovskites. Then, the recent advances of 2D/3D multidimensional PSCs are systematically discussed in two different aspects based on the configuration of perovskite materials in the device. Finally, we will address some current challenges and give the perspectives for 2D/3D perovskites for PSCs with high efficiency and good stability.
STRUCTURE AND PROPERTIES OF 2D PEROVSKITES
In 1957, Ruddlesden and Popper firstly reported A2BO4 type compounds where the perovskites exhibit a layered crystal structure. In the metal-halide perovskites, a layered perovskite also adopts the same definition, namely Ruddlesden–Popper perovskites (Yan et al., 2018). The formula of such Ruddlesden–Popper layered perovskites is (RNH3)An-1BnX3n+1 (n = 1, 2, 3, to ∞), where An-1BnX3n+1 is the conductor layer of common 3D perovskite, including methylammonium (MA) lead iodide (MAPbI3), formamidinium (FA) lead iodide (FAPbI3), and cesium (Cs) lead iodide (CsPbI3). The 3D perovskites are separated from one another by the introduction of R–NH3, a long-chain aliphatic or aromatic alkylammonium cation, including phenyl-ethyl ammonium (PEA) and butylammonium (BA) (Zhang et al., 2018; Zhang et al., 2020). The n value in the formula represents the thickness or the number of layers of 3D perovskites which is tunable via controlling the stoichiometry of the precursor solutions. Compared with the 3D perovskites, the 2D layered perovskites possess some unique properties (Yan et al., 2018; Krishna et al., 2019; Ortiz-Cervantes et al., 2019). First, the hydrophobic nature of 2D R cations and the highly oriented structure enables the superior moisture resistance of 2D layered perovskites. Second, 2D perovskites have narrower absorption owing to their larger bandgaps, which varies with the number of 2D layers. Third, the insulation nature of the bulky organic cations with low conductivity of the 2D perovskites induces a multiple-pseudo quantum-well structure where the exciton dissociation is retarded caused by quantum confinement effect associated high exciton binding energy (Grancini and Nazeeruddin, 2019). Moreover, the charge transport in 2D layered perovskites is anisotropic and highly dependent on the orientation of the 2D layered structure (Wang et al., 2019; Zhang et al., 2020). The charge mobility is much better along the in-plane inorganic perovskites sheets than out of plane organic sheets. The difficulty of out-of-plane charge transfer comes from the high interfacial resistance and thus perturbed charge carrier transport between 3D and 2D perovskite contacts (Wang et al., 2019). Furthermore, the material engineering of 2D perovskites can be easily implemented not only by alternating the composition of perovskite layers but also by the molecular design of the spacer cations, such as ammonium dications alkyl chain length, and introduction of the p-conjugated segment (Jagielski et al., 2017; Lan et al., 2019). Compared to 3D perovskites, there is a broad possibility of 2D perovskites in photo-physical investigation and practical devices applications. Figure 1 shown the chemical structure of the reported long organic-chain cations employed for the construction of 2D/3D multidimensional perovskites.
[image: Figure 1]FIGURE 1 | Chemical structure of the reported organic cations employed for the construction of 2D/3D multidimensional perovskites.
