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Abstract: All highly-efficient organic-inorganic halide perovskite (OIHP) solar cells to date are made of 

polycrystalline perovskite films which contain a high density of defects, including point and extended 

imperfections. The imperfections in OIHP materials play an important role in the process of charge 

recombination and ion migration in perovskite solar cells (PSC), which heavily influences the resulting 

device energy conversion efficiency and stability. Here we review the recent advances in passivation of 

imperfections and suppressing ion migration to achieve improved efficiency and highly stable perovskite 

solar cells. Due to the ionic nature of OIHP materials, the defects in the photoactive films are inevitably 

electrically charged. The deep level traps induced by particular charged defects in OIHP films are major 

non-radiative recombination centers; passivation by coordinate bonding, ionic bonding, or chemical 

conversion have proven effective in mitigating the negative impacts of these deep traps. Shallow level 

charge traps themselves may contribute little to non-radiative recombination, but the migration of 

charged shallow level traps in OIHP films results in unfavorable band bending, interfacial reactions, and 

phase segregation, influencing the carrier extraction efficiency. Finally, the impact of defects and ion 

migration on the stability of perovskite solar cells is described.
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1, Introduction

The power conversion efficiency of solar cells based on organic-inorganic halide perovskites has 

soared in recent years to attain a certified PCE of 24.2%.1-5 The impressive photovoltaic performance of 

perovskite solar cells (PSCs) benefits from the superior light absorption coefficient (∼105 cm−1), long 

carrier diffusion lengths in polycrystalline films (>1 μm), and the generation of free charges by 

photoexcitation of OIHP materials.6, 7 The solution processable fabrication and affordable material cost 

enable a low levelized cost of electricity (LCOE) from perovskite photovoltaic modules with 

technoeconomic analysis showing LCOE within 0.05 USD per kWh−1 if the module lifetimes can reach 

15-20 years.8, 9 The tunability of the bandgap for perovskite photoactive layers from 1.2 eV to 3.0 eV by 

composition engineering enables the fabrication of perovskite/silicon tandem solar cells and 

perovskite/perovskite tandem solar cells with a theoretical efficiency limit beyond 30%,10-15 far 

surpassing the Shockley–Queisser efficiency limit of single-junction solar cells.16

The efficiency of PSCs is determined by the recombination processes of photo-excited charge 

carriers.17-25 The charge carriers can recombine radiatively or non-radiatively, where the energy of 

recombined excess electrons and holes is eventually transferred as either a photon or phonon, 

respectively.23 Perovskite materials are reported to have high radiative recombination. Perovskite solar 

cell research stemmed from dye-sensitized solar cells in which surface defects induced recombination in 

light absorber (dyes) were generally ignored. Several initial studies done by Y. Shao et al and Abate et al. 

discovered that imperfections in hybrid perovskites induce a large density of deep level traps and 

introduced the concept of passivation to the field of hybrid perovskites field.26, 27 In semiconductor 

materials, non-radiative charge recombination generally occurs through deep level traps or Auger 

recombination when the concentration of charge carriers is high.23, 24 Recent studies revealed Auger 

recombination is relatively weak in perovskite solar cells under 1 sun illumination.24, 25 When 

imperfections create deep level traps, they will only trap either electrons or holes, which cannot escape 

with the assistance of thermal activation and will be annihilated with an oppositely charged carrier 

through non-radiative recombination, described by Shockley-Read-Hall (SRH) theory.28 SRH 

recombination through deep level traps has been determined to be the dominant pathway for the loss of 

charge carriers in perovskite materials.23, 24 When imperfections create shallow level traps, the trapped 

charges can be re-emitted back into the CBM or VBM via phonon absorption.29

There are four main types of imperfections in OIHP materials that have been identified as 

significant sources for non-radiative recombination: 1) some intrinsic point defects,18-21 2) impurities, 

such as Li+ from Spiro-OMETAD, Au from deposited electrodes, and many others from the raw 

materials,30, 31 3) two-dimensional extended defects, including grain boundaries and surface defects,32, 33 

Page 2 of 47Chemical Society Reviews



3

4) three-dimensional defects, like lead clusters34, 35. It should also be recognized that the strong non-

radiative processes at the defective surface of films or crystals, although detrimental to solar energy 

conversion, can give rise to interesting applications of perovskite materials such as narrow-band 

photodetectors.36 When considering the influence of various defects it is important to note that most 

point defects with low formation energies are reported to result in shallow level traps and thus have a 

negligible contribution to non-radiative recombination, possibly explaining the long diffusion lengths 

and the high defect tolerance of OIHP materials.17-21 However, due to the ionic nature of OIHP materials 

and high ion migration speed, those charged point defects can migrate to interfaces under an electric 

field and influence the photovoltaic performance of PSCs.37-52 Therefore, in order to attain highly 

efficient and stable PSCs it is not only important to passivate defects responsible for deep level traps, but 

also effectively suppress migration of ions through the passivation of defect induced shallow level traps. 

