High-member low-dimensional Sn-based perovskite solar cells
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Abstract
Sn-based perovskites are promising thin-film photovoltaic materials for their ideal bandgap and the eco-friendliness of Sn, but the performance of Sn-based perovskite solar cells is hindered by the short carrier diffusion length and large defect density in nominally-synthesized Sn-based perovskite films. Herein we demonstrate that a long carrier diffusion length is achievable in quasi-2D Sn-based perovskite films consisting of high-member low-dimensional Ruddlesden–Popper (RP) phases with a pre- ferred crystal orientation distribution. The key to the film synthesis is the use of a molecular additive formed by phenylethylammonium cations and optimally mixed halide–pseudohalide anions, which favorably tailors the quasi-2D Sn-based perovskite crystallization kinetics. The high-member RP film structure effectively enhances device short-circuit current density, giving rise to an increased power conversion efficiency (PCE) of 14.6%. The resulting device demonstrates a near-unity shelf stability upon 1,000 h in nitrogen. A high reproductivity is also achieved with a count of 50 devices showing PCEs within a narrow range from minimum 13.0% to maximum 14.6%.
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1 Introduction
Removing toxic Pb in state-of-the-art perovskite solar cells (PSCs) is a desirable goal in their path towards niche-market commercialization. Perovskites based on less-toxic Sn have emerged as one of the most promising candidates owing to their superior optoelectronic properties including narrow bandgaps, high absorption coefficients, and excellent carrier mobility as compared to other Pb-free alternatives [1–9]. Nevertheless, the attainment of high-quality Sn-based perovskite thin films is challenging due to the extraordinary crystal growth behavior, high Sn-vacancy density, and low oxidation resistance. Significant effort has thus been devoted to improving Sn-based PSCs by thin-film tailoring based on various methods such as compositional engineering, micro- structural manipulation, crystal-growth engineering and antioxidation control [10–13]. The adoption of these methods or their combination has led to a promising increase of power conversion efficiencies (PCEs) for Sn-based PSCs whereas the highest reported PCEs are yet still far below their theoretically attainable values.
The reduction of crystallographic dimensionality from three dimension (3D) to quasi-two dimension (2D) has been proven to be critical to achieve efficient and stable Sn-based PSCs. This is because quasi-2D perovskite structures inherently embraced large organic molecular spacers that can not only regulate the crystal growth but also enhance the oxidation resistance and passivate film interfaces, leading to reduced morphological and electronic defects [14–17]. This approach has recently enabled significant performance improvement of Sn-based PSCs [1,18,19]. Nevertheless, Sn- based PSC devices based on low-dimensional structures show relatively small current densities (<20 mA cm−2 in general), thereby affecting the resultant PCEs. In nominally- processed quasi-2D Sn-based perovskite films, a range of phases with significant variable layer numbers (n) are formed, and usually the low-member phases with n=3–5 are dominated, while high-member phases with large n strongly favor to minimize the detrimental effects associated with poorly conducting organic spacers [20–24]. Furthermore, the crystal orientation of these anisotropic low-dimensional phases can influence carrier transport, and thus aligning the 3D octahedral slabs of quasi-2D Sn-based perovskites ver- tical to the film substrate is highly desired [22,25–27]. In this context, the attainment of high-member phases with preferred vertical crystallogrphic orientations in quasi-2D Sn- based perovskite films becomes an urgent need, but efforts towards that still remain elusive.
In this work, we leveraged the use of a tailored molecular additive, which is formed with phenylethylamine cations and mixed halide/pseudo-halide anions, to achieve this goal. This tailored additive reduces the cleavage energies of quasi-2D Sn-based perovskite structure and leads to crystal growth kinetics favoring the formation and preferred alignment of high-member phases. The as-formed quasi-2D Sn-based perovskite films feature a long electron diffusion length up to 480 nm and a remarkable carrier lifetime of 126 ns. The resulting device shows an open-circuit voltage (VOC) of over 0.9 V, a short-circuit current density (JSC) of over 20 mA cm−2, and a champion PCE of 14.6%, reaching the level of the highest certified efficiency of Sn-based PSCs [1,18,19]. Furthermore, the controlled film growth enables an excellent reproducibility of resultant device PCEs.
