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SUMMARY

Hybrid lead halide ABX3 perovskite solar cells (PSCs) have emerged as a strong
competitor to the traditional solar cells with a certified power conversion effi-
ciency beyond 25% and other remarkable features such as light weight, solution
processability, and low manufacturing cost. Further development on the effi-
ciency and stability brings forth increasing attention in the component regulation,
such as partial or entire substitution of A/B/X sites by alternative elements with
similar size. However, the relationships between composition, property, and per-
formance are poorly understood. Here, the instability of PSCs from the photon-,
moisture-, thermal-, and mechanical-induced degradation was first summarized
and discussed. In addition, the component regulation from the A/X sites is high-
lighted from the aspects of band level alignment, charge-carrier dynamics, ion
migration, crystallization behavior, residual strain, stoichiometry, and dimension-
ality control. Finally, the perspectives and future outlooks are highlighted to
guide the rational design and practical application of PSCs.

INTRODUCTION

Organic-inorganic lead halide perovskite solar cells (PSCs) have emerged as one of the most attractive

photovoltaic technology due to their impressive power conversion efficiency (PCE) accomplished over a

short time. Their superior optoelectronic properties, such as long diffusion length up to 1 mm, small Urbach

energy around 12.6 meV (Wang et al., 2016), low trap density of 1015–1016 cm�3(Baumann et al., 2015), high

optical absorption coefficients about 105 cm�1(Wang et al., 2015), small exciton binding energy (around

10–50 meV) (Grånäs et al., 2016; Quilettes et al., 2015), balanced ambipolar hole and electron transport

and high charge carrier density (>1017 cm�2) (Stranks et al., 2014), have attracted increasing attention for

application in solar cells (Hao et al., 2014), photo-/radiation detectors (Venugopalan et al., 2019), light-

emitting diodes (LEDs) (Zhang et al., 2020b), lasers (Wang et al., 2019d), and scintillators (Zhao et al.,

2021; Zhu et al., 2020). In particular, the verified PCE of PSCs has swiftly climbed to a record of 25.5%

(Min et al., 2021), on par with the high-efficiency silicon cells (Chen et al., 2020), cadmium telluride

(CdTe), and copper-indium-gallium-arsenide (CIGS) cells. As for pure FAPbI3 (FA
+ is formamidinium) pe-

rovskites, Hui et al. and Jeong et al. achieved a PCE of 24.10% and 25.21%, respectively (Table 1) (Hui

et al., 2021; Jeong et al., 2021). Despite the FAPbI3 devices achieving a high record PCE and long-term sta-

bility, the improved performance was achieved through appropriate additive engineering and solvent en-

gineering beyond the scope of this review. It is comforting that the highest record of PCE appears on the

mixed perovskite precursor with a structure of FAPbI3:0.38MDACl2 (where MDACl2 is methylenediamine

dihydrochloride) (Min et al., 2019, 2021). The characteristic diversity of perovskite structure and defect

chemistry would lead to a further advance in photovoltaic devices and launch an appreciable revolution

in the future photovoltaic market.

To form a stable ABX3 structure, conventional A sites are monovalent cations such as methylammonium

(MA+), FA+, and cesium (Cs+), which occupied the octahedral cage composed of corner-shared (BX6)
4‒

octahedral. B sites are divalent metal ions (e.g., Pb2+ or Sn2+) and generally have smaller ionic radius

than A sites. X-site monovalent anions (e.g., Cl�, Br�, or I�) usually coordinate with B sites to form the octa-

hedral. In general, the optical and electronic properties of perovskites are closely related to their structure

and composition. Empirically, the Goldschmidt’s tolerance factor (t=(rA + rX)/
ffiffiffi

2
p

(rB + rX)) of ABX3 perovskite

falls in the range of 0.825 �1.059 to keep a high symmetrical cubic framework as well as high stability

(Cheng and Lin, 2010; Travis et al., 2016). Moreover, Bartel et al. developed a more accurate tolerance fac-

tor (t), which is defined as T = rA=rB � nAðnA � rA=rB=lnðrA= rBÞ Þ, where nA is the oxidation state of A (Bartel
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Table 1. Reported PCE and stability of PSCs with A/X sites engineering

Perovskites Device structure Test condition Stability PCE(%) Voc (V) Year Refs

Light stability

FA0.90Cs0.10PbI3 FTO/c-TiO2//PVSK/

Spiro-OMeTAD/Ag

under continuous

white light (sulfur

lamp, z100 mW cm�2)

illumination RH<50%,

T < 65�C)

Retains over 70% of

original PCE after

220 h at MPP

19.0 1.07 2015 Lee et al. (2015)

Cs0.10FA0.90

Pb(I0.83Br0.17)3

FTO/c-TiO2/Li-

doped m-TiO2/

PVSK/Spiro-

OMeTAD/Au

in N2 atmosphere,

held at 25�C under

constant illumination

Remains over 90%

of the original PCE

over 250 h at MPP

21.17 1.15 2016 Saliba et al. (2016)

(FAPbI3)0.85

(MAPbBr3)0.15

ITO/NiOx/PVSK/

PC61BM/ZnO/Ag

RH 50% in dark at 25�C Maintains over 80%

of the original PCE

for 3840 h

19.10 1.076 2018 Liu et al. (2018)

FA0.83Cs0.17

PbI2.7Br0.3

FTO/SnO2/PC61BM/

PVSK/PTAA/Au

under 10 sun

illumination

Maintains over 90%

of the original PCE

for 150 h at MPP

22.5 1.214 2018 Wang et al. (2018b)

FA0.75Cs0..25

Pb(I0.80Br0.20)3

ITO/PTAA/PVSK/

C60/BCP/Ag

open-circuit voltage

monitor at 0.1/1/10 sun

Retains over 100%,

98%, 88% after

10 min at 0.1, 1, 10 sun,

respectively

17.4 1.17 2018 Bush et al. (2018)

(FAPbI3)0.95

(MAPbBr3)0.05

FTO/c-TiO2/m-TiO2/

PVSK/poly(3-

hexylthiophene)/Au

under 1 sun illumination Maintains over 95%

of the original PCE for

1,370 h at MPP

23.3 1.152 2019 Jung et al. (2019)

(FA,MA,Cs)

Pb(I,Br)3(Cl)

FTO/SnO2/PVSK:Eu
3+/

Spiro-OMeTAD/Au

under 1 sun illumination Maintains over 91% of

the original PCE for

500 h at MPP

21.89 1.153 2019 Wang et al. (2019a)

(FAPbI3)0.92

(MAPbBr3)0.08

ITO/SnO2/PVSK/Spiro-

OMeTAD/Ag

open-circuit condition

exposed to continuous

light (90 G 10 mW cm �2)

under open-circuit

condition exposed to

continuous light (90 G

10 mW cm�2),

RH 30–40%, 40�C, under

open-circuit condition

Maintains over 95%

of the original PCE

for 720 h

23.48 1.191 2019 Wang et al. (2019b)

(Cs,FA,MA)

Pb(I,Br)3

ITO/NiOx/F2HCNQ/

PVSK/PCBM/BCP/Ag

encapsulated, RH 40%

at 25�C

Maintains over 80% of

the original PCE for

>1000 h

22.13 1.14 2020 Ru et al. (2020)

(MTEA)2(MA)4

Pb5I16

ITO/PEDOT:PSS/PVSK/

PC61BM/BCP/Cr/Au

under simulated AM1.5G

light (Enlitech SS-F5-3A)

in N2 atmosphere

Retains 85% of the original

PCE after 1000 h at MPP

18.06 1.09 2020 Ren et al. (2020)

BA2MA3Pb4I13 ITO/SnO2/PVSK/Spiro-

OMeTAD/Au

under continuous 1 sun,

AM1.5G illumination

Retains 90% of the original

PCE after 1100 h

16.25 1.31 2020 Liang et al. (2021)

GA0.015Cs0.046

MA0.152FA0.787

Pb(I0.815Br0.185)3

FTO/c-TiO2/Li-doped

m-TiO2/PVSK/Spiro-

OMeTAD/Au

under illumination

(AM1.5G 100 mW cm�2)

Retains over 90% of the

original PCE after

3000s at MPP

20.16 1.18 2020 Jung et al. (2020)

Cs0.5FA0.5PbI3 QDs ITO/SnO2/PVSK/Spiro-

OMeTAD/Au

at open circuit under

1 sun illumination in

N2 at 50–65�C

Retains over 94% of the

original PCE for 600 h

16.6 1.17 2020 Hao et al. (2020)

(Continued on next page)
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Table 1. Continued

Perovskites Device structure Test condition Stability PCE(%) Voc (V) Year Refs

(Cs,FA,MA)Pb(I,Br)3 ITO/PTAA/PVSK/C60/

BCP/Cu

under 1 sun in N2

atmosphere with a UV

filter with a 420-nm cut-off

Maintains over 99% of

the original PCE for

1000 h at MPP

23.0 1.17 2020 Zheng et al. (2020)

FA0.92Cs0.08PbI3 ITO/PTAA/PVSK/C60/

BCP/Cu

at 50 G 5�C in air under

1 sun illumination.

Maintains 93.6% of the

original PCE for over

1000 h

20.2 – 2021 Deng et al. (2021)

Cs0.04(FA0.84

MA0.16)0.96

Pb(I0.84Br0.16)3

ITO/SnO2/PVSK/Spiro-

OMeTAD/Au

under continuous 1 sun

illumination in N2

atmosphere at 40�C

Retains over 82% of the

original PCE after

1000 h at MPP

22.2 1.18 2021 Dong et al. (2021)

FA1-xMAxPbI3 ITO/SnO2:CoCl2/PVSK/

Spiro-OMeTAD/Au

under continuous

irradiation

Retains 83.5% of the

original PVE after 200 h

23.82 1.20 2021 Wang et al. (2021b)

FA1-xMAxPbIy

Br3-y (Cl)

FTO/c-TiO2/Li-doped

m-TiO2/PVSK/Spiro-

OMeTAD/Au

LED source, 1 sun in

N2 atmosphere at 25�C

Remains 90% of the

original PCE after 400 h

22.30 1.15 2021 Alharbi et al. (2021)

Moisture stability

FA0.85MA0.15

Pb(I0.85Br0.15)3

ITO/PTAA/PVSK/C60/

BCP/Cu

RH 50–85% in N2

atmosphere at 25�C

Retains almost 100% of

the original PCE over 720 h

21.0 1.14 2017 Zheng et al. (2017)

(FAPbI3)0.95

(MAPbBr3)0.05

FTO/c-TiO2/m-TiO2/

PVSK/Poly(3-

hexylthiophene)/Au

under 85% relative

humidity at room

temperature

Maintains nearly 80% of

its initial PCE after 1,008 h

23.3 1.152 2019 Jung et al. (2019)

(Cs,FA,MA)Pb(I,Br)3 ITO/PTAA/PVSK/

C60/BCP/Ag

RH 60–65%, at room

temperature

Maintains nearly 90% of

its initial PCE after 1700 h

21.0 1.12 2020 Hu et al. (2020)

Cs0.05(FA0.83

MA0.17)0.95

Pb(I0.83Br0.17)3

FTO/c-TiO2/m-TiO2/

PVSK/Spiro-OMeTAD/Au

under ambient condition

in a dry room with an

aluminum foil (RH:

20%–35%)

Retains over 95% of the

original PCE over 3024 h

20.8 1.14 2018 Singh and Miyasaka

(2018)

(FAPbI3)0.9

(MAPbBr3)0.1

– single crystal, in a

desiccator with an RH

20% and characterized

at intervals during

10,000 h aging time

more than a year)

at least a 10,000 h

water-oxygen stability

– – 2019 Chen et al., 2019b

Guay(FAMA)1-y

PbIxCl3-x

ITO/SnO2/PVSK/Spiro-

OMeTAD/Ag

RH 25% at 25�C Retains 80% of the original

PCE over 800 h

21.3 1.14 2021 Wang et al. (2021c)

(MTEA)2(MA)4

Pb5I16

ITO/PEDOT:PSS/PVSK/

PC61BM/BCP/Cr/Au

RH 80% (G7%) at 25�C Retains 70% of the original

PCE over 1512 h

18.06 1.09 2020 Ren et al. (2020)

BA2MA3Pb4I13 ITO/SnO2/PVSK/Spiro-

OMeTAD/Au

RH 65 G 10% Retains over 90% of the

original PCE after 4680 h

16.25 1.31 2020 Liang et al. (2021)

(FAPbI3)0.85

(MAPbBr3)0.15

FTO/c-TiO2/m-TiO2/

PVSK/Spiro-OMeTAD/Au

RH 75% Retains over 87% of the

original PCE after 912 h

21.7 1.17 2018 Cho et al. (2018)

FAPbI3 with

MDACl2

FTO/c-TiO2/m-TiO2/

PVSK/Spiro-OMeTAD/Au

RH 85% at 25�C Retains over 90% of the

original PCE after 70 h

24.66 1.14 2019 Min et al. (2019)

FA1-xMAxPbI3 FTO/c-TiO2/m-TiO2/

PVSK/Spiro-OMeTAD/Au

unencapsulated in

ambient conditions

with RH. 50%

Retains over 90% of the

original PCE after 2200 h

22.02 1.108 2021 Yang et al. (2021)

FAMAPbI3-xClx FTO/NiOx/PVSK/PC61

BM/BCP/Ag

in ambient air with

RH % 30%

Retains over 96% of the

original PCE after 1020 h.