In this review, we describe the mechanisms of different methods for the passivation of 

imperfections in perovskite solar cells to reduce non-radiative charge recombination and suppress ion 

migration. We review the achievements that have been made to reduce the deep level traps by defect 

passivation for PSCs through coordinate bonding, ionic bonding, and conversion of extended 

imperfections to wide bandgap materials. The impacts of ion migration on band bending, interfacial 

reactions, and photo-induced phase segregation are summarized. The relation between imperfection 

passivation and device stability of PSCs is also discussed.

2. Imperfections in perovskite and impact on perovskite solar cells 

The imperfections in OIHP films could influence the photovoltaic parameters of PSCs, such as 

open circuit voltage (VOC), short-circuit current density (JSC), fill factor (FF), and PCE. During the 

operation of solar cells, incident light excites electrons from valence band into conduction band, splitting 

the quasi-Fermi levels of electrons and holes. The quasi-Fermi level splitting is controlled by the charge 

density at which the rate of charge recombination is equal to the rate of charge generation. The VOC is 

derived from the splitting of hole and electron quasi-Fermi levels. When a non-radiative recombination 

process creates a drainage for the recombination of excess free charge carriers, it reduces the steady-

state charge density, which reduces the splitting of quasi-Fermi levels and ultimately decreases the VOC 

of solar cells. The relationship between the VOC and recombination can be described by the external 

luminescence quantum efficiency (ηext):24, 53

                                             (1))ln(,OCOC extrad q
kTVV 

where VOC, rad is the radiative limit of the open circuit voltage when non-radiative recombination is fully 
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suppressed. The dominant non-radiative recombination process occurs through SRH process due to the 

trapping effect of deep level defects when the free carrier density is relatively high. Thus it is important 

to de-activate and reduce the density of deep charge traps through electronic passivation. Moreover, the 

recombination at surface and grain boundaries also influence the charge extraction efficiency and could 

impact the JSC and FF of PSCs.54 Defection passivation might also change the contact resistance at 

OIHP/charge transport layers interface and the addition of passivation agents in perovskite precursors 

may even change the film morphology with less pin-hole as shunt path, which leads to a changed FF in 

PSCs after defect passivation.

Figure 1 illustrates the primary imperfections on the surface or grain boundaries of perovskite 

crystals that may cause deep level traps: undercoordinated halides ions, undercoordinated Pb2+ ions, lead 

clusters, and occasionally a few intrinsic point defects, such as Pb–I antisite defects (PbI3
-), resulting 

from growth or processing conditions. Figure 1 also illustrates some intrinsic point defects which are 

reported to form shallow level traps, such as I or MA vacancies in the bulk of the material. Due to the 

ionic nature of OIHP materials, the required passivation of charged defects in perovskite solar cells is 

different than covalent-bond based semiconductors like silicon. The charged nature of defects in OIHP 

materials enables unique passivation methods like coordinate bonding (discussed in Section 3.1) or ionic 

bonding (discussed in Section 3.2) to neutralize and de-activate deep level traps resulting from charged 

defects. For example, the excess electrons of undercoordinated I- ions and Pb–I antisite defects result in 

negatively charged defects that can then be passivated by a Lewis acid through coordinate bonding26, 55, 

56 or by cations through ionic bonding47, 57-60. Additionally, similar to the passivation of dangling bonds 

at the surface of silicon materials by growth of silicon dioxide, silicon nitride, or aluminum oxide,56, 61, 62 

converting the surface or grain boundaries of perovskites with a wide bandgap materials (discussed in 

Section 3.3) provides another approach to passivate the extended defects in OIHP materials. 

Unlike deep level traps, shallow level traps originating from easily formed point defects are not 

detrimental to the photovoltaic performance of perovskite materials;17-19 however, the migration of such 

charged point defects under electric field could cause accumulation of charged ions at interfaces and 

result in unintentional doping effects. The migration or redistribution of these imperfections (e.g. 

vacancies, interstitials, or antisites) can result in local band bending,39, 63 current density-voltage (J-V) 

hysteresis,37, 39-43 phase segregation,44-47 and degradation of perovskites or metal electrodes48-52. This 

opens pathways for point defects associated with shallow level traps to influence the device performance 

in PSCs (discussed in Section 4). The migration of mobile imperfections in PSCs is most significant 

through grain boundaries of perovskite,64 increasing the need for extended defect passivation to hinder 

their migration pathways, as illustrated in Fig. 1 (discussed in Section 4.4). 
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Fig. 1: Imperfections in OIHP film and their passivation by ionic bonding, coordinate bonding, and conversion to 

wide bandgap materials, and suppression of ion migration at extended defects.