2 Results and discussion
2.1 Structure and phase determination
The perovskite films made from the precursor only containing phenylethylamonium bromide (PEABr) are denoted as PEABr. To improve the quality of perovskite films, we further replaced a portion of PEABr by phenethylammonium thiocyanate (PEASCN), and the resulting films are denoted as PEABr–PEASCN. The chemical formula of the low-di- mensional perovskite is written as PEA2FAn–1SnnX3n+1 [28]. For simplicity, both PEA2FASnX4 (n=1, 1L) and PEA2 FASn2X7 (n=2, 2L) structures are defined as 2D structure, while low dimensional structure with higher n number is named as quasi-2D structure.
We firstly studied the structure of the film by grazing- incidence wide-angle X-ray scattering (GIWAXS) at incident angle of 2°. Both PEABr and PEABr–PEASCN films show characteristic diffraction spots from 2D and quasi-2D structures. The diffraction spots at q value of 0.286 and 0.386 Å−1 are attributed to (002) plane of 2L and 1L structures, respectively. The intensity of (002)1L spot of PEABr film is higher than that of PEABr–PEASCN film, indicating that more structures with small n value are formed in the PEABr sample. The diffraction spots at 1.005, 1.425 and 1.755 Å−1 can be ascribed to (100), (110) and (111) planes of quasi-2D or 3D FASnI3 structure, respectively (Figure 1a, and see crystal directions and lattice planes in Figure S1) [29]. The diffraction intensity of (100) plane of PEABr– PEASCN film is concentrated at the azimuth angle around 90°, indicating that the film is highly oriented and grows along [001] axis perpendicular to the substrate. In comparison to PEABr–PEASCN, PEABr shows dispersive diffraction intensity in the azimuth analysis and the Debye ring can still be observed from the (100) plane, indicating relatively weak orientation (Figure 1a, b, Figure S2).
To analyze the composition of film surface, we tested GIWAXS patterns at smaller incident angle of 0.2° (Figure S3). For the PEABr–PEASCN film, the relative intensities of diffraction spots ascribed to the (002)2L plane significantly increase, indicating that 2L structures are concentrated on the film surface (Figure 1c). In contrast, PEABr films show similar diffraction intensities from the 2L structure and the decrease of intensity from 1L structure, suggesting homogeneous distribution of the 2L structure in the film, while 1L structure is mainly located in the bulk. The diffraction in- tensity from 1L structure is stronger than that of 2L structure for PEABr, indicating that the 1L structure is dominated in the 2D structure. In contrast, the relative intensity from the 2L structure is much stronger than that from the 1L structure for the PEABr–PEASCN film, suggesting that the 2L structure dominates 2D structure. The increase of 2L struc- ture can be ascribed to the more negative formation energy (Efor) of the structure when SCN−-substituted molecules are included [30]. In comparison to 1L structure, 2L structure is thermodynamically more stable. Hence the high reaction enthalpy will drive the formation of more 2L structure. The film structure is further characterized by X-ray diffraction (XRD). The PEABr–PEASCN film shows much stronger diffraction peak at 2θ of 4.06° derived from the (002) plane of 2L structure, which is consistent with the GIWAXS measurement (Figure 1d). The full width at half maximum (FWHM) of (100) diffraction peaks are 0.082° for PEABr and 0.074° for PEABr–PEASCN (Figure 1e). The smaller FWHM value can be ascribed to the enhanced crystallinity derived from the increase of high-member quasi-2D structure of PEABr–PEASCN according to Scherrer equation.