20.2 1.12 2018 Liu et al. (2018)

(FA,MA,Cs)

Pb(I,Br)3(Cl)

FTO/SnO2/PVSK:Eu
3+/

Spiro-OMeTAD/Au

in N2 atmosphere Retains over 90% of the

original PCE after 8000 h

21.89 1.153 2019 Wang et al. (2019a)

(Continued on next page)
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Table 1. Continued

Perovskites Device structure Test condition Stability PCE(%) Voc (V) Year Refs

(CsPbI3)0.05

[(FAPbI3)0.90

(MAPbBr3)0.10]0.95

ITO/PTAA/PVSK/PC61

BM/CI/Ag(Au)

in N2 atmosphere Retains over 99% of the

original PCE after 4080 h

21.29 1.07 2021 Wang et al. (2021a)

Thermal stability

BA2(MA0.76FA0.19

Cs0.05)3Pb4I13

ITO/MoO3/PEDOT:

PSS/RP PVSK/PC61

BM/BCP/Ag

at a constant

temperature of 85�C

in the dark

Retains 80% of the

original PCE after over

1400 h

15.58 1.08 2019 Jiang et al. (2019)

MA1�xClEAxPbI3 FTO/c-TiO2/m-TiO2/

PVSK/Spiro-

OMeTAD/Au

variable temperatures

under MPP tracking

and �0.7 sun illumination

Retains over 86% after

250 h

18.28 1.07 2019 Shirzadi et al. (2019)

MA0.6FA0.4

PbI2.8Br0.2

ITO/PEDOT:PSS/

PVSK/C60/BCP/Ag

100 mW cm�2, AM

1.5G) with thermal

cycling between 25

and 85�C according

to the ISOS-T-1

standard under open-

circuit condition

Slightly reduced after

burn-in period over 800 h

14.83 1.01 2019 Qin et al. (2019a)

BA2MA3Pb4I13 ITO/SnO2/PVSK/Spiro-

oMeTAD/Au

under operation at 85�C Retains 90% of the

original PCE after 558 h

16.25 1.31 2020 Liang et al. (2021)

FAPbI3 with

MDACl2

FTO/c-TiO2/m-TiO2/

PVSK/Spiro-

OMeTAD/Au

at 150�C and �25% RH Retains over 90% of the

original PCE after 17 h

24.66 1.14 2019 Min et al. (2019)

Cs0.99Rb0.01

PbI2Br

FTO/c-TiO2/m-TiO2/

PVSK/Spiro-

OMeTAD/Au

RH 40% at 65�C without

encapsulation

Retains over 90% of the

original PCE after 120 h

17.16 1.32 2020 Patil et al. (2020)

Rb0.05Cs0.05

FA0.75MA0.15

Pb(I0.83Br0.17)3

FTO/c-TiO2/m-TiO2/

PVSK/PTAA/Au

at 85�C/85% RH under

AM 1.5G irradiation

(100 mW cm�2)

Retains over 92% of the

original PCE after 1000 h

20.1 1.103 2019 Matsui et al. (2019)

FA1-xMAxPbI3 ITO/SnO2/PVSK/PEAI/

Spiro-OMeTAD/Au

85�C at N2 glove box Retains over 80% of the

original PCE after 500 h

23.56 1.16 2019 Wang et al. (2021b)

(FA,MA,Cs)

Pb(I,Br)3(Cl)

FTO/SnO2/PVSK:Eu
3+/

Spiro-OMeTAD/Au

85�C Retains over 91% of the

original PCE after 1000 h

21.89 1.153 2019 Wang et al. (2019a)

(Cs0.15FA0.85)

Pb(I0.9Br0.1)3

FTO/NiOx/Zn:CuGaO2/

PVSK/PCBM/BCP/Ag

85�C in N2 atmosphere Retains over 85% of the

original PCE after 1000 h

20.67 1.112 2019 Chen et al. (2019b)

(Cs,FA,MA)

Pb(I,Br)3

ITO/PTAA/PVSK/C60/

BCP/Ag

85�C in N2 atmosphere Retains over 95% of its

original PCE after 1000 h

21.0 1.12 2020 Hu et al. (2020)

Mechanical stability

Cs0.04(FA0.84

MA0.16)0.96

Pb(I0.84Br0.16)3

ITO/SnO2/PVSK/Spiro-

OMeTAD/Au

mechanical bending

cycles (40% RH;

ambient air; 25�C; 3mm

minimum r)

Retains 85% of the

original PCE after 2500

bending cycles

20.1 1.15 2021 Dong et al. (2021)

Cs0.05(FA0.92

MA0.08)0.95

Pb(I0.92Br0.08)3

ITO/PTAA/PVSK/PM6:

CH1007:PCBM/

Zr(acac)4/Ag

under continuous

illumination

Retains 95% of the original

PCE after 1000 bending

cycles

21.73 1.13 2021 Wu et al. (2021)

PCE and stability in pure perovskites

MAPbI3 ITO/NiOx/PVSK/PCBM/

BCP/Ag

– – 22.32 1.16 2021 Wang et al., 2020a

FAPbI3 FTO/c-TiO2/m-TiO2/

PVSK/Spiro-mF/Au

50% RH in the air

without encapsulation

Retains 87% of the original

PCE after 500 h

24.50 1.16 2020 Jeong et al. (2020)

(Continued on next page)

ll
OPEN ACCESS

4 iScience 25, 103599, January 21, 2022

iScience
Review



Table 1. Continued

Perovskites Device structure Test condition Stability PCE(%) Voc (V) Year Refs

FAPbI3 FTO/c-TiO2/m-TiO2/

PVSK/Spiro-

OMeTAD/Au

60�C under 20% RH Retains 80% of the original

PCE after 1000 h

25.21 1.17 2021 Jeong et al. (2021)

FAPbI3 ITO/SnO2/PVSK/Spiro-

OMeTAD/MoO3/Au

85�C in N2 atmosphere Retains 80% of the

original PCE after 500 h

24.10 1.17 2021 Hui et al. (2021)

MDACl2: methylenediammonium dichloride, PEAI: 2-phenylethanamine iodide, F2HCNQ: 3,6-difluoro-2,5,7,7,8,8-hexacyanoquinodimethane, IP: piperazinium

iodide, CI: cathode interlayer, BA: CH3(CH2)3NH3, FI–SnO2: FAI-incorporated SnO2, MTEACl: 2-(methylthio)ethylamine hydrochloride, PM6: poly[(2,6-(4,8-bis(5-

(2-ethylhexyl-3-fluoro)thiophen-2-yl)-benzo[1,2-b:4,5-b0]dithiophene))-alt-(5,5-(10,30,di-2-thienyl-50,70-bis(2-ethylhexyl) benzo[1020-c:4050-c0]dithiophene-4,8-di-
one)], CH1007:2,10-bis (2-methylene-(3-(1,1-dicyano- methylene)-5,6-difluoroindanone))-12,13-bis(2-butyl-octyl)-3,9-diundecyldiselenopheno[200,3’’:405’]thieno
[20,3’:4,5]pyrrolo[3,2-e:20,30-g][2,1,3]benzothiadiazole.
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et al., 2019). Massive attempts on composition engineering have been explored to modulate the physical/

chemical properties of perovskites. Notably, the complicated features of spatial framework in A/B/X sites

also affect the PCE and stability of corresponding PSCs. Several theoretical design methodologies (Saliba,

2019), such as high-throughput screening, machine learning, and data mining, also have been explored to

drive the elemental substitutions and multidimensional researches.

Perovskite precursors have low formation enthalpy and hygroscopic characteristics, which makes the crys-

tallization and morphology highly important to obtain uniform and pinhole-free thin films. For both n-i-p

and inverted p-i-n PSC devices, optimizing the compositions would further approach the theoretical Shock-

ley-Queisser (S-Q) efficiency limit (the S-Q limit for APbX3 is limited to 32% since its band gap is >1.5 eV)

(Shockley and Queisser, 1961). Historically, the organic cations on A sites evolved from MA+ to FA+/MA+,

and further to Cs+/FA+/MA+ for high-performance devices. Simultaneously, the anions on X sites changed

with the sequence of I‒ to I‒/Cl‒, and further to I‒/Br‒. Although more types of mixed X site (such as Br‒/Cl‒)

in published literature (Sedighi et al., 2016), here we focused on the mixed X-site type (APbIyBr1-y) in the

following discussion. Those approaches declare the crucial role of components regulation in boosting

the efficiency and operational stability under external stimuli stress (e.g., light, moisture, thermal, and me-

chanical). The Pb2+ in B site can be replaced with cations with similar outer shell electron configurations,

such as Sn2+ and Ge2+ in the IVA group with ABX3 structure, or heterovalent cations such as Sb3+ and

Bi3+ in the VA group and Ag+, Cu+, and Au+ to yield a double perovskite lattice with a general formula

of A2B
+B3+X6 (Cortecchia et al., 2016; Jin et al., 2020b; Krishnamoorthy et al., 2015; Slavney et al., 2016;

Wang et al., 2021d). However, the Sn PSCs still showed poor performance and stability due to the adverse

oxidation from Sn2+ to Sn4+ and fast crystallization. When discussing the Ge-based PSCs, the 4s2 electronic

configuration of Ge2+ could easily lose their lone pair electrons and lead to poor stability (Stoumpos et al.,

2015). Despite the stable characteristic of double perovskites in ambient conditions, they have relatively

poor photovoltaic performance influenced by other factors, such as strong localized resonant excitons, gi-

ant electron-phonon coupling, intermediate electron masses, and high density of electron traps (Biega

et al., 2021; Longo et al., 2020; Steele et al., 2018; Volonakis et al., 2016). The trivalent Sb3+ and Bi3+ can

easily form layer vacant structures when only considering one metal cation, which further limits the charge

transport of these materials(Jin et al., 2020b).