It is noted that the dominant type of defects present in PSCs and their concentration is sensitive  

to the device fabrication processes and perovskite compositions.60, 65-71 For example, perovskite 

precursors with non-stoichiometric PbI2 and MAI ratio could induce extended defects with different 

types of defects and also change the formation energy of point defects.18, 60, 67 Thermal annealing for a 

longer period of time or at higher temperatures can also result in the evaporation of organic cations and 

halides, leaving undercoordinated Pb2+ ions at surface or forming PbI2.68-70 Another example is 

modulating perovskite composition via incorporating small isovalent ions to help suppress the formation 

of vacancies in OIHP films.71 Due to the variety of defect species and their densities, various passivation 

methods and passivating agents have been reported to be capable of effectively passivating perovskite 

materials. 

Several techniques have been proposed to measure the density of states of traps, such as scanning 

tunneling microscopy (STM),72-74 thermal admittance spectroscopy (TAS),26 ultraviolet photoemission 

spectroscopy (UPS),32 thermally stimulated current (TSC),75 and deep level trapped defect analysis76. 

However, it is still a challenge to pin-point the type of defects and then correlate that to the depth of the 

trap. Most of the known measurements, like TAS, UPS and TSC, are not specific to defect types. 

Although surface sensitive techniques such as STM have been used in attempt to study several surface 

defects of perovskite single crystals,72-74 the defect configuration is much more complicated in 

polycrystalline perovskite films formed by solution processing or evaporation. It turns out that the large 
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roughness of most polycrystalline perovskite films poses a great challenge for successfully using STM 

to accurately study the defects in perovskite thin films. Nevertheless, the possible charge of defects 

present in perovskite, particularly at the surface, can be probed via the introduction of various molecules 

known to be capable of interactions with a given defect. The rational design of molecular structures for 

targeted passivation and analysis of their resulting efficacy can give insight to the configuration of 

defects present.

3. Passivation of imperfections in perovskites

Due to the ionic nature of OIHP materials, imperfections cause a non-stoichiometric balance of 

charges and result in either a positively or negatively charged defect site. Here we summarize the current 

approaches to de-active the defect induced deep traps by passivation through coordinate bonding, ionic 

bonding, and conversion to a more favorable material. Due to the presence of extended defects, such as 

grain boundaries and interfaces, and chemical instability of hybrid perovskites, there is likely a non-

stoichiometric composition resulting in the presence of undercoordinated species.77 The evaporation of 

organic cations and halides can leave undercoordinated Pb2+ ions at the perovskite surface and grain 

boundaries. Undercoordinated Pb2+ has the ability to accept electrons making it characteristic of a Lewis 

acid, and then undercoordinated halides are characteristic of a Lewis base. These undercoordinated sites 

are then susceptible to reduction or oxidation (redox) reactions. The reduction of undercoordinated Pb2+ 

to metallic Pb (Pb0) has usually been detected on the perovskite surface by X-ray photoemission 

spectroscopy (XPS).35, 78 The undercoordinated I- ions are susceptible to oxidization into volatile 

bimolecular iodine, I2, the release of which can cause irreversible decomposition of perovskites. In 

addition, the presence of I2 in perovskite triggers chemical chain reactions and causes accelerated 

degradation of perovskite films.79 Most of Pb2+ and X- ions on the film surface are undercoordinated. 

These undercoordinated sites are detrimental to the performance of solar cell devices.

3.1 Passivation by coordinate bonding

Lewis acid-base chemistry has been used as an effective methodology for the passivation of 

undercoordinated sites (Fig. 1). The addition of Lewis acid or base additives can favorably coordinate to 

the undesired defects forming a Lewis adduct. Such adducts are linked by a dative bond (coordinate 

covalent bond), in which the two shared bonding electrons originate from the same atom, i.e., Lewis 

base. The passivation of harmful defects by Lewis acid-base chemistry has proven to be an effective 

technique for improving the performance and stability of halide perovskites.
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3.1.1 Passivation by Lewis Acid

Implementing a Lewis acid with the capability of accepting a pair of nonbonding electrons has the 

capability to passivate electron rich defects, which can also be considered as Lewis bases. The 

undercoordinated I- and antisite PbI3
-, may contribute to deep traps at the surface and grain boundaries 

of OIHP films, making their passivation crucial to enhanced solar cell performance. The addition of a 

Lewis acid can form a Lewis adduct with the undercoordinated halides and PbI3
-, eliminating the 

corresponding trap and reducing undesired non-radiative recombination.