MIXED 2D/3D MULTIDIMENSIONAL PSCS
The concept of mixed 2D/3D multidimensional perovskites based PSCs was first proposed by Karunadasa et al. in 2014, in which a large PEA was mixed MA cations to form a Ruddlesden–Popper structure with the composition of (PEA)2(MA)2[Pb3I10] (n = 3) (Smith et al., 2014). The bandgap of the corresponding 2D and 3D perovskite was 2.10, 1.63 eV, respectively. The (PEA)2(MA)2[Pb3I10] based device displayed a high Voc of 1.18 V but a low PCE of 4.73%. Moreover, this 2D/3D mixed perovskite film exhibited good long-term stability against moisture over 46 days of air exposure with relative humidity (RH) of 52%, while MAPbI3 was completely decomposed under the same condition. Inspired by this research, Guo and his co-workers applied a low-pressure vapor-assisted solution deposition approach (LP-VASP) to prepare a series of 2D/3D hybrid perovskite films by the chemical reaction between MAI vapor and the as-prepared PEAI-doped PbI2 film and in which the ratio of PEAI/PbI2 was tuned from 2 to 0 (Li et al., 2018b). The champion device (PEAI/PbI2 = 0.05) achieves a PCE of 19.10% with a Jsc of 21.91 mA cm−2, a Voc of 1.08 V, and a remarkable fill factor (FF) of 80.36%. Similarly, Hu et al. incorporated PEA in the 2D/3D Pb-Sn alloyed perovskite solar cells through the anti-solvent engineering method and obtained a maximum PCE of 15.93% for the 2D/3D PEAxMA1-xPb0.5Sn0.5I3 based device (Zhang and Hu, 2020). According to their study, the enhanced photovoltaic performance can mainly attribute to the following reasons: the improved spin-orbit coupling (SOC) proved by photoexcitation-polarization dependent photocurrent studies benefits the charge dissociation; the enhanced out-of-plane photoinduced bulk polarization with reduced traps, evidenced by photoinduced impedance measurements and polarization-direction dependent photoluminescence (PL) characteristics, will align the optical transition dipoles and decrease nonradiative recombination loss. Meanwhile, based on the theoretical calculation by Jen’s group, the transition energy form the black phase to the yellow phase of FAPbI3 was raised due to the introduction of FEA+, indicating the improved phase stability of FAPbI3 (Li et al., 2017). Moreover, the hydrophobic PEA+ and I− can passivate the defects at lattice surface and grain boundaries, improving both performance and ambient stability. Nazeeruddin and co-workers reported 1-year stable PSCs with an exceptional gradually organized multidimensional interface at their 2D/3D perovskite junction, yielding the best PCE of 11.2% and stability for >10,000 h without any loss (Grancini et al., 2017). Unlike the work mentioned above, the 2D perovskite formed by self-assemble on the network of metal oxide layer after spin coating the precursor solution containing a small amount (3% molar ratio) of aminovaleric acid iodide (AVAI). The carboxylic acid group of the aminovaleric acid iodide facilitated the self-assembly of the 2D perovskite phase onto the scaffold of TiO2. Moreover, the oriented growth of bulk 3D perovskite grain also can be promoted by this interface. As a result, this 2D/3D interface brings together the excellent stability of 2D perovskites and good charge transport of the 3D ones. Gao et al. presented a simple drop-casting approach to develop hybrid quasi-2D/3D perovskite films by employing PEA and iso-butylammonium (iso-BA) as spacer cations (Zuo et al., 2020). The crystal orientation, film morphology, and phase purity of the hybrid quasi-2D/3D perovskite films can be improved significantly via a simple N2 blow-drying process, involving methylammonium chloride (MACl) as an additive. Furthermore, an enhanced PCE of 16.0% is obtained and retains 91% of the initial value after 500 h with continuous one-sun illumination for an encapsulated device, indicating good durability. For the most case, researchers mainly focus on how the incorporated 2D perovskite materials affect the light and moisture stability rather than the thermal stability of the mixed 2D/3D multidimensional perovskites. Mora-Seró et al. introduced dipropylammonium iodide (DipI) as cation to form 2D/3D perovskite materials with the general formula Dip2MAn−1PbnI3n+1, where n = 3, 5, 10, 50, and 90. They evaluated the thermal stability by IR spectroscopy and the mixed perovskite material (n = 10) exhibited over 30% of the perovskite phase while 3D perovskite decomposed completely at 120°C for 240 min (Rodríguez-Romero et al., 2020). The Apart from PEAI and BAI, 2-thiophenemethylammonium (ThMA) (Zhou et al., 2019), n-propylammonium iodide (Yao et al., 2019), 1-(ammonium acetyl) pyrene (PEY) (Yang et al., 2018), ethane-1,2-diammonium (EDA) (Lu et al., 2017), dodecyl ammonium-chloride (DACl) (Ali et al., 2019), 2-choloro-ethylamine (CEA) and 2-bromo-ethylamine (BEA) (Liu et al., 2019), 4-(aminomethyl) benzoic acid hydroiodide (AB) (Hu et al., 2018b) have also been successfully applied to assemble 2D/3D heterojunctions to modify the PSCs, which has been proved to improve photovoltaic performance, moisture, light and heat resistance in a certain duration.