Therefore, our review focused on the A/X sites in Pb-based PSCs. Their intrinsic instability of halide perov-

skite films should be identified. The feasibility of component engineering from the A/X sites is underscored

in this review. We focus on the structural properties and photoelectric characteristics to discuss the rela-

tionships between efficiency and stability. The component alloying would offer a powerful direction for un-

derstanding how detailed changes at A/X sites drive the structural and photovoltaic properties, which in

turn act as a comprehensive knob to guide the semiconductor characteristic.
THE INSTABILITY OF PSCS

Generally, illumination, moisture, elevated temperature, and mechanical force all cause non-negligible

degradation of perovskite materials and further turn into instability in PSC devices (Hong et al., 2019;

Soon et al., 2013). We explored how external factors affect the propensity of ABX3 perovskites toward insta-

bility on pure and mixed perovskites.
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Figure 1. The instability of perovskites under photon/moisture/thermal/mechanical stress.
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Photon-induced degradation

Photon-induced degradation in pure perovskites

The MAPbI3 perovskites could induce the formation of PbI2 under white illumination, following spreading

over the whole crystal (Zu et al., 2017). Meanwhile, the N and C escape from MAPbI3 lattice in the form of

NH3, MA gas, and exited CH3I, respectively (details see Figure 1). The PbI2 further decomposes to the

metallic Pb. Since 2016, Haque et al. have demonstrated that the formation of superoxide (O2
‒) can deprot-

onate MA+ of photo-excited MA*, further leading to the formation of PbI2, H2O, MA, and I2 as shown in

Figure 2A (Akbulatov et al., 2017; Aristidou et al., 2017). Moreover, the O2-catalyzed degradation inevitably

reduces the yield of a photo-induced carrier to a large extent. Interestingly, the O2
‒ can occupy the I‒ va-

cancies due to similar size between O2
‒ and I‒ (Figure 2B), thus restoring the octahedral coordination of

Pb2+. The characteristic photo-oxidative degradation mechanism of MAPbI3 (001) surface was revealed

further (Ouyang et al., 2019). It mainly contains three key steps (Figure 2C): the generation of O2
‒ on the

surface under illumination, rapid oxidation and yield of H2O and Pb(OH)2 on the surface perovskites,

and then slow hydration of inner perovskites. O2 plays a key role in photo-induced instability via

Brønsted–Lowry acid-base reaction between O2
‒ and MA+(Nickel et al., 2017). Therefore, the existence

of O2 accelerates the degradation process of halide perovskite films.

Besides, photons with high energy would break the N-H bonding and accumulate the cation vacancies at

the electrode, resulting in reversible degradation under operation. Mohite et al. investigated the light-acti-

vated photocurrent degradation mechanisms of PSCs, which was ascribed to the effect of photochemical

and field-assisted ion migration (Bi et al., 2017). More importantly, the light-activated meta-stable trap

states trigger increased nonradiative recombination, following the involved ion migration, ferroelectricity,

intrinsic defects, and enhanced photo-generation of polaronic states (Hoke et al., 2015; Xiao et al., 2015).

Conversely, the self-healing behavior also happens by resting the device a few minutes under dark condi-

tions, which contribute to the longer timescales migration of cation vacancies (around 103 s) than halide

vacancies (Domanski et al., 2017; Wei et al., 2020). Abate et al. proved the mobility and distribution of

cation and halide vacancies, where the cation and anion vacancies are randomly distributed in the lattice

initially, and then halide vacancies migrate and form a Debye layer accompanied by immobile cation va-

cancies behind up to 102 s under illumination, and finally, cation vacancies form an additional Debye layer

and inhibit charge extraction (Figure 2D).

Photon-induced degradation in mixed perovskites

As for mixed halide perovskites, the phase segregation can be seduced easily under illumination, leading

to optical instability. This phenomenon is called the Hoke effect (Brennan et al., 2020; Hoke et al., 2015).

McGehee et al. found that the MAPb(BrxI1-x)3 perovskites segregated into two phases containing the

Br‒-rich majority and I‒-rich minority under light soaking (Hoke et al., 2015). The I‒-rich domains stabilize

the holes and provide a driving enthalpy for photoinduced phase segregation. By selective injection of
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Figure 2. Photon-induced degradation mechanism of perovskites

(A) Schematic patterns of the reaction steps of O2 with MAPbI3.

(B) Comparison of the relative size of I‒ and O2
‒. Credit adapted from (Aristidou et al., 2017).

(C) Schematic patterns of the photo-oxidative degradation process of MAPbI3 perovskites along (001) plane. Credit

adapted from (Ouyang et al., 2019).

(D) Schematic patterns of ion distribution within the perovskite layer under working conditions from initial, non-stabilized

state of minutes, and stabilized state on the timescale of hours. Credit adapted from (Domanski et al., 2017).
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holes in MAPbBr1.5I1.5 perovskites, Janaky et al. revealed that the I‒ expelled and left behind re-formed

MAPbBr3 domains (Samu et al., 2019). The weakening of Pb-I bonding due to the hole trapping (oxidation

of I sites) and the expulsion from the lattice (excited as I site) further results in severe phase segregation.

Therefore, the key factor toward improving the operational stability of PSCs is to balance the chemical

equilibrium between the photon-induced decomposition processes and self-healing reactions. To improve

the photon-induced stability, mixed perovskite by 5% Cs+ partially replacing MA+ with a structure of

MA0.95Cs0.05PbI3 could simultaneously suppress the formation of O2
‒ and ion migration of I vacancies

via enhancing the energy barrier of ions (Lin et al., 2021). Indeed, lattice symmetry in mixed perovskite un-

der photo illumination is reliable and, therefore, in favor of improved charge carrier recombination prop-

erties (Kim and Hagfeldt, 2019). Perovskite components indicated superb performance in stable 3D perov-

skite structure and increased photon-induced stability by A/X sites synergy effects.
Moisture-induced degradation

Moisture-induced degradation in pure perovskites

Undoubtedly, the moisture-induced degradation of PSCs is an intractable issue before commercialization.

Water, like a Lewis base, could coordinate with MAPbI3 and form ([MA+]n-1[MA]nPbI3)(H3O) intermediate,

then further decompose to HI, MA, and PbI2 in the end (Figure 1). (Frost et al., 2014) Interestingly, the
iScience 25, 103599, January 21, 2022 7



Figure 3. Moisture-induced degradation mechanism of perovskites

Water adsorption sites onMAPbI3 (001) surface in (A) top-down view of the MAI-termination and (B) side-down view of the MAI-terminated P+ surface. Water

adsorption to (C) the PbI2-terminated P+ surface and (D) PbI2-terminated P‒ surface. Credit adapted from (Koocher et al., 2015). The band structures of (E)

MAPbI3 and (F) MAPbI3 with four-absorbed H2O molecules in on supercell. Credit adapted from (He et al., 2018). Deep-level transient spectroscopy (DLTS)

spectra with different various bias voltage for the deep-level defects of (G) fresh and (H) aged (FAPbI3)0.85(MAPbBr3)0.15. Auger electron spectroscopy (AES)

depth profiles of the (I) fresh and (J) aged (FAPbI3)0.85(MAPbBr3)0.15. Credit adapted from (Heo et al., 2019).
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presence of liquid H2O could form irreversible decomposition when exposed to high humidity, in contrast

to H2O in the vapor state (Leguy et al., 2015b). While the irreversible decomposition of MAPbI3 exposing in

H2O vapor occurred once the grain converted to monohydrate phase (MAPbI3‧H2O).

Another moisture-induced degradation is accompanied by the formation of MAI, MA, and HI (Niu et al.,

2015). On the one hand, the HI could decompose into H2 and I2 via photochemical reaction under UV illu-

mination. On the other hand, the presence of HI drives the formation of I2 and H2O via redox reaction in an

O2 atmosphere (Figure 1). Barnes et al. demonstrated that the hydration process caused irreversible effi-

ciency loss due to grain isolation by hydrated crystal, which impedes the charge carrier transport and re-

sults in nonradiative recombination at the grain interface (Leguy et al., 2015b; Zhang et al., 2020a). Rappe

et al. investigated the interaction and polarization effect between (001) surface of MAPbI3 perovskite and

H2O by density functional theory (DFT) as shown in Figures 3A–3D (Koocher et al., 2015). For the MA-termi-

nated surface (Figures 3A and 3B), it showed higher water resistance in CH3-end pointing than in NH3
+-

ends pointing because of small water reactivity. Moreover, the intensity of water adsorbate configuration

on the PbI2-terminated surface (Figures 3C and 3D) in NH3
+-end pointing is the lowest, where the location

of H2O is almost planar in (001) surface. The stronger Pb-O bonding is formed on the PbI2-terminated sur-

face in CH3-end pointing due to the weakened splitting of Pb p orbital. The degradation mechanism de-

pends on the formation of hydrogen bonds between the surface MA+ cations and H2O, leading to large

adsorption energy (Zhang and Sit, 2015). Therefore, exploiting applicable strategies by inducing an electric

field and dipoles with local or interfacial order as a shielding layer is conducive for enhanced moisture

stability.

Besides, the I‒ vacancy, the most common point defect in MAPbI3 perovskite could facilitate the migration

and reduced diffusion barrier of H2O (He et al., 2018). The near-gap electronic states show significant

changes after introducing H2O in the lattice, resulting in an increased band gap (from 1.55 eV to 1.84

eV) accordingly (Figures 3E and 3F). Indeed, when the decomposition occurs, the mobile I‒ diffuses from

absorption layer to electrode, which unveils the device degradation process under environmental

stimulations.
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Moisture-induced degradation in mixed perovskites

Different from MAPbI3 perovskites, there are three main defects in (FAPbI3)0.85(MAPbBr3)0.15 perovskites:

IPb (I atoms occupying at Pb sites), IMA (I atoms occupying at MA sites), and PbBr (Pb atoms occupying at

Br sites). Nazeeruddin et al. indicated that MA would evaporate off following the formation of PbI2 with

a widened band gap (Heo et al., 2019). The defect states of E2 and E3 (assigned to IMA and PbBr defects)

in Figures 3G and 3H remained, while E1 (assigned to IPb defect) disappeared after aged about 6 months.

The change of composition in Figures 3I and 3J implied that the ratio of I/Pb remained unchanged, while

the ratio of C/Pb was decreased after a long-time age in the air. In PSCs, the Fermi level (Ef) could be held at

the defect states due to the presence of deep-level defects, which is deemed to be a key factor for high Voc

(Heo et al., 2017). Since the Ef of mixed perovskite depends on the IMA defect (deep-level defects), reducing

the loss of MA molecule is a key to fulfilling device stability. Park et al. have proved that 10% Cs+ substitu-

tion in FAPbI3 perovskites could enhance the interaction between I‒ and FA+ due to contraction of cubo-

octahedral volume, which significantly improved the moisture stability along with photovoltaic perfor-

mance (Lee et al., 2015). The 5% Cs+ incorporation in mixed (FA0.83MA0.17)Pb(I0.83Br0.17)3 perovskites stabi-

lized the perovskite phase when exposed to a humid atmosphere. Therefore, the cations and halides syn-

ergistically affect the structural stability. Combining Cs+ and Br‒ are indeed necessary to achieve superior

stable mixed perovskite alloys. Chen et al. have proved that bond length of Pb-I was elongated in

(FAPbI3)0.9(MAPbBr3)0.05(CsPbBr3)0.05 perovskites, compared with (FAPbI3)0.9(MAPbBr3)0.1 perovskites,

which further enhanced interaction between the cation and inorganic octahedral framework and reduced

the formation of I‒ vacancies (Chen et al., 2019a).
Thermal-induced degradation

Similarly, PSC devices are also subjected to thermal degradation when the ambient temperature is over

45�C or even higher. The resultant phenomenon such as ion migration and phase transition/separation

could block charge transport. Based on the international test standard, thermal stability at 85�C is required

according to IEC 61646 climatic chamber tests. Generally, single A-site perovskites have imperfections in-

phase/thermal instability. Mixed perovskites have been confirmed with improved optoelectronic proper-

ties and thermal stability. A-site cations (such as FA+ andMA+) could not contribute to the electronic states

near band edges, whereas the A-site trap defects could affect the defect formation energies of (PbX6)
4�

octahedral framework (Fang et al., 2021). Therefore, the A sites alloys have a great influence on thermal sta-

bility through altering lattice parameters (e.g., lattice contraction or dilation of Pb-X lattice) and octahedral

tilting (Amat et al., 2014) Similar to the moisture-induced degradation, the observed thermal degradation

root in the formal loss of MAX, as well as halogen substitution reaction and reduction reaction from Pb2+ to

metallic Pb0 (Akbulatov et al., 2017).