Fullerene (C60) and its derivatives (PCBM, ICBA, etc.) have proven to be some of the most 

effective passivation agents employed for high-efficiency PSCs.26, 80 C60 and its derivatives proves to be 

a unique Lewis acid for its excellent electron accepting capability is not due to chemical reactivity, but is 

attributed to the strain resulting from its spherical shape.81 By accepting an electron the hybridization of 

C60 is modified to alter its shape and drastically reduce the intrinsic strain of the molecule,81 thus making 

it a good Lewis acid, more details mechanism can be found in ref 81. Shao et al. were the first to 

discover the capability of PCBM, C60 functionalized with phenyl butyric acid methyl ester, as a highly 

effective passivation molecule for improving device performance by mitigating both shallow and deep 

traps (Fig. 2a, b).26 Passivation by a thin layer of PCBM could reduce the surface charge recombination 

and eliminate the photocurrent hysteresis of perovskite solar cells.26 Although the entire electronic and 

chemical mechanism for defect passivation by C60 and its derivatives has not been totally resolved, the 

chemical interaction of PCBM with OIHP materials was first reported by Xu et al.55 It was determined, 

that in solution, PCBM reacted with I- to form a free radical (Fig. 2c).55 DFT calculations elucidated that 

when at a solid surface or grain boundary PCBM thermodynamically favors interaction with halide rich 

defects, while showing hybridization with the surface.55 This interaction is in good agreement with the 

mechanism for passivation by a Lewis acid. 

Abate et al. have also demonstrated the passivation of undercoordinated halide ions by 

iodopentafluorobenzene via halogen bonding.27 They found that the highly electronegative fluorine 

atoms inductively withdraw electron density out of the aromatic ring of iodopentafluorobenzene, which 

reduces the electron density of the less electronegative iodine on the aromatic ring, -C-I (Fig. 2d). The 

electron deficient nature of this iodine makes it act as an electron acceptor, Lewis acid, for strong 

halogen bonding with an undercoordinated halide or Pb-X antisite defect. The production of this -C-

I···X bond enhances the charge transfer at the perovskite/HTM interface, and increases the carrier 

lifetime by lowering the possibility of charge trapping at electron rich surface defects (Fig. 2e, f).

Besides the intentional passivation by chosen molecules, perovskite has been observed to be 

spontaneously passivated by moisture or oxygen in ambient air.82, 83 There is no doubt that excess 
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moisture and oxygen is detrimental to the perovskite structure, but a small amount has been reported to 

enhance the photovoltaic performance.84, 85 The role of moisture in and at the surface of perovskite is 

complicated due to the difficulty in isolating the possible influential factors. One factor making 

understanding of this mechanism difficult is a water molecule’s ability to be either an electron donor or 

acceptor depending on the chemical conditions. Some reports have claimed that water would contribute 

to the crystallization process of perovskite.86, 87 When perovskite is exposed to oxygen and moisture, 

both the PL intensity and decay lifetime were obviously improved (Fig. 2g) because of the reduction of 

specific trap states.82,88 The two-photon excited fluorescence of MAPbBr3 single crystals exhibit the 

similar bulk recombination rate in both air and vacuum, indicating the passivation by water and oxygen 

is likely to occur at the surface of the crystal.82 D. Meggliolaro et al. proposed that oxygen is able to 

effectively deactivates deep hole traps associated with iodide interstitial sites (Ii) by forming a 

moderately stable oxidized complex (Fig. 2h).88, 89 In this case, oxygen is a Lewis acid proving capable 

of reducing detrimental recombination events by eliminating deep traps in the bandgap of perovskite.
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Fig. 2. Passivation by Lewis acids through coordinate bonding. (a) Photocurrents for devices without a PCBM 

layer, with PCBM layers thermally annealed for 15 min and 45 min, respectively. (b) Trap density of states (tDOS) 

obtained by thermal admittance spectroscopy. Reproduced from ref. 26 with permission from Springer Nature, 

copyright 2014. (c) Ultraviolet–visible absorption spectroscopy of the hybrid solution shows the interaction 

between PCBM and perovskite ions. Reproduced from ref. 55 with permission from Springer Nature, copyright 

2015. (d) Scheme of the halogen bond interaction between iodopentafluorobenzene and a generic halogen defect 

with sp3-hybridized valence electrons. Illustration of the charge trapping on the perovskite surface (e) without 

and (f) with iodopentafluorobenzene passivation. Reprinted with permission from ref. 27. Copyright 2014 

American Chemical Society. (g) TRPL spectra of MAPbBr3 single crystal excited at a wavelength of 560 nm in air 

and vacuum. Reproduced from ref. 82 with permission from the AAAS, copyright 2016. (h) Structure of Ii
- and of 

its interaction products with 1/2 O2, O2, and 3/2 O2 along with the calculated energetics (ΔE, eV). Atom color 

code: yellow, Ii; purple, I; red, O; light blue, Pb. Methylammonium cations are shadowed in the background for 

clarity. Reprinted with permission from ref. 88. Copyright 2017 American Chemical Society.

Table 1: Summarization of defect passivation by Lewis acid and Lewis base for PSCs: passivator, structure, 

perovskite materials, passivation function group, target defect and photovoltaic parameters without (C) and with 

(P) passivation.

