Surface-reconstruction of NiOx nanocrystals makes a breakthrough in flexible solar cells
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Lightweight flexible perovskite solar cells are promising for building/vehicle integrated photovoltaics, wearable electronics, and aerospace applications. Recently in Nature Energy, Li and coworkers re-construct the surface properties of low-temperature processed NiOx nanocrystal film by tailoring a self-assembled monolayer. A record power conversion efficiency of 24.4% (certified) was achieved in flexible solar cells using an all-perovskite tandem structure.
Lightweight flexible solar cells have attracted intensive attention because of their virous promising applications in building/vehicle-integrated photovoltaics, wearable electronics, portable energy systems and aerospace applications. Since the first demonstrated application in photovoltaics in 20091, metal halide perovskites have been widely regarded as the emerging light-harvesting materials for next-generation thin-film solar cells due to the merits of low-cost, high absorption coefficient, solution processable, long electron-hole diffusion length and so on. Their high absorption coefficient enables the active layer of the device to be very thin with an thickness of ~500 nm to absorb the entire visible solar spectrum. These features combined result in the capability to realize the low-cost, high-efficiency, and lightweight flexible solar cells. 
The power conversion efficiency (PCE) of flexible perovskite solar cells (PSCs) have rapidly improved to over 21% (highest certified of 19.9%) within a decade2. Recently, there is an increasing global effort to advance the flexible PSCs, and much of these endeavors are focused on the development of new composition, carrier transporting materials, interfacial engineering, and processing methods. In particular, non-stoichiometric nickel oxide (NiOx) nanocrystals developed by our group3-4 have been extensively studied as a low-cost and highly efficient hole-transporting material in flexible PSCs due to their its robust chemical stability, low-temperature processability, high optical transmittance and low fabrication costs. However, high trap densities and energy-level misalignment at the NiOx/perovskite interface constrain performance and operational stability of flexible PSCs.5 Surface passivation of NiOx nanocrystal film with small molecules6, polymers7, ionic liquids8 and organic cations5 led to the best PCE of ~20%9 for p-i-n flexible PSCs. Therefore, modifying the surface properties of NiOx nanocrystal film with tailored molecules is an effective strategy to minimize the PCE difference between PSCs fabricated on rigid and flexible substrates.
Writing in Nature Energy, Li and coworkers report a molecule-bridged hole-selective contact to mitigate interfacial recombination and facilitate hole extraction in flexible PSCs by anchoring hole-selective molecules on the low temperature-processed NiOx nanocrystal film.10 Considering the excellent hole selectivity and effective chemical bonding formation, two types of molecule, namely 2PACz ([2-(9H-carbazol9-yl)ethyl] phosphonic acid) and MeO-2PACz ([2-(3,6-dimethoxy-9H-carbazol-9-yl)ethyl]phosphonic acid), were selected for this study. The 2PACz and MeO-2PACz molecules anchor on the surface of NiOx via the phosphonic acid group, as evidenced by X-ray photoelectron spectroscopy and ultraviolet photoelectron spectroscopy measurements. In the meantime, the oxygen from the phosphoryl of the 2PACz passivates the defects in the buried interface of perovskite films via forming the Pb—O chemical bonding, as confirmed from the first-principle calculations. The anchoring of 2PACz and MeO-2PACz with different molecular dipole moments (2.0 debye vs. 0.2 debye) is also capable to tune the energy-level alignment between NiOx and perovskites. As a result, the interfacial non-radiative recombination at the interface between NiOx and perovskite absorber, which contributes to the improved photovoltaic performance of flexible single-junction PSCs. Furthermore, this strategy can be employed to fabricate flexible all-perovskite tandem solar cells with a certified PCE of 24.4% for device area of 0.049 cm2, which represents the highest performance among all types of flexible thin-film solar cells reported to date. Meanwhile, surface-reconstruction of NiOx nanocrystals with hole-selective molecules improves the mechanical and operational stability of flexible PSCs.
This report opens a new way to fabricate flexible solar cells with high efficiency and stability for the broad applications. However, the mechanism is still not very clear for the self-assembly of the 2PACz and MeO-2PACz mixtures on the surface of NiOx nanocrystals. Meanwhile, the molecules used are still very expensive and may increase the fabrication cost of flexible PSCs. In the near future, more insightful studies should focus on design guideline for developing more efficient and cheaper self-assembled molecules for large-scale manufacturing of lightweight flexible solar cells. Toward the practical applications of flexible PSCs, the mechanical and operational stabilities need to be further improved by a combination of interface engineering, material innovation of each functional layer, and encapsulation techniques. 
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Figure 1. Preparation of SAM-NiOx nanocrystal film and performance comparison of different types of flexible solar cells.
(A) Scheme of the SAM-NiOx nanocrystal film formation and the surface-reconstruction of NiOx nanocrystals with SAMs. (B) Comparison of the flexible all-perovskite tandem prepared on SAM-NiOx substrate with other types of flexible solar cells.
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