Noteworthy, the FAPbI3 perovskite undergoes cubic-to-hexagonal transition at room temperature with

large thermal hysteresis and intrinsic instability. The organic cations play a key role in structural stability

through the entropy contribution in Gibbs free energy (Chen et al., 2016). The FA+ cation in the cubic phase

(Pm3m symmetry) of FAPbI3 perovskite has large entropy with isotropic orientation to stabilize the cubic

phase upon 350 K. When cooling at 290 K, the FA+ cation in hexagonal phase (P63/mmc symmetry) has

low entropy with strong preferential orientations. Qi et al. used two assessment parameters (Td, degrada-

tion temperature, and QHAMDR, lower maximum degradation rate) to reflect the thermodynamic stability,

where the low Td and QHAMDR imply low kinetic thermal stability for perovskites (Figures 4A–4C) (Garcı́a-

Fernández et al., 2018). The order of QHAMDR criterion is a-FAPbI3<a-FAPbBr3z MAPbI3< MAPbBr3<

MAPbCl3, respectively (Nagabhushana et al., 2016). Accurately, incorporating inorganic Cs+ in mixed pe-

rovskites can capture thermal stability viaQHAMDR improvement. The trend of degradation energy (Ed) and

cohesive energy (Ec) should locate at EdR 130 kJ mol�1 and EcR4500 kJ mol�1 to ensure minimal

decomposition.

Further, Qi et al. proposed another thermal degradation mechanism and verified it by hypothetical ther-

modynamic cycle, where the major decomposition product is CH3I and NH3 (Figure 4D) (Juarez-Perez

et al., 2016) The pre-formed NH3 can react with MA+ via acid-base reaction and finally form the tertiary

amine (CH3)3N in PbI3
‒ octahedral network. However, this reaction is negligible in the bulk perovskites

due to the trapping barrier of MA+ ions, which can explain the rarely observed (CH3)3N during the thermal

degradation process. It is reasonable that the thermal decomposition in mixed perovskites is much slower

than pure MAPbI3 perovskites. Different from the water-catalyzed progress of MA+/FA+ ions in perovskite

compositions, MA+ cations involve the first stage of thermal degradation and the second process turns to
iScience 25, 103599, January 21, 2022 9



Figure 4. Thermodynamic instability of perovskites

(A) Experimental QHAMDR versus theoretical Edegradation parameters.

(B) Experimental stability map of hybrid halide perovskites described by two parameters Td versus QHAMDR.

(C) Theoretical Ed versus theoretical Ec map. Credit adapted from (Garcı́a-Fernández et al., 2018).

(D) Thermodynamic cycle depicting the decomposition process of MA+ assisted by I‒ for the chemical reaction pathways

producing CH3I and NH3. Credit adapted from (Wei et al., 2020).
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FA+ cations (Lee et al., 2015; Tan et al., 2018; Yang and Kelly, 2017). Incorporating Cs+ into perovskite lattice

would be advantageous for moisture and light stability with insensitivity toward thermal stress. The high

entropy gain in mixed perovskites with enhanced thermal performance can signify a general rule to PSC

technology.

Mechanical instability

Mechanical instability in pure perovskites

Due to their soft lattice characteristics, the perovskite, especially organic-inorganic hybrid perovskites,

enable adjustable structural and optoelectronic properties via strain regulation. However, they are also

subject to mechanical fragility and long-term instability due to their inherent brittle crystal structure (Ma

et al., 2021; Rolston et al., 2016). Generally, the different sizes of the organic amines reveal a significant

effect on stiffness and softness via bonding the inorganic framework and hydrogen bonding. The

hydrogen-bonding induced octahedral tilting can significantly adjust the electronic structure and structural

properties. Notably, the effect of mechanical deformation by A-site engineering is negligible compare to

the host-guest interaction (Ji et al., 2019; Sun et al., 2017). When discussing the X-site ions, the stiffness de-

creases as the electronegativity of halogen decrease (Cl‒> Br‒> I‒ for electronegativity, respectively). The

decreased electronegativity further leads to a reduced Pb-X bond strength in halide perovskites. Sun et al.

calculated Young’s moduli (E) for FAPbI3 and FAPbBr3 single crystal using the Oliver-Pharr method as

demonstrated in Figures 5A–5C (Sun et al., 2017). The two perovskites both showed the anisotropy feature

in the stiffness and the stiffest structures along Pb-X-Pb chains aligning along (100) plane unlike the MA-

based single perovskites (MAPbBr3 is stiffer than MAPbI3). The bulk modulus (B), shear modulus (G), and

E represent the elastic characteristic of the volumetric, shear, and uniaxial deformation, respectively.

When changing the interaction energy between MA+ and PbX3 by extra strain, Faghihnasiri et al. demon-

strated that the greater tolerance factor (close to 1) would have a denser structure (smaller E and B) (Faghih-

nasiri et al., 2017). A similar trend is also proved by Lee et al (as shown in Figures 5D–5F) (Lee et al., 2018)

TheMA cations have a greater influence on the elastic properties than other cations depending on the ster-

icity (conformation) and hydrogen bonding interaction. Furthermore, Pb-based halide perovskites have

smaller moduli than Sn-based perovskites due to the decreasing B-X bond strength when increasing the

size of B- and X-site ions in Pb-based perovskites. The contribution of B- and X-sites for elastic moduli is

greater than A-sites.
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Figure 5. Mechanical properties of perovskites

(A) Young’s moduli of hybrid halide perovskites.

(B) Young’s moduli of cubic FAPbI3 were conducted on (100), (110), and (012) planes.

(C–H) Young’s moduli of cubic FAPbBr3 were conducted on (100), (110), and (111) planes. Credit adapted from (Sun et al., 2017). Effect of chemical

substitution on the isotropic polycrystalline elastic moduli of halide perovskites in (D) Young’s modulus E, (E) bulk modulus B, and (F) shear modulus (G)

Credit adapted from (Lee et al., 2018). The value of (G) E, (H) hardness (H) of mixed FAxMA1-xPbBr3 perovskites.

(I) H versus E for mixed perovskites. Credit adapted from (Ma et al., 2021).
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Mechanical instability in mixed perovskites

To explore the mechanical behaviors in mixed A/X sites, the biggest concern is that the calculated E using

DFT, PSEsol or vdW methods are much higher than the experimental results (Faghihnasiri et al., 2017). As

far as we know, the fundamental understanding of mechanical stability in A/X sites was first reported by Ma

et al. (Figures 5G–5I) (Ma et al., 2021) Due to the hydrogen bonding when mixing the A sites, there was

nearly a linear decrease of E when increasing the FA+ contents (Figure 5G). Similarly, the mixture of A sites

also showed an increase of hardness (H) as shown in Figure 5H, which could be ascribed to the lattice

distortion of mixed perovskite materials. The origin difference of E with different A sites values contributes

to the difference of hydrogen bonding between the X sites and H atoms of the A sites, the dipole moment,

and the size of molecules, which could be regarded as a powerful measure to adjust the E in mixed perov-

skite to apply to different device structures. Adding 5% Cs+ in A sites with a perovskite structure of

Cs0.05FA0.7MA0.25PbI3 would lead to a lattice distortion of inorganic framework and increase the energy

barrier for dislocation slip through perovskite, thus increasing the resistance of plastic deformation (Wu

et al., 2018). The distribution of E and H values in MAPbIxCl3-x and MAPbIxBr3-x perovskites have been

significantly enriched and enlarged (Figure 5I). Generally, the low value of E is beneficial for strain relaxation

of the interface, especially considering flexible devices. Therefore, the mixture of A/X sites could modulate

the ductility of the perovskite materials.
iScience 25, 103599, January 21, 2022 11



Table 2. Effects of A/X sites regulation in recent high-performance PSCs.

Perovskites

Functional

component Key effect Year Refs

FAPb(I0.85Br0.15)3 FA+ The fraction of actively rotating FA molecules is minimized. The 15%

Br‒ sample was at least �2 times longer than others.

2020 Johnston et al. (2020)

Cs0.05(MA0.15FA0.85)0.95

Pb(I0.85Br0.15)3

Cs+ 5% Cs+ is the most robust and electronic structure or valence band

edge is least perturbed

2017 Deepa et al. (2017)

CsyFA1-yPb(BrxI1-x)3 Cs+ Cs+ substitution stabilizes the lattice to suppress phase segregation 2020 Hao et al. (2020)

Cs0.06(MA0.17FA0.83)0.94

Pb(I0.83Br0.17)3

Cs+ Cs+ incorporation suppresses the movement of ions strain 2019 Tennyson et al. (2019)

FAxCs(1�x)PbI3 Cs+ Cs+ incorporation is sufficient to stabilize the perovskite phase with a

lower degree of distortion of the host lattice

2020 Boziki et al. (2020)

MA0.95Cs0.05PbI3 Cs+ Cs+ incorporation suppresses the formation of reactive superoxide

ions (O2
‒) as well as ion migration in perovskites by forming additional

energy barriers

2021 Lin et al. (2021)

MA0.5Cs0.5PbBr1.5I1.5 Cs+ Cs+ incorporation suppresses the halide ion migration and improves

the stability

2021 Kamat and Kuno (2021)

FA1–xMAxPbI2.87Br0.13 (Cl) FA+, MA+ The reduction of surface energy for FA+/MA+mixed-cation perovskites

result in the preferable crystal orientation

2019 Xu et al. (2019)

MA0.95GA0.05PbI3 GA+ 5% GA substitution suppresses I‒ ion transport 2019 Ferdani et al. (2019)

FA0.85MA0.15PbI2.55Br0.45 K+ The incorporation of K+ prevents the formation of iodide Frenkel

defect

2018 Son et al. (2018)

(FAMACsRb)100�xKx Cs+, Rb+, K+ The incorporation of Cs+, Rb+ and K+ exhibit higher carrier mobility via

affecting crystal facet rotation

2018 Zheng et al. (2018)

FA0.83MA0.17Pb(I0.83

Br0.17)3, adding 5%

CsI or RbI

Cs+, Rb+ Cs+ reduces the trap density and Rb+ increases the charge carrier

mobility

2018 Hu et al. (2018)

FA1-xMAxPb(I3-xBrx),

adding RbI and CsI

Cs+, Rb+ The incorporation of Cs+ and Rb+ result in enlarged homogeneous

grain size with minor modification of unit cell

2020 Patil et al. (2020)

(MAFA)0.9025(CsI)0.0475

(RbI)0.05

FA+, MA+, Cs+ The incorporation of FA+, MA+, Cs+ yield increased perovskite grain

size and prolonged charge carrier lifetimes

2019 Solanki et al. (2019)

(FA0.83MA0.17)Pb(I0.83

Br0.17)3, adding 7% Cs+

and 3% Rb+

FA+, MA+,

Cs+, Rb+

These components enable the uniform distribution of halides, which in

turn prevents the formation of isolated halide- and cation-rich phases

2019 Dang et al. (2019)

CsxMA0.05-xFA0.94

Pb(I0.99Br0.01)3

Br‒ Br‒ incorporation is beneficial to enhance the stability of FAPbI3-based

PSCs via suppressing the trap density in perovskite films.

2020 Xie et al. (2020)

MAPb(Br0.5I0.5)3 Br‒, I‒ Halide vacancies/interstitials are a charged and highly mobile defect 2020 Knight et al. (2020)

Cs0.05MA0.15FA0.8

PbI2.55Br0.45

Cs+, Br‒ The incorporation of Cs+ and Br‒ induces inhomogeneous

crystallization

2020 Saidaminov et al. (2020)

(MA/FA/Br)Pb(I/Br)3 Cs+, MA+, Br‒ Cs+ helps prevent decomposition into precursors, Br‒ mixing is the

most effective method of stabilizing the desired a-phase; MA+ mixing

is moderately effective at stabilizing the a-phase, it is useful in

minimizing the Br content required for a-phase stabilization.