Passivator Structure
Perovskite 

materials

Passivation 

functional 

groups

Targeted Defects
JSC [mA cm-2] 

(C/P)

VOC [V] 

(C/P) 
FF (C/P)

PCE [%] 

(C/P)
REF

Phenyl-C61-

butyric acid 

methyl ester

MAPbI3 fullerene

Pb–I antisite

defects PbI3
- or 

undercoordinated 

I ions

12.7/20.3 0.98/0.98 0.59/0.75 7.3/14.9 26

Iodopentaflu

orobenzene

MAPbI3−x

Clx

iodopentaflu

orobenzene

undercoordinated 

I ions
23.8/23.4 1.02/1.06 0.57/0.67 13.0/15.7 27

Thiophene
MAPbI3−x

Clx

S donor 

(thiophene 

group)

Undercoordinated 

Pb2+
20.7/21.3 0.95/1.02 0.68/0.68 12.1/14.3 90

Pyridine
MAPbI3−x

Clx

N donor 

(pyridine 

group)

Undercoordinated 

Pb2+
20.7/24.1 0.95/1.05 0.68/0.72 12.1/15.5 90
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C60 MAPbI3 fullerene

Pb–I antisite

defects PbI3
- or 

undercoordinated 

I ions

18.4/19.6 1.04/1.07 0.72/0.69 13.6/14.5 91

4-

mercaptoben

zoic acid

MAPbI3
S donor 

(thiol group)

Undercoordinated 

Pb2+
19.8/20.7 1.00/1.02 0.66/0.66 13.2/14.1 92

Graphene 

oxide
MAPbI3

O donor 

(Carboxyl 

and hydroxyl 

groups)

Undercoordinated 

Pb2+
18.5/20.2 0.93/1.04 0.64/0.73 10.0/15.1 93

Water H2O
MAPbI3−x

Clx

O donor 

(water)

Undercoordinated 

Pb2+ (Not sure, 

may affect 

crystallization 

process)

17.5/18.5 0.85/0.90 0.55/0.57 7.9/9.4 86

Benzylamine FAPbI3
Benzene/ 

Amine

Primarily MA 

vacancy/undercoo

rdinated Pb2+

22.3/23.6 0.96/1.12 0.65/0.73 14.2/19.2 94

Indacenodith

iophene end-

capped with 

1.1-

dicyanometh

ylene-3-

indanone

MAPbI3

S, O, N 

donor 

(thiocyanato,  

thiophenes 

groups)

Undercoordinated 

Pb2+
19.37/22.96 1.03/1.11 0.68/0.77 13.5/19.5 95

N-doped

Reduced 

Graphene 

Oxide

FA0.85MA

0.15Pb(I0.85

Br0.15)3

Amine or 

Hydroxyl 

(inconclusive

)

Undercoordinated 

Pb2+
20.8/21.8 1.12/1.15 0.73/0.74 17.3/18.7 96

poly(4-

vinylpyridine

)

MAPbI3

N donor 

(pyridine 

group)

Undercoordinated 

Pb2+
21.82/21.74 1.09/1.15 0.759/0.809 18.1/20.2 97

Trioctyl 

phosphine 

oxide 

(TOPO)

MAPbI3

O donor 

(phosphine 

oxide group)

Undercoordinated 

Pb2+
19.7/19.7 1.10/1.10 0.79/0.77 17.2/16.7 98

3-

hexylthiophe

ne

Cs0.05FA0.

81MA0.15P

b 

I2.25Br0.45 

S donor 

(thiophene 

group)

Undercoordinated 

Pb2+
22.9/23.2 1.12/1.15 0.70/0.75 18.1/19.9 99
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Poly(3-

hexylthiophe

ne) (P3HT)

CsPbI2Br

S donor 

(thiophene 

group)

Undercoordinated 

Pb2+
N.A./13.1 1.16/1.30 N.A./0.70 N.A./12.0% 100

3.1.2 Passivation by Lewis Base

Lewis bases are capable of donating a pair of nonbonding electrons in order to coordinate with, and 

passivate, undercoordinated Pb2+ or Pb clusters, forming a Lewis adduct. As shown in Fig. 3a, Noel et al. 

first proposed that the use of molecules containing a lone pair of electrons on either nitrogen (N) or 

sulphur (S) functionalities would work as a Lewis base to passivate defects in perovskite materials.90 

Other functional groups with lone pair bearing atoms like oxygen (O) or phosphorus (P) also have Lewis 

base characteristic, passivation by these as well as N and S functionalities are summarized in Table 1. 

DFT calculations and Fourier Transform Infrared spectroscopy (FTIR) show strong evidence that these 

Lewis base functionalities have strong coordination with undercoordinated Pb2+, producing a Lewis 

adduct.97, 101 The formation of such adducts can reduce the nonradiative charge recombination, 

improving lifetimes to enhance perovskite device performance and stability. Later, derivatives of the 

initially proposed pyridine and thiophene Lewis bases, were found to have a further improved 

passivation effect on perovskites.99, 100 

The use of oxygen containing alkylphosphine oxides as well as phosphorus of alkylphosphines have 

also been used as a Lewis bases in order to passivate the surface defects of perovskite.92, 98, 102 

deQuilettes et al. have investigated three Lewis bases, including trioctylphosphine oxide (TOPO), 

octadecanethiol and triphenylphosphine, and demonstrated TOPO treatment improved the PLQY of the 

perovskite thin-film from ~3% to 35 ± 1% and increasing the PL lifetime from 0.97 μs to as long as 8.82 