Concerning the 2D perovskites formed over the grain boundaries, the defects in the grain boundaries are passivated. In general, passivated structures exhibit outstanding optical properties, and homogeneous morphology, fewer defect traps, resulting in a reduced hole-electron recombination. Various passivating agents have been investigated, including thiols, phosphines and phosphine oxides; amines and ammonium salts have also shown the capacity as grain boundary passivating agents. Zhang et al. fabricated 2D/3D heterostructured PSCs combining the advantages of the high-performance of 3D MAPbI3 and the air-stable bismuth-based 2D quasi-perovskite MA3Bi2I9 (Hu et al., 2018a). Herein, the hydrophobic MA3Bi2I9 platelets were vertically inserted among the MAPbI3 grains, forming a lattice-like structure to encompass 3D MAPbI3 perovskite grains. The optimal 2D/3D (9.2%) heterostructured device achieves a high efficiency of 18.97%, with less hysteresis and dramatically enhanced stability. Similarly, Song and his co-workers incorporated a long-chain cation EDBEPbI4 (EDBE = 2,2-(ethylenedioxy)bis(ethylammonium)) into 3D perovskites to construct a phase-segregated vertical heterojunction (PVHH) based 2D/3D multidimensional perovskite (Li et al., 2018c). The grain boundaries (GBs) of 3D perovskite are vertically passivated by phase pure 2D perovskite, which could weaken the photo-induced localization of charge-carrier in low-dimensional perovskites. The vertical passivation would not affect the extraction of charge carriers between 3D perovskite and the charge transfer layers. Efficient (21.06%) and highly stable (maintain 90% of the initial PCE after 3,000 h in the air) planar PSCs are demonstrated using these 2D/3D mixed multidimensional perovskite-based PSCs. This kind of passivation on the grain boundary has mostly been observed by post-treatment of the 3D perovskite with few amounts of A’ to form a really thin layer of 2D perovskite. It is difficult to identify that this modification might be responsible for the improvements in the PCE and long-term stability of 2D/3D mixed multidimensional perovskite-based solar cells. In consequence, significant effort should be devoted to elucidating the mechanisms for a different set of conditions and systems. The photovoltaic performance and stability data of some representative layered 2D/3D multidimensional perovskite solar cells are summarized in Table 1.