2020 Kim et al. (2020b)
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A/X SITES COMPONENT ALLOYING

The introduction of different cations/ions at A/X sites of metal halide is a great method to tune their

optoelectronic properties and long-term stability. Here, we mainly discussed A/X sites component

alloying based on band gap regulation, charge-carrier dynamics, ion migration and hysteresis,

crystallinity and phase control, residual control, and stoichiometric control. The strategies of using

A/X sites in hybrid perovskites and their effect on photoelectric property gives a detail summarized in

Table 2.
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Figure 6. Bandgap regulation in perovskite

(A) A photo of PSCs with a different compositional ratio of A site and X site.

(B and C) Illustration of (B) absorption and (C) band gap for different compositional spaces. Credit adapted from (Jesper Jacobsson et al., 2016).

(D–F) The band gap, (E) Voc loss, and (F) PL lifetime (t1) as a function of ternary MA+, FA+, and Cs+ compositions. Credit adapted from (Li et al., 2017).
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Band gap regulation

The valence band (VB) of ABX3 halide perovskites is composed of the long pair Pb 6s and halide p-orbital

with strong anti-bonding interaction, while the conduction band (CB) is derived from Pb 6p and halide

p-orbital with weak anti-bonding interaction (Umebayashi et al., 2003; Yin et al., 2015). The typical band

gap is around 1.2 � 2.4 eV for multi-component perovskites, which would be ideal absorbers in single-

or multi-junction solar cells (Brennan et al., 2017). Generally, the A-site cations evolved from single MA+

or FA+ to dual cations of MA+/FA+, MA+/Cs+, and FA+/Cs+, and further to ternary cations of Cs+/MA+/

FA+. Meanwhile, the X site varied from I� anion to I�/Cl� or I�/Br� anions. The Pb2+/Sn2+ alloying in B sites

could further adjust the band gap to infrared range, favoring all-perovskite tandem devices. For this part,

we will focus on the reported component alloying to afford a diverse family of multi-components with tail-

orable band gap properties under the tolerance factor rule.

Generally, the optical and electronic performance of APbI3 perovskites could be tailored through altering

lattice parameters (e.g., lattice contraction or dilation of Pb-X lattice) or octahedral tilting (Amat et al.,

2014). The magnitude of the band gap is highly correlated to the Pb-I-Pb angle (Amat et al., 2014; Chen

et al., 2015c). Due to the higher probability of hydrogen bonding formation of FA+ cations compared to

MA+ cations, the spin-orbit coupling can be enhanced in pseudocubic FAPbI3 perovskites by increasing

the ionic feature of Pb-I bonding and Pb character in the CB location. Jacobsson et al. explored 49 different

perovskite compositions via gradually replacing MA+ to FA+ and I� to Br� (as shown in Figure 6A), thus

inducing a remarkable PCE up to 20.7% (Jesper Jacobsson et al., 2016). The exchange of organic cations

had negligible effects on the density of the state. The semitransparency as depicted in Figure 6B reflected

that the high scattering was distributed in the middle of the matrix and the pure iodide perovskites. Mean-

while, the band gap in Figure 6C gradually increased when replacing I� to Br�, and showed only 0.7 eV dif-

ference between pure iodide and bromide perovskites. As proved, due to the C 2p, N 2p and H 1s orbital

do not contribute to state density closed to Ef, the A site cations have little influence on band gap. How-

ever, MA+ or FA+ cations can perturb halide scaffold by van der Waals interaction and hydrogen bonding

(Lee et al., 2016; Svane et al., 2017). The H atoms in FA+ cations contact with I‒ ions closely in mixed cation

systems due to strong cage tilting, thus forming strong N-H . I interaction and hydrogen bonding(Ghosh

et al., 2017)Cs+ has a remarkable chemical and thermodynamic stability than other organic cations. A small

amount of Cs+ has been proved to stabilize phase structure via increasing configurational entropy and lock-

ing (PbX6)
4‒ octahedral tilting. Cs+ tends to remove the detrimental deep traps, or else shift traps closer to
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CB or VB (Jin et al., 2020a). By combining mixture design (MD) methods, Zhou et al. revealed the compo-

sition-property relationship and synergistic effects among (Cs, FA, MA)PbX3 perovskites (Li et al., 2017). A

band gap variation from 1.56 to 1.65 eV appeared when adjusting multi-components in the tertiary space

(Figure 6D). The highest band gap value is composed of 26.7% Cs+, 6.6% MA+, and 66.6% FA+, while it ap-

pears a small increase when Cs+/MA+ incorporating in FA-based perovskites within certain limits. Consid-

ering the Voc loss in Figure 6E around 60 mV from the theoretical limit (Liu et al., 2019), the low Voc loss

mainly centers on the FA-based perovskites with a small concentration of either MA+ or Cs+. Correspond-

ingly, the surface recombination (t1) rather than bulk recombination (t2) is more relevant to Voc loss, thus

inferring that surface/interface recombination is more correlated to the device performance in PSCs

(Figure 6F). Among triple-cation perovskites, the best PCE has reached 23% by Cs+/FA+/MA+ mixing

(Table 1) (Zheng et al., 2020) Subsequently, Snaith et al. fabricated FAPb(IxBr1-x)3 mixed perovskite and

showed a gradual red-shift band gap when increasing I‒ fraction (Eperon et al., 2014).

Indeed, the A site alloying could tune the band gap, improve the charge-carrier mobility, and enhance the

optoelectronic properties by modifying the organic framework and octahedral inorganic framework. How-

ever, the lattice strain effect and chemical pressure by Cs+-FA+ alloying in halide perovskites would

strongly affect the structural distortion as well as the rotational motion of FA+ and dynamic tilting of

(PbI6)
4‒ octahedral framework. This phenomenon can give rise to Rashba defect, inducing an indirect

band gap via removing the electron spin degeneracy and splitting each of the band edges of CB and

VB (Kepenekian et al., 2015; Stranks and Plochocka, 2018). The band gap transition from direct to indirect

also plays a key role in reducing the charge carrier recombination in hybrid perovskites.

The general X site is halide anions (e.g., Cl‒, Br‒ and I‒) in the halide perovskite structure. Halide transition

has a significant effect on VB and follows the order of 3p to 4p and then to 5p with the halide variation from

Cl‒ to Br‒ and then to I‒(Brivio et al., 2013). The photovoltaic absorption capacity can be adjusted bymulti-X

site structure. The band gap of MAPb(IxBr1-x)3 has a gradual switch within 1.6–2.3 eV(Ippili et al., 2018; Un-

ger et al., 2017), while MAPbI3 has achieved a Voc up to 1.18 V (Wang et al., 2018a). Seok et al. used a 4-state

model to give a thermally relaxed emission process from MAPbI3-xClx perovskites (Park et al., 2017).

Compared to pure MAPbI3 perovskites, the band gap grading effect showed a decreased tendency for

MAPbI3-xClx perovskites. The hole concentration at back contact and back contact recombination was

decreased The X‒ mixing in halide perovskites has a crucial role to achieve optimum band gap for tandem

device application. Xu et al. used triple-halide alloying to tailor the band gap and achieved a PCE of 27% in

two-terminal monolithic tandem PSCs (Xu et al., 2020). Snaith et al. reported that the Voc loss was domi-

nated by the low initial radiative efficiency of mixed perovskites and the corresponding devices fail to

deliver the expected Voc due to terrible halide segregation (Mahesh et al., 2020). By maximizing the initial

radiative efficiency, a device with FA0.83Cs0.17Pb(IxBr1-x)3 (40% Br‒, band gap for 1.77 eV) showed a slight

75 mV dropping in Voc even halide segregation occurs. Therefore, improving the radiative efficiency of

alloyed perovskites and exploiting an efficient perovskite/CTL (charge transport layer) interface should

be pursued.
Charge-carrier dynamics

The superior physical and chemical properties of perovskites such as long carrier diffusion length (>1 mm),

high light absorption coefficient (around 105 cm�1), and high defect tolerance can be easily tuned via vary-

ing chemical compositions in the precursor. Under the real operation of PSCs, the perovskites harvest the

incident photons and then convert to free charge carriers (electron and hole) by a built-in potential field.

The electrons and holes are collected by cathode and anode after diffusion, transport, and extraction pro-

cesses (Li et al., 2020). However, the nonradiative recombination including Shockley-Read-Hall (SRH)

recombination, Auger recombination, and surface/interface recombination occurred along with defects,

impurities, phonons, and mobile species (Kirchartz and Rau, 2017; Merdasa et al., 2019). Knight et al. iden-

tified three defect types (MA+ interstitials, halide vacancies/interstitials, and crystal distortions, respec-

tively) and their effects on MAPb(Br0.5I0.5)3 perovskites (Figures 7A and 7B) (Knight et al., 2020) The photo-

luminescence (PL) behavior showed no significant changes under 0–1 V applied bias (Figure 7A).

Meanwhile, the PL peak of I‒-rich phase (integrated within 720–770 nm) andmixed-halide phase (integrated

within 640–690 nm) showed increased and decreased intensity, respectively, indicating that the photo-

excited charge carrier would funnel from the mixed-halide phase into I‒-rich phase. The PL signal of

mixed-halide regions showed decreased tendency relative to I‒-rich phase, indicating that the different illu-

mination intervals have considerable effects on the amount of halide segregation. Notably, the halide
14 iScience 25, 103599, January 21, 2022



Figure 7. Charge-carrier dynamics of perovskites

(A) PL and extracted current measurements from a mixed-halide perovskite device as an applied voltage across the device is repeatedly ramped up and

down between 0 and 1 V. Top panel: The voltages applied across the device and indication of the rest intervals during the experiment. Middle panel: The

integrated low energy PL (720–770 nm) from the device under 400 nm, 110 mW cm�2, continuous-wave illumination. Bottom panel: The integrated higher

energy PL (640–690 nm) from the device.

(B–D) The ratio of the PL signals from themiddle and bottom panels of (A). Credit adapted from (Knight et al., 2020). Normalized experimental and simulated

carrier diffusion patterns for (C) CsFA-based films and (D) CsFA-based crystals.

(E and F) Experimental and simulated carrier diffusion and (F) diffusivity (red bars) and diffusion lengths in all single crystals. Credit adapted from (Saidaminov

et al., 2020).

(G and H) Photoexcited carrier density and (H) the impact of different cations on electron and hole diffusion lengths in different perovskite films. Credit

adapted from (Solanki et al., 2019).
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segregation always takes place in the region of the I‒-rich phase due to the limited amount of spatial

freedom with a high radiative recombination rate. Interestingly, the MA+ interstitials, deemed to a mobile

trap state, could reduce the quantity of charge carriers captured in neutral defects states, thus suppressing

halide segregation.

Afterward, Sargent et al. implied the competing carrier diffusivity processes in crystals and thin films with six

components (CsxFAyMA1-x-yPbIzBr3-z) using transient photoluminescence microscopy (TPLM) technology

as demonstrated (in Figures 7C–7F and Table 2) (Saidaminov et al., 2020) For carrier diffusion, it was not

affected in single crystals but thin films under component variation in A sites (Figures 7C and 7D). The
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full-wavelength at half maximum (FWHM) of CsFAMA-based single perovskite crystal was four times larger

than that of the thin films. Conversely, there was no obvious difference after temporal evolution for MA-,

CsFA-, and CsFAMA-based single crystals both in calculated and experiment results. Distinguishingly,

MA+-based films showed �0.047 cm2 s�1 carrier diffusivity, while FA+-Cs+ mixed films showed an order

of magnitude decreased diffusivity in Figure 7F. Residual FA+ and halides also contribute to increased

trap-assisted charge recombination and decreased diffusion length (Figures 7G and 7H) (Solanki et al.,

2019) Interestingly, incorporating MA+ in FA+-Cs+ films leads to uniform grain composition, allowing

�0.034 cm2 s�1 diffusivity. Chen et al. reported a mixed perovskite of (FAPbI3)0.9(MAPbBr3)0.05(CsPbBr3)0.05
with high structural stability. The corresponding PSC device exhibited outstanding thermal stability,

including 10,000 h moisture stability and 1000 h light stability (Chen et al., 2019a).