We then studied the photophysical properties of films by absorption spectra (Abs) and photoluminescence (PL) measurement. Inferred from the Tauc plots of Abs, the bandgaps of PEABr and PEABr–PEASCN Sn-based perovskite thin films are determined to be 1.46 and 1.44 eV, respectively (Figure 1f). Both of them are larger than that of FASnI3 (1.40 eV). Similarly, PL peaks of PEABr and PEABr– PEASCN are at 859 and 865 nm, respectively, shorter than that of 3D FASnI3 film (893 nm) (Figure 1g, Figure S4), confirming the larger bandgaps of PEABr–PEASCN and PEABr films than 3D structure and the formation of quantum well structures. Both absorption and PL spectra of PEABr– PEASCN are red shifted in comparison to PEABr, demonstrating that the n value of quasi-2D structure in PEABr– PEASCN is relatively larger. It should be noted that the absorption and PL peak of FASnI2.975SCN0.025 film is almost the same as that of FASnI3, indicating the bandgap is not affected by trace thiocyanate (Figure S5).
The modification of low dimensional structure also chan- ges the electronic structure of perovskite films. Ultraviolet photoelectron spectroscopy (UPS) was employed to analyze the energy band structure of film surface. The Fermi energy (EF) of Sn-based perovskite film surface is calculated by the cut-off of binding energy (Eb), and the EF of FASnI3, PEABr and PEABr–PEASCN is −4.62, −4.60, −4.58 eV, respectively. Based on the energy difference between valence-band maximum (VBM) and EF (Figure 1h), the VBM of FASnI3, PEABr, and PEABr–PEASCN is calculated to be −5.20, −5.06 and −5.02 eV, respectively. The shallower energy levels of PEABr–PEASCN and PEABr in comparison to 3D film is ascribed to the formation of quantum well structures, since low dimensional structure generally shows shallower energy level [31]. The shallower energy level of PEABr– PEASCN than that of PEABr could be attributed to the distribution of more 2D structure on the film surface [31]. In combination with characterizations above, we can conclude that PEASCN dramatically changes the composition of the film. More 2D structure is formed on film surface accompanied by the growth of highly-orientated high-member quasi-2D structure in the bulk.
2.2	Insights into crystallization kinetics
To clarify the mechanism for the dramatic structural differ- ence between PEABr–PEASCN and PEABr, we firstly stu- died the crystals growth speed by powder grinding reaction [32]. When SnI2 was ground with formamidinium iodide (FAI) and PEASCN (FAI+PEASCN), black color was ob- served quickly, indicating the fast growth of perovskites. However, grinding SnI2 with FAI and PEABr (FAI+PEABr) or FAI only generated brownish color product (Figure S6), suggesting that the reaction is slower. XRD patterns of the products were used to analyze the structure of the products. The powder by mixing SnI2 and FAI+PEASCN shows that two groups of strong diffraction peaks are attributed to 2L and 1L structures, respectively [32] (Figure 2b). In contrast, diffraction peaks from the perovskite structure are tiny for the products via grinding SnI2 with FAI+PEABr or SnI2+FAI (Figure 2b), indicating that the reaction is slow as well. Hence, it can be concluded that the inclusion of PEASCN significantly accelerates the formation of 2D structure.
To reveal the crystal growth kinetics, we tracked the film growth by quasi-in situ GIWAXS measurements (Figure 2c) [33], in which 0 s denotes the antisolvent dripping point in spin coating, and film annealing starts at 15 s. the PEABr–PEASCN film shows (002)2L peak in few seconds and the intensity reaches the strongest nearly before annealing (Figure 2c). It indicates the fast growth of 2D structure in the PEABr–PEASCN film before annealing. In contrast, no obvious diffraction peak from 2D structure is observed before annealing for the PEABr film, indicating the slow growth of 2D structure that requires external energy to overcome the crystallization barrier. During the annealing process of PEABr film, diffraction peaks from 2L structure appear firstly and subsequently decrease, which can be ascribed to the continuous growth of 2L structure and the thickness increase. The PEABr–PEASCN shows an almost stable diffraction peak of 2L structure in annealing process, likely derived from the separation of 2D structure on the surface, which limits its growth [34] (Figure 2c).