± 0.03 μs at solar equivalent carrier densities.102 Braly  et al. further characterized the PLQY and quasi-

Fermi-level splitting of hybrid perovskite thin films with TOPO surface treatment reporting a 

remarkable increase of the internal PLQY from 9.4 % to 91.9 ± 2.7%, under 1 sun equivalent photon 

flux.103 After the surface passivation by TOPO, a high quasi-Fermi-level splitting was measured to be 

97.1 ± 0.7% of the radiative limit, approaching that of the highest performing GaAs solar cells (Fig. 3c, 

d).103 These results clearly show the role of phosphorus and oxygen functionalities in reducing the non-

radiative recombination, but more work is needed to explore for their applications in solar cells and 

other devices, as the long alkyl chains of the molecules discussed prove to be highly insulating.

Reduced graphene oxide (RGO) based materials containing oxygen based hydroxyl (-OH) groups, 

although initially of interest as a hole transport layer (HTL) for pristine graphene’s extremely high 
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intrinsic charge carrier mobility of ~200 000 cm2 V-1 s-1,104, 105 have proven to be more effective in 

improving grain growth and defect passivation. Using RGO, Li et al. observed the existence of Pb-O 

bonds between Pb ions and hydroxyl groups (-OH).93 They speculated that the hydroxyl groups (-OH) 

on RGO are capable of acting as a Lewis base to passivate undercoordinated lead defects.93 Hadadian et 

al. has reported that the nitrogen doped RGO (N-RGO) would further increase PL lifetimes relative to 

RGO, indicative of suppressed charge recombination due to improved passivation effect by the 

quaternary, pyrrolic, and pyridinic amines of N-RGO.96 A simple explanation for enhanced passivation 

by amines could be the lower electronegativity of nitrogen making it a better Lewis base relative to the 

oxygen of hydroxyl groups. 

Other Lewis bases containing amines (such as -NH2) or nitrogen functionalities have also shown 

effective passivation of OIHP materials.94, 97, 106 Wang et al. also illustrated that spin-coating a diluted 

solution of phenylalkylamines, with the structure Phenyl-R-NH2, on perovskite could effectively 

passivate the surface defects.94 Most impressively they reported an increase in PCE from 14.2 to 19.2% 

with a very small VOC deficit of 0.36 V for FAPbI3 based solar cells passivated by benzylamine.94 The 

benzylamine modified device showed longer carrier lifetime and improved diode characteristic, which 

should be due to the reduction of trap states related to surface defects.94 Notably, Zuo et al demonstrated 

the use of poly(4-vynylpyridine) (PVP), a polymer functionalized with pyridine, as a passivation agent 

for MAPbI3 based PSCs,97 and the Lewis base pyridine functionalities are able to passivate the 

undercoordinated Pb2+ in order to achieve a PCE of 20.23%, compared to 18.05% of the untreated 

device .97 

Furthermore, Lin et al. employed π-conjugated small molecules, indacenodithiophene end-capped 

with 1.1-dicyanomethylene-3-indanone, as an electron donor to passivate the Lewis acid traps of hybrid 

perovskites.95 Such molecules combine the advantages of electrical conductive organic π-conjugated 

structures like graphene and the reduction of specific defects by the coordination with typical Lewis 

base functional groups (e.g., thiocyanato, sulfhydryl, amine, etc.).95
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Fig. 3. Passivation by Lewis bases through coordinate bonding. (a) Passivation of under-coordinated Pb2+ by 

thiophene or pyridine on the surface of perovskite. Reprinted with permission from ref. 90. Copyright 2014 

American Chemical Society. (b) LUMO charge density in (left) the bare Cl-doped MAPbI3 (001) surface and the 

surface with adsorbed (middle) pyridine and (right) thiophene. Reprinted with permission from ref. 101. 

Copyright 2018 American Chemical Society. (c) Log-scale photoluminescence spectra with fits to the data (black 

lines) using the generalized Planck model. (d) Parameter spatial statistics (min, first quartile, median, third 

quartile, and max) of the control film and the TOPO-treated film. Ηex, Δµ and χ are internal PLQY, quasi-Fermi-

level splitting and per cent of radiative limit quasi-Fermi level splitting, respectively. Reproduced from ref. 103 

with permission from Springer Nature, copyright 2018.

3.2 Passivation by ionic bonding

Ionic bonding involves the complete transfer of one or more valence electrons from one atom to 

another to afford an electrostatic interaction between two ions of complementary charge, i.e. a positively 

charged cation and a negatively charged anion. Due to the charged nature of defects in perovskite, ionic 

bonding can be used as another unique passivation technique. The selective introduction of ions with 

charge complementary to a given defect can bond with the defect and effectively annihilate the 

corresponding trap states. Passivation by ionic bonding has recently gained significant interest for its 

proven ability to improve the stability and efficiency of PSCs.