As reported in the radiative limit, the indirect band gap perovskites show smaller absorption coefficients

and lower charge mobilities than direct transition (Kirchartz and Rau, 2017). Ghosh et al. observed a higher

Rashba-type spin-splitting in FA0.75Cs0.25PbI3 than pure FAPbI3 perovskite (Ghosh et al., 2018). Meng et al.

demonstrated that the Br‒-containing pure perovskites possessed dual exciton states dominated by exci-

tons, not free carriers (Shi et al., 2020). Levine et al. proved that mixed A/X sites with a structure of

(FA0.85MA0.1Cs0.05)Pb(I0.83Br0.17)3 did not detect deep trap states by surface photovoltage spectroscopy

(SPS) and deep-level transient spectroscopy (DLTS) techniques (Levine et al., 2019), which indicated that

A/X sites alloying would be a promising channel to decrease defect level and optimize band level align-

ment. Based on the energy band structure and charge species in hybrid perovskites, there are several or-

igins to explain the dual emission band such as mixed charge species within the perovskites in (e.g., free

carrier, free and bound exciton) (Shi et al., 2020; Wu et al., 2019).

Besides, other alternative cations (like rubidium, Rb+) have also been incorporated in the halide perov-

skites. For instance, (MAFA)0.9025Cs0.0475Rb0.05PbI3 perovskites (simplified as RbCsFAMA) were deposited

and 20% PCE was obtained by suppressing defect density with increased carrier diffusion length(Solanki

et al., 2019). The Cs+ in RbCsFAMAperovskites, in return, passivate trap states effectively, therefore getting

balanced and enlarged electron/hole diffusion length (de = 600 nm and dh = 460 nm). Hu et al. also added

Rb+ into MA+-FA+-Cs+ perovskite to reduce the second-order compound rate of the free carrier in the bulk

(Hu et al., 2018). The thermally stimulated current (TSC) images revealed a wide distribution of trap state

energy for pristine MAFA-based devices while introducing small amounts of Rb+ induced a deeper trap

state. The quadruple cations showed electron mobility of 15 cm2 V�1 s�1 and hole mobility of 16 cm2

V�1 s�1, almost a half increase compared to dual-cations perovskite. Besides, adding Rb+ could suppress

the growth of PbI2 via forming RbPbI3(Matsui et al., 2018). Matsui et al. proved that a small Br‒ ratio of 5% in

(Rb0.05Cs0.05FA0.75MA0.15Pb[I0.95Br0.05]3) enabled the best initial PCE of 20.1% and state-of-the-art thermal

stability under 85% RH and 85�C heating tests for 1000 h (Matsui et al., 2019). Interestingly, a slightly high

ratio of Br‒ in (Rb0.05Cs0.05FA0.75MA0.15Pb[I0.83Br0.17]3) had non-negligible decreased efficiency at 85�C
heating for 600 h. The Br‒ and Rb+ agglomerates in the plane direction were presented after the thermal

stress test. The Rb and Br signals were also observed through energy-dispersive X-ray spectrometry (EDX)

tests, which were similar to the phase-separated compounds like RbxPbyBrz, RbIxBr1-x, or KBr(Abdi-Jalebi

et al., 2018; Kubicki et al., 2017). The alkali metals generally occupy interstitial sites instead of incorporating

to perovskite lattice, showing alleviated ion migration and negligible hysteresis. Son et al. proposed that

the Frenkel defect of I‒ in MAPbI3 could easily be formed due to ion migration from lattice to interstitial site

(Son et al., 2018). The spatial location of excess electrons was localized closed to Pb and I vacancy (VI), which

stabilized the Frenkel defect of I‒ via Pb-VI-Pb spatial arrangement. K+ doping showed a stronger effect on

mixed perovskite (such as FA0.875MA0.125PbI2.55Br0.45) than pristine perovskite (such as FAPbI3 andMAPbI3).

The structural distortion deriving from the shape difference between MA+ and FA+ accommodates K+ into

the interstitial site easily, therefore lowering the defect formation energy of K+ interstitial in mixed cation

perovskites. Notably, the cation/anion ratio of K+/I‒ was 0.616, fitting well into the interstitial site and effec-

tive coordination interaction. The alkaline cations, despite non-A-site cations in the lattice, could also be

added alongside other cation additives (Correa-Baena et al., 2019; Son et al., 2018).
Ion migration and hysteresis

Halogen migration in perovskite generally links to severe current density–voltage (J-V) hysteresis in PSCs

devices (Chen et al., 2015a; Mosconi and De Angelis, 2016). I‒ migration shows faster velocity than MA+

and Pb2+ (Eames et al., 2015). Meggiolaro et al. disclosed that the migration energy barrier of interstitial

I‒ (Ii) was higher than I‒ vacancy (Meggiolaro et al., 2018). Amphoteric Ii associated with p-doping by I2
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Figure 8. Ion migration in perovskites

(A–D) Illustration of Frenkel VBr�IBr pair migrations and (B) their migration energy profiles in MAPbBr3 and FAPbBr3. Credit adapted from (Oranskaia et al.,

2018). Photos of lateral (C) MAPbI3 and (D) MA0.95Cs0.05PbI3 devices during the same OP-decay processes under 0.2 V mm�1applied bias. Credit adapted

from (Oranskaia et al., 2018).

(E) Histograms of Voc for three different perovskites testing over 4 weeks. Credit adapted from (Tennyson et al., 2019).

(F) The activation energy plot against the A-cation ionic radius relative to MA+.

(G) Temperature dependence of fluctuation rate for MAPbI3 and MA0.95GA0.5PbI3 perovskites. Credit adapted from (Ferdani et al., 2019).
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vapor could trap electron-hole pairs under light irradiation. In pure Br‒-containing perovskite, Oranskaia

et al. exposed that the FAPbBr3 scaffold had a higher rotation barrier and formation energy than

MAPbBr3(Oranskaia et al., 2018). The minimum energy migration barriers in Figures 8A and 8B showed a

Br‒ vacancy (VBr) of 0.27 V and a Br‒ interstitials (Bri) of 0.34 eV for MAPbBr3, and a VBr of 0.33 eV and a

Bri of 0.24 eV for FAPbBr3, respectively, which revealed stronger H-bonding stabilization and higher rota-

tion barrier in FA+. The Frenkel VBr-Bri pair migration barriers showed much higher intensity than VBr and

Bri, indicating that defect intensity not only occurs in crystal growth but also in Frenkel pair formation. In I‒-

Br‒mixed halide perovskite, the energy depth of the recombination center decrease with increasing I‒ con-

tent. In particular, the Urbach energy is mainly related to grain surface-to-volume ratio (e.g. grain size) in

halide-decided components, thereby indicating the crucial role of grain boundary (GB) (Fedeli et al.,

2015). The defect state at GB strongly affects sub-bandgap absorption. Therefore, identifying the migra-

tion channel mediated by grain bulk or GB and the corresponding energy barrier could provide a funda-

mental understanding of the device stability.

The MA+ and I‒ in pure perovskites can easily migrate under an electric field due to the Frenkel defect pairs

(e.g., interstitial and vacancy defect) (deQuilettes et al., 2016). Yuan et al. found incorporated 5% Cs+ could

stabilize perovskite lattice, thus suppressing the formation of O2
‒ by inducing an additional energy barrier

(Figures 8C and 8D) (Lin et al., 2021). By configuring a lateral device with a structure of Au/perovskite/Au,

the oxygen and photo-induced decay results illustrated that the regions adjacent to Au electrodes start
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decomposition with the appearance of I‒ vacancy. Oxygen molecules tend to reside in I‒ vacancy and form

electron traps as well as the photo-generated O2
‒. As an opposite trend, the lateral device with

MA0.95Cs0.05PbI3 perovskites showed no obvious decomposition with external bias, indicating robust pro-

tection of Cs+ incorporation on photo-oxygen stability. Therefore, inorganic Cs+ could rigidize the pure

MAPbI3 perovskite lattice, thus suppressing the anharmonic motion of MA+. Meanwhile, Tennyson et al.

proved that the Cs0.06(MA0.17FA0.83)0.94Pb(I0.83Br0.17)3 perovskites are electrically uniform in macro-

and nanoscale and low Voc dropping week-after-week is observed (Figure 8E) (Tennyson et al., 2019)

Apart from above-mentioned A-site cations, Ferdani et al. used muon spin relaxation (mSR) to probe

detect transformation of nuclear dipole field arising from moving ions in Figures 8F–8G (Ferdani et al.,

2019). 5 mol% GA+ (guanidine) substitution could increase the activation energy for I‒ migration. The

observed fluctuation rate showed a decreased tendency over 150 K, which implies a phase transition tuning

from orthorhombic to tetragonal. MA+ actions would reorient within lattice when closing to 140 K (Leguy

et al., 2015a).
Crystallinity and phase control

The crystallization dynamics for mixed halide perovskites depend strongly on the interfacial energy anisot-

ropies and kinetic attachment for different chemical compositions (Sanchez et al., 2021). Rapid crystalliza-

tion processes could result in dendrite growth, wherein the diffusion processes further control the phased

transformation rate. Establishing a relationship between A/X site components and crystal preferential

growth is crucial.

Crystallization dynamics with A/X sites modulation

In 2016, Grätzel et al. investigated the mixed cations and halides with Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3
formulation (Saliba et al., 2016). Cs+ contributed to the beneficial a phase of FA+ and well-tuned Gold-

schmidt tolerance factor (Li et al., 2016). For typical ABX3 hybrid perovskites, Zhou et al. guided the crystal

stacking mode by an A-site cation cascade (Zheng et al., 2018). In particular, the cation cascade

(from MAFACs, MAFACsRb, to MAFACsRbK) in perovskites showed crystal facet rotation along with

out-of-plane and in-plane directions. The preferred orientation leads to a specific rearrangement of

[PbI6]
4‒ octahedral framework (Figures 9A–9B), reducing corresponding chemical potential to form more

thermodynamically stable thin films. Afterward, Zhou et al. optimized the components with the formula

of (FA1-xMAxPbI2.87Br0.13[Cl] and delivered a PCE of over 21% (Xu et al., 2019). The preferred crystal orien-

tation along the (001) plane significantly affects charge transportation and collection processes. Similarly,

Merten et al. enhanced the black phase purity from 45% in FAMA-based perovskite to 97.8% in CsFAMARb-

based perovskites (Figure 9C) (Merten et al., 2021) Cl‒ ions in perovskite alloys have admitted to promoting

grain growth and slowing down the ratio of grain formation (Chen et al., 2015b; Kim et al., 2019b; Lyu et al.,

2020; Wang et al., 2020a). Syed et al. demonstrated the strong saturable absorption peak of 395 nm as well

as the reverse saturable absorption peak of 790 nm (two-photo absorption) and 1200 nm (three-photo ab-

sorption) in themixed triple cation halide perovskite (Syed et al., 2020). Strong three-photo absorption near

to the band gap reveals optical stabilization, great spatial confinement, and large penetration depth, which

is rooted in phonon-assisted anti-Stokes processes(Minda et al., 2018).