LAYERED 2D/3D MULTIDIMENSIONAL PSCS
The schematic illustration of mixed 2D/3D and layered 2D/3D has been shown in Figure 2. Compared to 2D/3D mixed perovskites, the 2D perovskites can be inserted in a controllable way by tuning the stoichiometric composition and concentration of precursor solutions. Moreover, the 2D perovskite mainly existed on the surface or the grain boundary of the 3D active layer, which could take all the advantages of both 2D and 3D perovskites. Generally, thin 2D perovskite films can be introduced as a capping layer on top of 3D perovskites by a two-step method: first, a 3D perovskite layer with excess PbI2 was spin-coated. Then, a solution of 2D organic cations (e.g., PEAI, BAI, OAI, 5-AVA) was coated on top of the 3D perovskites films. The as-prepared mixed 2D/3D perovskite layer usually shows longer photoluminescence lifetime and lower trap-state. In the work of Zhang and his co-workers, a thin layer of 2D (BA)2PbI4 was prepared via the chemical reaction between the post-treated n-butylamine iodide (BAI) and the residual PbI2 on a one-step deposited MAPbI3 film (Zou et al., 2019). The ultra-thin layer of 2D perovskite at the grain boundaries and on the surface of pristine 3D perovskite improves the stability and decreases the crystal defects of 3D perovskite. The obtained 2D/3D PSCs shows a PCE exceeds 18% and retains 80% of its initial value after over 2000 h of storage without encapsulation. Similarly, Lin et al. displayed an in situ growth approach to form a 2D perovskite capping layer by adding a small amount of dimethyl sulfoxide (DMSO) into the BAI solution (Tai et al., 2019). The champion device showed a PCE of 14.5% with significantly enhanced stability, maintaining over 80% PCE after exposure in ambient air (10% RH for 25 days and 25% RH for 25 days) for 50 days under dark conditions. This work developed a novel and effective strategy to prepare 2D/3D CsPbI3 photoabsorber with enhanced moisture stability and without sacrificing device performance. Grätzel and his co-workers proposed an approach for the stabilization of α phase of FAPbI3 with the protection of two-dimensional (2D) IBA2FAPb2I7 (IBA = iso-butylammonium and it showed excellent performance, specially, the stability maintain ∼85% of its initial efficiency with full illustration at 80°C for more than 500 h (Liu et al., 2020).
[image: Figure 2]FIGURE 2 | Device structure schematics for 2D/3D multidimensional perovskites serving as an (A) 2D perovskite mixed with 3D perovskite; (B) 2D perovskite passivated 3D perovskite at the grain boundary; (C) 2D perovskite interfacial layer on top of 3D perovskite layer; (D) 2D perovskite interfacial layer at the bottom of 3D perovskite layer; (E) 2D perovskite interfacial layer at both the top and bottom of the 3D perovskite layer. Wherein, (1), (2), and (3) in each category displayed the schematic image, cross-sectional SEM image and related energy diagram, respcetively.
On the other hand, the 2D perovskite films also can be deposited at the bottom of 3D perovskites utilizing the self-assembly and/or in situ formation method. Li et al. introduced branched polyethylenimine hydriodide (PEI•HI) and invented an in situ formed 2D perovskite (PEI)2PbI4 on top of PEDOT:PSS as an interfacial layer for the development of stable and efficient MAPbX3 based PSCs (Yao et al., 2015). Herein, the role of (PEI)2PbI4 interfacial layer can be summarized as follows: 1) control over the grain growth and morphology of upper 3D perovskite films; 2) facilitate hole extraction from MAPbX3 into PEDOT:PSS by the alignment of the energy level; 3) enhance the stability by preventing moisture at the interface. Finally, the devices displayed the PCEs over 16% and 13.8% on rigid and flexible substrates, respectively, as well as enhanced moisture stability. Taking the advantages of this design, Loi has demonstrated all-tin-based hybrid PSCs based on 3D/2D (FASnI3/PEA2SnI4) with efficiencies of 9% (Shao et al., 2018). The addition of 2D tin perovskite facilitates the uniform growth of large crystalline and oriented FASnI3 grains at low temperatures. The merits of the stacked 3D/2D structure are: 1) reduced amount of grain boundaries; 2) suppression of the formation of tin vacancies or Sn4+; 3) prolonged lifetime of the charge carriers. This work provides a potential way for further improvement of tin-based PSCs. Park et al. prepared a thin layer of 2D perovskite (EDA2)(CH3NH3)P=I3n+1) beneath the 3D perovskite which serves as a seeding layer for the growth of larger grains compared to that of the pure 3D perovskite films (Mahmud et al., 2020).