3.2.1 Passivation by Cations

Page 13 of 47 Chemical Society Reviews



14

Cationic species including metal ions and organic molecules have been studied for their passivating 

effects of anionic defects, such as undercoordinated I-, antisite PbI3
-, and MA+ vacancies, in halide 

perovskites. Through ionic bonding and other electrostatic interactions with the negatively charged 

defects of perovskite materials, metal ions and organic cations have proven to be effective passivating 

agents. The capability for metal ions to have a passivation effect was first reported when Bi et al. found 

that sodium ions, Na+, present on substrates were capable of diffusing into grain boundaries over time.57 

These Na+ rich grain boundaries resulted in a lower defect density and improved PL lifetimes, 

suggestive of the efficient passivation of defective grain boundaries.57 Bi et al. proposed that Na+ could 

potentially passivate negatively charged defects, either by being adsorbed at MA vacancies of the grain 

boundaries, due to its similar size and isovalent charge relative to MA+, or form an ionic bond with 

undercoordinated halides.57 Abdi-Jalebi et al. later reported that if potassium iodide (KI) was added to a 

Cs0.06FA0.79MA0.15Pb(I0.85Br0.15)3 perovskite precursor, the potassium ions (K+) could accumulate at the 

surface and grain boundaries to passivate those extended defects to produce perovskite films with 

internal PLQYs > 95% (Fig. 4a).47 This improvement in PLQY is attributed K+ passivating the 

undercoordinated halides, both undercoordinated Br- and I-, at the surface and grain boundaries via ionic 

interactions (Fig. 4b). Through bonding with the halides, K+ is also effective in suppressing ion 

migration (discussed with more details in Section 4.4). The ionic interaction between K+ and halides at 

grain boundaries that has been reported thus far is supported by the particularly interesting work of 

Kubicki et al. using solid state nuclear-magnetic resonance to confirm the presence of KI while no 

change in the local environments of N, and C atoms was observed.107 However, it is worth noting that 

calculations by Son et al. show that small alkali metal ions like K+, with radii of 1.38 Å, could be 

energetically favorable to occupy the interstitial sites within the perovskite lattice.108 These filled 

interstitial sites could prevent the formation of iodide Frenkel defects and hinder ion migration and 

result in a similar passivation effect to ionic bonding at the surface and grain boundaries. It is evident 

that K+ and other metal ions, such as Cu+, Ag+, and Rb+, are capable of effectively passivating, but the 

true mechanism has yet to be fully divulged due to the conflicting reported position of metal ions within 

lattice or at the surface and grain boundaries.107-113 Additional research on a mechanism of metal ions 

would be greatly beneficial to the field moving forward.

Beyond metal ions, significant research has also been done looking at organic cationic passivating 

agents, such as those with ammonium (-NH3
+) functionalities. Unlike amines, like -NH2, with a lone pair 

of electrons capable of coordinating to positively charged Lewis acid defects via coordinate bonding, the 

-NH3
+ cations passivate negatively charged defects through electrostatic interactions including ionic 

bonding and hydrogen bonding. A number of small organic molecules owning ammonium 
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functionalities have been explored for their ability to enhance device performance and stability (Table 2), 

such as butylammonium (BA+), octylammonium (OA+), phenylethylammonium (PEA+), and 

diammonium derivatives.58, 114-119 Most notably, BA+ and PEA+ have been studied extensively for their 

ability to suppress trap induced recombination. It is important to note that BA+, PEA+, and other 

alkylammonium molecules have been reported to be capable of inducing a conversion of perovskite 

from a 3D to a layered phase,116-118 to be discussed with further detail in section 3.3.2. Although the 

conversion results in a 3D/layered interface, the original defects present at the surface and grain 

boundaries can be eliminated due to lattice matching of the two phases,117 potentially passivating the 

perovskite surface and grain boundaries. The resulting band alignment of the 3D/layered interface has 

also proven to be beneficial and will be further discussed in section 3.3.2. This makes it difficult to 

clearly deconvolute the contribution to passivation by solely ionic bonding of ammonium derivatives at 

the surface and grain boundaries.

It is often generalized that most alkylammonium derivatives with a carbon chain too long or too 

large to incorporate into the A site of the perovskite lattice will induce the formation of a lower 

dimensional perovskite material;120, 121 however, improvement in recombination lifetimes and VOC 

without the observed formation of a layered phase was first reported by Zhao et al. using octane-1,8-

diammonium, suggesting passivation by ammonium functionalities via ionic or hydrogen bonding at 

surface and grain boundaries of perovskite.114 A similar passivation mechanism has been demonstrated 

by Jung et al. utilizing OA+,58 showing no layered phase and reporting recombination lifetimes five 

times longer than control samples and improvement in PCE from 18.4% to 20.6% (Fig. 4c and Table 

2).58 The OA+ decorated surface also proved to improve the thermal and moisture stability of the OIHP 

material,58 additional discussion on the influence of passivating agents on stability will be covered in 

section 5.