To elaborate the quick growth of the 2D structure based on PEASCN, we calculated the cleavage energies of the struc- tures with density functional theory (DFT). In the homogeneous nucleation process, the Gibbs free energy (ΔG) driving nucleation can be described by Eq. (1):
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where, r, Vm, S and γcl represent nucleus radius, molar volume, supersaturation degree and cleavage energy, respectively. The cleavage energy of PEA2FASn2I5SCN2 (2D- PEASCN) is close to that of 3D FASnI3 and much lower than that of PEA2FASn2Br2I5 (2D-PEABr) (Table S1). By integrating the cleavage and formation energies, the system free energy evolution in the crystallization process of FAS- nI3, 2D-PEASCN and 2D-PEABr is exhibited in Figure 2a. Lower cleavage energy can reduce the crystallization barrier and increase the crystallization speed of low-dimension structures, which explains the fast growth of 2D structure in the PEABr–PEASCN films. Since 2D structure with higher surface coverage is mainly located on the film surface in parallel to the substrate firstly, it can then induce the oriented growth of quasi-2D structure perpendicular to the substrate, which explains the high orientation of PEABr–PEASCN films [32]. Furthermore, the consumption of PEA for 2D structure growth at the surface leads to the shortage of PEA in the bulk, bringing the formation of high-member quasi-2D structure with larger n values (Figure 2d). As a result, the PEABr–PEASCN films have a smoother surface with less pin holes (Figures S8, S9).
2.3	Photocarrier transport properties
Carrier recombination rate constants of these films were then calculated by fitting the time-resolved photoluminescence (TRPL) curves using carrier recombination equation (Figure S10 and supporting information) [35]. The bimolecular re- combination  rate  constant  of  PEABr–PEASCN  film (1.3×10−8 cm3 s−1) is lower than that of PEABr (2.0×10−8 cm3 s−1), which can be ascribed to the increased ratio of high member of quasi-2D structures, which reduces exciton binding energy [36]. The PEABr–PEASCN film shows lower monomolecular rate constant (4.7×106 s−1) than that PEABr (5.4×106 s−1), indicating the reduced Shockley–Read–Hall (SRH) recombination [35]. This is consistent with the decrease of defect density based on space-charge- limited current (SCLC) measurement (Figure S11) [37,38]. The decrease of defect density and carrier recombination can be ascribed to the improvement of crystal orientation and high crystallinity.
The carrier diffusion length and mobility were determined based on carrier lifetimes of Sn-based perovskite films without and with quenching layers on top (supporting in- formation) [39,40]. The PL lifetime of PEABr–PEASCN thin films without quenching layers is 126 ns, larger than 105 ns of PEABr (Figure 3a, Table S2). The increased carrier lifetime is further affirmed by the kinetic analysis of the ground-state bleaching (GSB) in transient absorption spectroscopy (TAS) (Figure S13). The calculated electron diffusion length and mobility of PEABr-PEASCN is 480 nm and 0.7 cm2 V−1 s−1, respectively, larger than 410 nm and 0.6 cm2 V−1 s−1 of PEABr (Table S2). The improvement on diffusion length and mobility of PEABr–PEASCN can be ascribed to the increased n value of quasi-2D structure, as well as the decreased defect density.
