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CBM and VBM, respectively®; (j) photoelectric conversion process of solar cells.
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Fig. 2. The 12 types of intrinsic point defects in metal halide perovskites??. V,, denotes a M vacancy, M; denotes a M interstation

and My represents the N replaced by M, where M and N represent ions in APbXj.
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Fig. 4. (a) Local defect configurations and band structures change before and after the formation of a Pb-dimer for V{#¥7; (b) the
band structures change before and after the formation of a I-trimer for I;s, where the illustrations indicate the local charge density
of the defect state); (c) calculate the defect formation energy of Vi, Pb;, Pbyy and Iy, with Fermi level in different charge states?™;
(d) schematic diagram of the mechanism of V; forming deep-level defect states™; (e) potentially stable I; and Vpy, defect structures,
as well as the charge transition levelsP; (f) there are two possible defect configurations of Pby: in-plane bridge (top) and interplane
bridge (bottom) ; (g) formation energies and volume densities of key defects in 3-MAPbI;®); (h) the formation energy of Vi(N)
and Vy(C) with Fermi level under hydrogen-poor and -rich conditions, respectively!*l.
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Fig. 5. (a) Influence of different functional on defect configurations and energies of I; and Pb;®”; (b) the influence of PBE and PBE-
SOC on the energy levels (including VBM, CBM and defect-localized state DLS) and Pb-Pb distance near V3 1"); (c) the local de-
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Fig. 6. (a) Diffusion mechanism of 1=, Pb*2 and MAT ionsl; (b) energy profiles of V; and Vy;, migration path, where the in-

sets show the defect structures of the NEB images at the initial, transition, and final states*”; (c) migration paths of four common

defects (Vi, Vya, Vpp, and L) 19 (d)—(g) an overview of defect migrations and their impact on the operational mechanisms of per-

ovskite cells! .
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Fig. 7. (a) Local atomic structures of I; defects, and the relationship of the non-radiative capture coefficients and recombination

coefficient A to temperaturel'’. (b), (c) Atom-projected DOS for different defects and perfect MAPbI;, and the electron-hole recom-

bined percentage for different systems after 2 ns. Where, blue and green respectively represent the percentage of the direct recom-

bination and defect assisted recombination'?. (d) Evolution of populations of the key states for the charge trapping and recombina-
tion in different charged I; and perfect MAPbI;"). (e) Dependence of hole capture rate (left) and electron capture rate (right) of Pb;
on the transition energy level at different temperatures®. (f) Non-radiative capture coefficients of Pby as a function of temperaturel*.

(g) Relation between iodine ion migration process and carrier lifetime of excited state, the illustration is the migration path of iod-

ine ionl5,
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Fig. 8. (a) Change of photoelectric performance of traditional solar cells and perovskite under light over timel*?. (b) Schematic dia-

gram of crystal structure changes before (local distortion) and after (lattice expansion) lightP!l. (¢) Influence of illumination time on
device performance at 298, 278 and 263 KP?. (d) Photovoltaic performance of the CsPbl; perovskite cells for 0 and 180 s light soak-

ing, measured under the AM 1.5G simulated sun light/?. (e) Evolution of device performance over time under constant 1-sun illu-

mination and after resting the device in dark. Schematic figure of photocurrent degradation and self-healing mechanisms based on

the band structures, including photo-degradation and accumulation, during recovery in dark and under illumination after self-healing/®*.

(f) The change of defect activation energy of reference (start) and Cl-doped (hexagonal) perovskite after light soaking for 72 h and

650 h is measured™. (g) Sketch of the potential energy surfaces in the electronic ground state and lowest excited state for MAPbI;.

For the exciton charge density, electrons and holes are shown in red and yellow respectively?. (h) Two kinds of light soaking ef-

fects: degradation during the night and recovery during the day, degradation during the day and recovery during the night!*2.
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Fig. 9. (a) Effects of temperature and V¢, concentration on the phase transformation of CsPbCl; perovskiteP”; (b) photo-degrada-
tion of perovskite MAPbI; induced by oxygen®”; (c) the phase transition and degradation process of CsFAPbI; exposed to water/airl0!);
(d) the phase decomposition pathway of intermediate phase structure (MA,;Pbl;)%2; (e) structural evolution and energy profiles of

FAPbI; phase transition with/without I; defects (from cubic phase to hexagonal phase)!53.
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SPECIAL TOPIC—Modification of material properties by defects and dopants

Influence of defect in perovskite solar cell materials on
device performance and stability”
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Abstract

Perovskite solar cell material becomes one of the most attractive light absorbing materials in the
photovolatic field due toits unique photoelectric characteristics, especially the rapid improvement of
photoelectric conversion efficiency in the initial short period of time. However, in recent years, the growth of
conversion efficiency has entered a slow stage, posing a challenge for subsequent development. In addition, the
long-time stability of material has become a key barrier to widespread commerical applications. The emergence
of these problems is closely related to the inevitable defects in the material in preparation process, because
defect is usually regarded as one of the key factors hindering the improvement of photovolatic performance and
materical stability. Therefore, a comprehensive understanding of the inherent defects of material is essential to
improve cell efficiency and maintain long-time structural stability. In this paper, the effects of defects in
perovskite material on photovolatic performance and stability are discussed in many aspects, including the
traditional rigid defects, unconventional defects, complex defects, and ion migration. Second, this work also
delves into how defects affect carrier lifetime and highlights their role in determining the overall cell
performance. Such insights are very important in designing effective strategies to mitigate the adverse effects of
defects on material performance and stability. Finally, we discuss the complex relationship between defects and
structural stability, and recognize that the defects are a key factor affecting the long-term robustness of
perovskite solar cells. The understanding of the mechanism behind the focus problems will help researchers
achieve new ideas to improve the efficiency and duraibility of perovskite solar cell technology. Overall, this
review not only provides the current state of knowledge on defects in perovskite materials, but also illustrates
further research directions. By revealing the complex interplay between defects, photovoltaic performance and
structural stability, researchers can find a way to break through the current limitations and realize the potential
value of perovskite solar cell technology in the commercial applications. Thiswork aims to spark an in-depth

discussion of this issue and further explore and innovate in this promising field.
Keywords: perovskite solar cells, defects, non-radiative recombination, stability
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