Since a layer of the thin 2D interfacial film works either at the bottom or the top of the 3D perovskite layer, a design of 2D/3D/2D is proposed as a double-side (DS) surface modification. In the work of White et al., a novel design of a double-sided passivation approach is presented where thin surface layers of the bulky organic cation (n-butylammonium iodide) based halide compound forming 2D layered perovskite at both the top and bottom of the 3D perovskite films (Mahmud et al., 2020). Highly efficient (22.77%) 2D/3D/2D perovskite-based devices with a remarkable Voc of 1.2 V is reported for a perovskite film possessing an optical bandgap of approximately 1.6 eV. Both 2D layers effectively passivate interfacial defects and suppresses the interfacial carrier recombination at both the interfaces of perovskites/HTL and perovskites/ETL. The discontinuous passivation layers provide conductive pathways for the efficient carrier extraction between the 3D perovskite and the charge transport layers, leading to the improvement of both Voc and FF in DS passivated devices, compared to that of the unpassivated or single-side passivated device. The photovoltaic performance and stability data of some representative layered 2D/3D multidimensional perovskite solar cells are summarized in Table 2.
TABLE 1 | Photovoltaic performance and stability summary of representative mixed 2D/3D multidimensional perovskite solar cells
[image: Table 1]TABLE 2 | Photovoltaic performance and stability summary of representative layered 2D/3D multidimensional perovskite solar cells
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In the past few years, many impressing achievements on the development of efficient and stable 2D/3D multidimensional PSC have been demonstrated, which helps to acquire in-depth understanding of the driving forces regarding lattice degradation under moisture/heat/light exposure and design coherent engineering methodologies to cope with these deficiencies. Although the introduction of 2D perovskites into 3D perovskite structures to form the 2D/3D multidimensional perovskite structures have been verified as a promising approach to improve the photovoltaic performance and device stability, there are several challenges have to be addressed.
Challenges
The significant difference of charge mobility along the out-of-plane and in-plane directions for 2D perovskites will remain a hot research topic for diverse optoelectronic applications. Besides, the bulk mixture of 2D/3D perovskite should be studied intensively regarding their capability in the enhancement of device performance. Meanwhile, accurate analysis of the crystal structure of 2D/3D perovskites should not be bypassed since it is essential for revealing the mechanism of 2D/3D perovskite formation and charge transport. Besides, a molecular library should be established by investigating the effect of different molecular lengths, conjugated groups, functional units, and the substituent groups on the charge-transfer capacity and other properties. In terms of the 2D/3D perovskite-based devices, they have presented an encouraging improvement in the matter of long-term stability, especially comparing with their corresponding 3D counterparts. Further technologic tailoring should direct on the efficiency enhancement about push the efficiency close the theoretical Shockley-queisser limit. In particular, while the introduction of 2D perovskites as interfacial layers has obtained some success, a full understanding of the roles of such layers and/or treatments still remain opaque. Additionally, in the Sn-based perovskites, reducing their dimensionality seems to be an effective approach to hinder their oxidation, but the photovoltaic performance still needs to be improved dramatically.
Prospective
2D/3D multidimensional hybrid perovskites have been proved as one of the most promising approaches to improve both PCE and stability compared to that of the pure 3D PSCs. In terms of material engineering, numerous kinds of novel 2D perovskites can be synthesized and the coherent unknown properties can be investigated. Besides, the newly raised theoretical computational study would speed up the process of 2D materials screening and application. In specific, the long alkyl chain cations seem to be suitable to stabilize the 2D Pb-Sn or Sn-based perovskites materials, the performance can be improved through the compositional or/and structural engineering. In addition, it is still vital to investigate the formation mechanism of 2D layered perovskites, which will enable us to prepare the 2D perovskites with high phase purity and out-of-plane orientation and to grow 2D/3D perovskite materials in a more controllable approach. Also, an in-depth understanding of the chemical or physical interplay between 2D and 3D perovskite materials, 2D/3D perovskite materials, and the adjacent charge transportation layers will help to obtain efficient and stable PSCs. With the increase of the bandgap, 2D perovskite might be ideal for tandem solar cells in the further advance of energy harvesting. In summary, the strategy of developing multidimensional 2D/3D perovskites provides an opportunity for efficient and stable PSCs, which will assist an ingenious modification of PSCs and to shed light on its future commercialization.
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