2.4	Solar cell performance
We fabricated solar cells using the inverted architecture of ITO/PEDOT/Perovskite/ICBA/BCP/Ag (Figure 3b). The current density–voltage curves were measured under simulated AM1.5 G illumination (Figure 3c). The solar cell based on PEABr shows a PCE of 13.4% with VOC of 0.908 V, JSC of 19.4 mA cm−2 and fill factor (FF) of 76.5%. The solar cell based on PEABr–PEASCN reaches an increased efficiency of 14.6%, derived from the VOC of 0.905 V, JSC of 20.6 mA cm−2 and FF of 78.6%. The higher current density and fill factor can be ascribed to the enhanced carrier mobility, diffusion length and reduced carrier recombination. The JSC integrated from external quantum efficiency (EQE) curves is 19.1 and 20.2 mA cm−2 for PEABr and PEABr– PEASCN, respectively, matching with the JSC from J–V curves (Figure 3d). Despite the increased recombination, the voltage of PEABr-based device is comparable to that of PEABr–PEASCN-based device, which could be ascribed to its slightly higher bandgap. 50 solar cells were fabricated based on the PEABr or PEABr–PEASCN, respectively, to obtain statistical performances. The average PCE and JSC of PEABr–PEASCN is 13.9% and 20.2 mA cm−2, respectively, obviously higher than those of PEABr devices (13.1% and 19.0 mA cm−2, respectively) (Figure 3e). The encapsulated solar cell based on PEABr–PEASCN maintains 99.7% of the initial PCE in a N2 glovebox for 1,000 h, higher than the 94.2% of PEABr (Figure 3f). 20 PEABr- and 20 PEABr– PEASCN-based devices were tracked and the PEABr– PEASCN-based devices maintain 98.2% (average value) of the initial PCE in N2 glovebox while the average value of the PEABr-based solar cells is 92.6% after 1,000 h (Figure S14). Surface oxidation was evaluated by X-ray photoelectron spectroscopy (XPS). After the perovskite films were stored in the N2 glovebox for 20 days, 9.4% of the Sn2+ at the surface was oxidized to Sn4+ for PEABr–PEASCN, which is lower than that (17.7%) of PEABr (Figure S15). The accumulation of 2D structure on the surface enhances the film oxidation resistance, contributing to the improvement on shelf stability of devices. The tracking of device PCE in ambient conditions supports the conclusion above. The en- capsulated PEABr–PEASCN-based solar cell maintains 83% of the initial PCE in air without humidity and temperature control for 460 h, while the PCE of PEABr-based device drop- ped down to 78% of the initial PCE within 50 h (Figure S16).
3 Conclusions
This study explores phenylethylaminium pseudo-halide salt to control the crystallization kinetics of low-dimensional Sn- based perovskite thin films. Mechanistic insights show that the inclusion of PEASCN reduces the crystallization barrier, giving rise to fast crystallization of 2D perovskites, which is attested by in-situ GIWAXS tracking of film growth. The fast growth of 2D structure at the top surface region of precursors initializes the growth of highly oriented high-member quasi- 2D structures, resulting in long photocarrier diffusion lengths and lifetimes, and underpinning the attainment of enhanced JSC and PCEs up to 14.6%. This strategy sheds light on understanding and controlling the growth of low-dimensional perovskite films beyond Sn-based ones for high-performance, reproducible optoelectronics.
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Figures
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Figure 1 Film structure and photophysical properties. (a) GIWAXS patterns of tin-based perovskite films with incident angle of 2°. (b) GIWAXS intensity integrated azimuthally at q=1 Å−1. (c) Line cut along qz direction in GIWAXS patterns with different incident angles. (d) XRD patterns of tin-based perovskite thin films. The diffraction intensity in 3°–10° was amplified by a factor of forty for visual comparison. (e) XRD patterns with partially enlarged view of (100) plane. (f–h) Tauc plots, normalized PL spectra and UPS spectra of tin perovskite films (color online).
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Figure 2 Film growth kinetics. (a) Schematic of the system free energy evolution in the crystallization of FASnI3, PEA2FASn2I5SCN2 (2D-PEASCN) and PEA2FASn2Br2I5 (2D-PEABr). (b) XRD patterns of powder grinding products. (c) Quasi-in situ GIWAXS measurements of PEABr and PEABr–PEASCN films. GIWAXS intensities in each scattering vectors were integrated along the corresponding Debye rings. (d) Schematic of the crystallization mechanism of Sn-based perovskite films of PEABr and PEABr–PEASCN (color online).
[image: 图示
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Figure 3 Solar cell performance and film properties. (a) TRPL spectra of PEABr and PEABr–PEASCN films with and without quenching layer. (b) Cross- section scanning electron microscope (SEM) images of Sn-based PSCs based on PEABr and PEABr–PEASCN. The scale bar is 100 nm. (c) Current density– voltage characteristic curves of Sn-based PSCs under simulated AM1.5 G illumination. (d) EQE and integrated current density of Sn-based perovskite solar cells. (e) Statistical PCE and JSC from 50 PEABr and 50 PEABr–PEASCN Sn-based PSCs; (f) PCE evolution of encapsulated Sn-based perovskite solar cells stored in N2 environment (color online).
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