The phase fraction of 4H polymorph and PbI2 phase in FAMA-based perovskites showed a large amount of

contribution, which is detrimental to the devices and acts as a trigger to the formation of photoinactived

phase. Interestingly, the addition of Cs+ and Rb+ indicated a beneficial effect on the suppression of the

4H and PbI2 phase, enabling a high-purity cubic phase of perovskite films. Meanwhile, the PbI2 content

is higher near the surface than in the bulk, and the hexagonal phase of FAPbI3 shows almost equal contri-

bution both in the bulk and the surface. The FA+ substituting by smaller Cs+ or Rb+ could cause reduced

cell volume with tilted (PbI6)
4‒ corner-sharing octahedral in a larger angle (Ghosh et al., 2017). The role of

mixed cations in crystallization dynamics could be attributed to the homogeneous distribution of halogens,

thus permitting carriers to move lightly from grain to grain. Rehman et al. established crystal phase-photo-

stability-optoelectronic properties of mixed A/X sites (Figures 9D and 9E) (Rehman et al., 2017) First, they

added the Cs+ cations in a region of 0�0.8, where the FWHM of the (100) plane showed the minimum value

with 20% Cs+ addition. Accordingly, the highest crystalline Cs0.2FA0.8Pb(Br0.4I0.6)3 perovskite showed the

highest charge-carrier mobility (18G 2 cm2 V�1 s�1) and time-resolved PL lifetime (Figure 9D). Whereafter,

they elaborated the value of FWHM, charge-carrier mobility and diffusion length in Cs0.17FA0.83Pb(BrxI[1-x])3
perovskites to investigated the effects of intrinsic interactions with phonons. They occurred obvious

charge-carrier scattering in PL mission linewidth and a continuously decreasedmobility with Br‒ increasing.
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Figure 9. Crystallization dynamics of perovskites

The grazing incidence wide-angle X-ray scattering (GIWAXS) patterns for perovskite films with cation cascade doping as (A) FAMACsRb, and (B)

FAMACsRbK, respectively. Credit adapted from (Zheng et al., 2018). (C) Molar phase fractions of cubic, hexagonal, and PbI2 phases depend on the film

composition. Credit adapted from (Merten et al., 2021). (D) Top panel: Shift of the cubic (100) reflection peak in CsyFA(1-y)Pb(Br0.4I0.6)3 perovskite with varying

Cs+ content (0 < y < 0.8). Bottom panel: absorbance onset values and PL peak positions in CsyFA(1-y)Pb(Br0.4I0.6)3 perovskite with varying Cs+ content (0 < y <

0.8). Credit adapted from (Rehman et al., 2017).
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The I‒ rich films in Cs0.17FA0.83Pb(BrxI[1-x])3 perovskites (0 < x < 0.2) reached the highest charge-carrier

mobility (34–40 cm2 V�1 s�1), improving by 50% comparing to FAPbI3 (27 cm2 V�1 s�1) in Figure 9E.

Suppressed phase segregation with A/X sites modulation

Suppressed halide segregation in mixed perovskites. Regarding the halide segregation and their ion

pathway under prolonged illumination, Brivio et al. observed that the mixture of Br‒ in MAPbI1-xBrx perov-

skite (0.3 <3< 0.6) was subjected to spinodal decomposition and phase segregation at room temperature

(Sedighi et al., 2016). The structure with MAPbIBr2 andMAPbI0.5Br2.5 showed stable order, whichminimized

internal strain due to the sizemismatch between Br‒ and I‒. Knight et al. demonstrated the link between I/Br

segregation and multi A site components in MAPb(I0.5Br0.5)3 and FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskites (Fig-

ures 10A and 10B) (Knight et al., 2021). On the one hand, the in situ PL patterns confirmed that the I‒ rich

region in MAPb(I0.5Br0.5)3 perovskites as shown in Figure 10A contributed to the majority of PL emission

even though occupying a small fraction of total perovskite volume. The observed phase segregation

also resulted in compositional changes based on in situ XRD data. On the other hand, the (220) XRD

peak of compositionally stable FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskites shifted to higher angles after 6 h illu-

mination (Figure 10B), indicating a large ion rearrangement overall volume. The PL and XRD peaks both

shifted to lower Br‒ content with a broad trend. Therefore, the FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskites show
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Figure 10. The effect of phased segregation in perovskties

(A) PL spectra and XRD patterns for an MAPb(Br0.5I0.5)3 thin film recorded over 15 min illumination.

(B) PL spectra and XRD patterns for an FA0.83Cs0.17Pb(Br0.4I0.6)3 thin film recorded over 6 h illumination. Credit adapted from (Knight et al., 2021).

(C) Normalized stability tests of MAPbI3 and MA0.95CIEA0.05PbI3 devices. Credit adapted from (Shirzadi et al., 2019).

(D) Variation of decomposition energy (top panel) and mixing enthalpy (bottom pane) in CsxFA1-xPbI3. Credit adapted from (Dalpian et al., 2019).

(E) A shift in emission energy from their original position depicts how the high-energy peak (E1) is red-shifting from pure CsPbI3 due to the incorporation of

FA+ and how the low-energy peak (E2) is blue-shifting from pure FAPbI3 due to incorporation of Cs+ over time.

(F) Arrhenius plot showing the rates of conversion of CsPbI3 (k1, bottom panel) and FAPbI3 (k2, top panel) into Cs1�xFAxPbI3 against 1/T (T being the absolute

temperature). Credit adapted from (Hazarika et al., 2018).

(G) Mixing enthalpy and free energy of mixed I/Br perovskites in the dark. Credit adapted from (Chen et al., 2021).
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fewer ion pathways thanMAPb(I0.5Br0.5)3 perovskites, which raises hurdles to phase segregation. Moreover,

adding small amounts of Cs+ in Br‒-I‒ mixed composition showed better phase stability than FAPb(IxBr1-x)3
perovskite. Besides, the other A site cations like 2-choloroethylammonium (CIEA), methylenediammonium

(MDA) and Imidazole (IZ) can also stabilize the inorganic-organic hybrid perovskites (Kim et al., 2019a,

2020a; Shirzadi et al., 2019). Shirzadi et al. also achieved a PCE over 19% in MA0.95CIEA0.05PbI3 PSCs

with superior thermal stability as high as 80�C when introducing 5% CIEA cations (Figure 10C) (Shirzadi

et al., 2019).

Pure FAPbI3 has a non-perovskite phase (hexagonal d-phase, yellow phase) at room temperature. The tran-

sition to the perovskite phase (cubic a-phase, black phase) occurs at a higher temperature (433 K), which

indicated thermodynamically unstable under an ambient atmosphere(Jeon et al., 2015). Incorporating

Br‒ with high concentration would anchor the FAPbI3 phase with a thermodynamically favored trend.

Compared to I‒, higher activation energy of ion migration for Br‒ can be considered to harder and slower

transportation within perovskite film. Beal et al. explored the relationship between phase segregation and

crystallographic phase behavior by FAyCs1-yPb(BrxI1-x)3 alloys (Beal et al., 2020). The phase boundary,

deemed to a solvus, indicated mixed cubic-tetragonal phases rather than pure perovskite phase. Seok

et al. stabilized the a-FAPbI3 phase by doping MDACl2 to form FAPbI3:0.38MDACl2 perovskites(Min

et al., 2019). This approach has been proved that MDACl2 has been successfully incorporated into perov-

skite lattice to stabilize the a-FAPbI3 phase, which was expected to superior light stability without encap-

sulation. Similar to FAPbI3, the photo-active black phase of CsPbI3 is unstable at room temperature, while

the yellow phase of CsPbI3 is stable due to the low free energy formation. To enhance the phase stability in

CsPbI3 PSCs, Nam et al. chose K+ to stabilize the contraction of (PbI6)
4‒ octahedral volume (with a perov-

skite structure of Cs0.925K0.075PbI2Br) and fulfilled improved phase stability (Nam et al., 2017). Guo et al.

introduced Rb+ to partly replace Cs+ and formed Cs0.99Rb0.01PbI2Br perovskites (Guo et al., 2019). These

optimizations of A sites delivered a high PCE of 12% after 350�C annealing. Moreover, Liu et al. introduced

dimethylammonium (DMA+) and formed an optimized Cs0.5DMA0.5PbI3 PSCs with good stability after

20 days of air exposure (Pei et al., 2019).

Subsequently, Hu et al. established a relationship between grain size and phase segregation in halide

hybrid perovskites (Hu et al., 2021). The phase segregation brings in low-bandgap I‒-rich domains and

large bandgap Br‒-rich domains when the average grain size is over 43 nm, which acts as a recombina-

tion center to reduce the photovoltaic performance under illumination. Pool et al. applied radiative ther-

mal annealing to replace traditional thermal annealing and proved the similar size of precursor and

perovskite phase. Meanwhile, the phase transformation always undergoes three signs of progress:

from the precursor phase to the perovskite phase, and then to the perovskite phase-PbI2 phase.

When annealing at 100�C, the FAPbI3 peak showed obvious non-perovskite polymorph (Jeon et al.,

2015).

Reduced electron-phonon coupling inmixed perovskites. For photo-stablemixed halide perovskites,

high ion conductivity and their electro-mechanical property are identified as key adverse effects to result in

I‒-rich charge-carrier traps and reduced photovoltaic performance under illumination. Bischak et al. sys-

tematically illustrated the extent and dynamics of phase segregation linking to the electron-phonon

coupling strength in CsyMA1-yPb(IxBr1-x)3 perovskites (Bischak et al., 2018). The formation and disappear-

ance of I‒-rich cluster had been observed both in pure MAPbI3 and Cs0.39MA0.61Pb(I0.15Br0.85)3 perovskites

at a short light exposure time (<1 min), while this phenomenon continued in pure MAPbI3 perovskites at

long light exposure time (around 3 min). Though the photoinduced phase segregation inevitably forms

the I‒-rich cluster, the stable state can be reached rapidly since the photoinduced carriers can not generate

sufficient local strain to stabilize the I‒-rich cluster. The Cs0.39MA0.61Pb(I0.15Br0.85)3 perovskites exhibited

weaker bound and large polaron with smaller accompanying strain field compared to MAPbI3 perovskites,

thus reducing the driving force for phase segregation. Notably, the polaronic strain locally alters the free

energy of halide hybrid perovskites due to the strong electron-phonon coupling, resulting in stabilized I‒-

rich cluster(Guzelturk et al., 2018; Ivanovska et al., 2017). Therefore, reducing electron-phonon coupling is a

viable method to suppress phase segregation. Diez-Cabanes et al. confirmed that the dominating contri-

bution to the broadening of optical absorption in halide hybrid perovskites stems from the co-existence of

varying degrees of segregated phase rather than the configurational disorder (Diez-Cabanes et al., 2021).

The phase segregation severely affects the balance of electron/hole transport and collection at the elec-

trodes. The temporal fluctuations of femtosecond laser pulse intensity indicated fewer intensity
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fluctuations in mixed perovskite films than MAPbI3 films. Furthermore, Cs+ ions can alleviate photo-

induced phase segregation in virtue of the reduced polarizability (Bischak et al., 2017, 2018). Li et al.

boosted a PCE over 21% with Cs0.05FA0.81MA0.14Pb(I0.85Br0.15)3 composition with Br�-rich seeding growth

strategy (Li et al., 2019). The less appeared PbI2 peak for Br
�-rich perovskite implied excellent thermal sta-

bility after 150�C heating. Besides, the hole traps in MAPbI3, which are related to Pb vacancy, undeniably

generate after moisture exposure (Qin et al., 2016, 2017). Qin et al. found generated carrier traps in MAPbI3
under 85�C (Qin et al., 2019b).

The relationship between free energy, enthalpy, entropy, and halide segregation. The difference of

band gap between I‒-rich domains and mixed I‒/Br‒-rich domains is the driving force behind the segrega-

tion, where photoinduced charge carrier can decrease their free energy by funneling to I‒-rich domains

(Wang et al., 2019c). Dalpian et al. calculated the linking in the band gap, decomposition energy, and mix-

ing enthalpy in A/X sites alloying (Figure 10D) (Dalpian et al., 2019). The decomposition energy is large for

the perovskite formula with organic molecules, where inserting Cs+ can reduce the decomposition of Pb-

based perovskites. Meanwhile, increasing mixing enthalpy is beneficial for removing the distortions, which

largely increase the total energy of the perovskite system. Moreover, the change in mixing enthalpy caused

by charge transfer is much larger in A site alloying than in B site alloying. Further, Hazarika et al. formed

phase-stable Cs1�xFAxPbI3 perovskites via A site ion exchange (Figures 10E and 10F) (Hazarika et al.,

2018). Through fitting the high energy and low energy peak, the activation energy of Cs1�xFAxPbI3 perov-

skites is around 0.65 eV, showing a higher value than that for I‒ diffusion in MA+/FA+-based perovskites

(Haruyama et al., 2015). Chen et al. applied a unified theory to understand halide phase segregation in

MAPb(I1�xBrx)3, CsPb(I1�xBrx)3, FAPb(I1�xBrx)3, FA7/8Cs1/8Pb(I1�xBrx)3 and MA7/8Cs1/8Pb(I1�xBrx)3 perov-

skites (Figure 10G) (Chen et al., 2021). The calculated width of the distribution in mixing enthalpy for single

A site perovskites showed an increasing tendency in the order Cs+-MA+-FA+ of increasing cation size. Due

to the large ion size of I‒ than Br‒, the CsPb(I1�xBrx)3 demonstrated the best strain adaptation to the lattice,

followed by MAPb(I1�xBrx)3, and FAPb(I1�xBrx)3. The mixing free energy curves indicated that the

CsPb(I1�xBrx)3 perovskites had the largest symmetry, while FAPb(I1�xBrx)3 had the least symmetry. Light-

induced halide phase segregation is based on the reduction of free energy of photoinduced charge car-

riers to nucleated phases with different halide compositions and lower band gap than the parent phase.

Barker et al. elucidated that cubic-to-tetragonal phase transition mitigated the phase segregation of

MAPb(IxBr1-x)3 alloys, different from the phase boundary in CsxFA1-xPb(IyBr1-y)3 system (Samu et al.,

2017). To fulfill the minimum Gibbs free energy, the PL peak of high concentration of Br� exhibit a short

wavelength at the beginning and then red-shifted due to finished phase degradation. Therefore, the phase

boundaries in multi-compositions could yield an energetic barrier and reduce phase segregation, together

with an increased activation energy of I‒/Br‒/Cl‒ migration by decreased symmetry of the tetragonal

lattice.
Residual strain control

Tensile strain in perovskite thin films acts as an important source for intrinsic instability to weaken the

bonding and favor the defect formation and lower the activation energy for the ion pathway (Li et al.,

2021; Wang et al., 2022; Zhao et al., 2017). Thus, strain regulation strategies through compositional alloying

could balance the lattice strain. The intrinsic instability of a-FAPbI3 roots in anisotropic and strained lattice

along (111), which driving adverse phase transitions from perovskite phase (a-FAPbI3) to non-perovskite

phase (d-FAPbI3) (Zheng et al., 2016). Ye et al. inserted cubic CsPbBr3 interlayer to fulfill the relaxed and

high-purity tetragonal phase of MAPbI3 films near the mesoporous TiO2 region (Ye et al., 2021). Cho

et al. also implied that the Cs-doped (FA0.9MA0.1)Pb(IxBr1-x)3 perovskites exhibited enhanced light stability

over 500 h (Cho et al., 2021). The Cs+ contributes the release of lattice stress because of the lattice contrac-

tion of Br‒-introduced composition. Due to the higher formation energy of H-Br and H-Cl bonding than H-I

bonding, the mixed halide in X site breaks down the Pb-I bonding in crystal framework and shows robust

moisture stability in perovskite alloy (Bodesheim et al., 2020; Svane et al., 2017). Besides, Chen et al.

demonstrated that the inhomogeneous residual stress distributed across the vertical direction of perov-

skite films, wherein the tensile strain remarkably decreased from surface to bottom (Zhu et al., 2019).

The inhomogeneous residual strain is contributed to gradient distribution of MA+ cations (Figures 11A),

instead of FA+, Cs+, Br‒, or I‒. After flipping over the thin films for FA0.85MA0.15Cs0.05Pb(I0.85Br0.15)3 perov-

skites with annealing processes, the tensile strain inhomogeneity was significantly reduced across the film

(Figures 11B). Mao et al. observed that the carrier-induced strain gradient distribution would vanish at high

carrier densities, which suppressing photo-induced halide segregation (Mao et al., 2021). The I‒ diffusion
22 iScience 25, 103599, January 21, 2022



Figure 11. Residual strain in perovskites

(A) The cross-sectional TEM image of the FAMA hybrid perovskite phase.

(B–E) The GIWAXS spectra in the depth of 50, 200, 500 nm for a strain-free film. Credit adapted from (Zhu et al., 2019). The illustration of polaron distribution

at (C) low, (D) medium, and (E) high carrier densities.

(F–K) halide distribution and (I-K) spatially resolved PL emission peak wavelengths corresponding to (C), (D), and (E), respectively. Credit adapted from (Mao

et al., 2021).
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within the area delimiting by polaron can alter halide composition distribution. Interestingly, the polaron

value showed an increasing tendency in size, when the photon flux increasing from low to high, and starts to

merge until a near continuum occurring (Figures 11C–11E). Correspondingly, I‒ segregation occurred at

the area with isolated polaron at low and medium photon flux. While the driving force for segregation

(e.g., strain gradient) disappeared at high photon flux (Figures 11F–11H), the halide distribution becomes

homogeneous across the excited region. The PL spectra in Figures 11I–11K showed phase-segregated I‒-

rich emission in 620 nm, intermediate wavelength in region where polaron starts to merge, and uniform

green emission in �570 nm, respectively.
Stoichiometric control

For high-performance PSCs, precise precursor stoichiometry is a benefit for industrialization with stan-

dardization production. For pure MAPbI3 perovskite films, they have poor moisture stability in the

long run. Though the presence of excess A sites is a controversial issue in high-performance PSCs, Hag-

feldt et al. found that excess organic halide contributed to low charge carrier mobility and decreased

electron injection from the absorber to CTL in n-i-p structure(Jacobsson et al., 2016). Interestingly, the

device with excess A sites achieved a record Vocod 1.20 V with high PL intensity, long charge carrier life-

time, and excellent crystal quality. The ion migration and photon-stability also improved in A-site-excess

samples.

To obtain long-term device stability in Cs0.05(MA0.17FA0.83)0.95Pb(I0.83Br0.17)3 perovskites, Hidalgo et al.

demonstrated crystallographic reorientation under high moisture exposure with excess organics (Hidalgo

et al., 2020). When adding 5% excess A sites, a lower micro-strain and decreased phase segregation were

detected by XRD techniques, which indicated a reduced defect in the lattice (Wang et al., 2022). When
iScience 25, 103599, January 21, 2022 23



Figure 12. Precursor stoichiometry effect in perovskites

(A–C) GIWAXS, (B) integrated intensity at the incident angle at 0.1� (surface) and 0.50� (bulk), and (C) schematic of

crystallographic reorientation at the surface and bulk along (011) plane for excess A sites before exposure to moisture.

(D–F) GIWAXS, (E) integrated intensity at the incident angle at 0.1� (surface) and 0.50� (bulk), and (F) schematic of

crystallographic reorientation at the surface and bulk along (011) plane for excess A sites after exposure to moisture.

Credit adapted from (Hidalgo et al., 2020).

(G) Schematic of adding excess A sites to precursor perovskites.

(H) J-V curves of mixed perovskites with 0–3 mol% excess A sites. Credit adapted from (Boyd et al., 2020).
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exposed to moisture, both the surface and bulk perovskite films exhibited crystallographic reorientation in

the polycrystalline films (Figures 12A–12F). The (001) plane was oriented along c = 0� both the bulk and sur-

face after exposure to moisture, which correlated to structural stability due to well-aligned lattice order.

Moreover, excess MAI in mixed perovskite films accordingly slow down the grain growth process during

annealing and adjust crystal domains growth. Park et al. added 6 mol% excess MAI and yielded 20.1% ef-

ficiency with elevated Voc and FF especially. Recently, McGehee et al. reported over 200 mV enhancement

in Voc by blending 1–5 mol% excess A sites in Cs0.25FA0.75Pb(Br0.2I0.8)3 and Cs0.05MA0.16FA0.79Pb1.03(-

Br0.16I0.86)3 perovskites precursors in inverted devices (Figures 12G–12H) (Boyd et al., 2020). Excess A sites

mitigate electron transfer-proton transfer reactions between precursors and contact electrodes (nickel ox-

ide, NiOx), which acted as Brønsted and Lewis acid-base reaction (Figure 12G) (Wang et al., 2020b) There-

fore, managing the precursor stoichiometry from organic halides may be a performable strategy for both

stability and scalability.
SUMMARY AND PERSPECTIVE

PSCs, as an astonishing technology in solar energy harvesting over the past decade, offers high efficiency

with simple fabrication. Their remarkablemerits include long electron-hole diffusion length, high extinction

coefficients and wide absorption range as well as enhanced light/moisture/thermal stability. Here, we first

summarized the degradation process under light/moisture/thermal/mechanical stress. Based on the insta-

bility issue, we further discussed the A/X sites component regulation from the band gap alignment, charge-

carrier dynamics, ion migration and hysteresis, crystallinity and phase control, and stoichiometric control to

improve the device stability.

The composition alloying in PSCs affords significant insights to further improvements of PCE and device

stability and provides a feasible pathway to fulfill the goals of over 30% efficiency with low-cost and large-

area application. The highest record of PCE appears on the mixed perovskite precursor with a structure

of FAPbI3:0.38MDACl2 with superior ambient stability (Min et al., 2019, 2021). On the one hand,
24 iScience 25, 103599, January 21, 2022
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the modification of A sites with a mixture of either Cs/FA or Cs/MA/FA represent the easily applied strat-

egy of increasing stability in APbX3 perovskites with a small effect on their band gap. On the other hand,

the photovoltaic absorption capacity can be adjusted by multi-X site structure. The X‒ mixing in halide

perovskites has a crucial role to achieve optimum band gap or tandem device application. Combining A

and X sites is a promising channel to decrease defect level and optimize band level alignment. The most

common mixed perovskite structure occur on (FA0.85MA0.1Cs0.05)Pb(I0.83Br0.17)3 (Lee et al., 2015; Singh

and Miyasaka, 2018; Hu et al., 2018; Saliba et al., 2016; Hidalgo et al., 2020). This perovskite shows stable

photon-stability under charge-extraction conditions. Meanwhile, the following issues should be well

considered and addressed.

(i) The perovskites have the characteristics of suitable band-gap, weak exciton binding, high optical

absorption, and charge-carrier mobility. Exploring the components engineering requires a system-

atic strategy to generate unique and superior combinations within a set of variables. The judicious

choice of A/X sites promisingly improves the crystallinity and reduces trap densities in perovskite

films. Meanwhile, a deeper understanding between physical mechanism and chemical component

in A/X sites of perovskite is highly needed.

(ii) The phase stability of perovskite is a key to future large-scale employment. The FA+/Cs+-mixed pe-

rovskites offer increased phase stability and enhanced strain energy of I‒-rich domains, favoring the

location of polarons and nucleate. Additionally, blocking the ion migration pathway through triple-

or quadruple-cations induction provides an efficient way to suppress anomalous effects such as J-V

hysteresis and photon-induced phase segregation. Concerning the thermodynamically mecha-

nism, increasing the local energy barriers to repel halogen vacancies could significantly hinder

ion migration even under external stress.

(iii) The local lattice strain due to lattice mismatch in ABX3 structure has a great impact on their physical

properties. How to release the tensile strain is a key step to future research. The intrinsic stability of

perovskites is still the heart of device performance. Future works should focus on the regulation of

intrinsic properties via materials design and component optimization to obtain robust light-

absorbing layers, which could benefit the intrinsic shielding and reinforcement for enhanced chem-

ical and mechanical stability.
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