Although PEA+ has been reported as one of the most effective additives for passivation via 

conversion to a layered phase,118 recent work by Jiang et al. has demonstrated excellent surface 

passivation with no evidence of a layered phase forming (Fig. 4d and e).122 They utilized PEAI (PEA+I-) 

surface treatment on FA0.92MA0.08PbI3 without thermal annealing to provide PSCs reaching a certified 

efficiency of 23.32%.122 The 3D-to-layered perovskite conversion by PEA+ likely still has a low 

energetic barrier that cannot be overcome without thermal annealing. XRD measurements also show the 

formation of layered perovskite (PEA2PbI4) at higher temperatures,122 presumably indicating the 

activation barrier for conversion can be overcome by thermal energy (Fig. 4e). The use of cationic atoms 

and molecules have shown great potential for passivation, but it is evident that greater understanding on 

the influence of molecular design and processing is necessary to further improve their efficacy.
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Fig. 4. Passivation by cations through ionic bonding. (a) PLQE of KI passivated perovskite thin films with 

increasing fraction of potassium. (b) Schematic of a cross-section of a film showing halide-vacancy management 

in cases of excess halide, in which the surplus halide is immobilized through complexing with potassium into 

benign compounds at the grain boundaries and surfaces. Reproduced from ref. 47 with permission from Springer 
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Nature, copyright 2018. (c) Schematic illustration of PEA-modified perovskite films. Reproduced from ref. 58 

with permission from Royal Society of Chemistry, copyright 2018. (d) Time-resolved PL and (e) XRD of the 

FA0.92MA0.08PbI3 films with PEAI treatment under different conditions. Reproduced from ref. 122 with permission 

from Springer Nature, copyright 2019.

3.2.2 Passivation by Anions

Despite significant developments in the use of cationic passivating agents, not much work has been 

done exploring passivation with anionic alternatives, such as such as undercoordinated Pb2+ ions and 

halide vacancies. One reported anion for defect passivation of OIHP materials is chloride ion (Cl-). 

Chloride ions have been introduced in various different forms, such as PbCl2, NH4Cl, MACl, FACl, and 

CsCl.123-128 The addition of Cl- has been reported to have two different functions.129 The addition of Cl- 

could alter the electronic properties of films by doping perovskite or passivating defect induced traps at 

interfaces and/or grain boundaries; additionally, Cl- has shown influence over morphology by altering 

crystallization to provide large grain and smooth structural discontinuities at grain boundaries.129 Even 

though chloride ions have been demonstrated to easily leave perovskite films during thermal 

annealing,130 it is reported that there are still some residual Cl- ions remaining in thin films of 

MAPbI3.129, 131 In order to decouple the electronic effect and morphological influence of chloride ions, 

Chen et al. fabricated the perovskite films with similar polycrystalline texture and comparable grain 

sizes for samples with and without added Cl-.132 The transient photovoltage decay showed that devices 

with added Cl- resulted in charge lifetimes twice as long as control devices.132 The defect activation 

energy for the traps determined by capacitance-voltage measurements shifted from 74.4 to 21.6 meV in 

the presence of Cl-,132 which indicates a shift in the trap states to a shallower level. Therefore, the 

incorporated Cl- could improve the photovoltaic performance of PSCs by improving electronic 

properties. Simulation by Nan et al. shows that the deep trap states created by lead and iodine vacancies 

can be healed by introducing a tiny amount of Cl-.133 Tan et al. have also shown that the Cl of Cl-capped 

TiO2 can acting as an effective passivation agent at the interface of perovskite as the formation energy of 

Pb-Cl antisite defects is much greater than that of a Pb-I antisite, which indicates the antisite defects are 

suppressed in the presence of interfacial Cl atoms.134 In addition to being more difficult to form, Pb-Cl 

antisite defects are calculated to result in shallower level traps that are delocalized over a larger area, 

making them less detrimental to device performance.134

Introduction of excess iodide, such as KI and MAI, has been reported could compensate the halide 

vacancies at the grain boundaries, and thus passivating the nonradiative recombination pathways.47, 60 

Moreover, the use of anionic carboxylate groups (-COO-), have been suspected to passivate positively 
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charged defects in perovskite films through ionic bonding.135, 136 However, it needs to be highlighted that 

carboxyl groups (-COOH) and -COO- should not passivate through the same mechanism or address the 

same defects, which has yet to be clearly differentiated in reported works.135, 136 Due to carboxyl groups 

being weak acids, whether it is protonated as -COOH or deprotonated to -COO- is dependent upon the 

dissociation constant, and resulting pKa, of the carboxyl group and pH of the solution. Unlike -COO- 

passivating positively charged defects through ionic interactions, -COOH should be capable of 

passivating negatively charged undercoordinated halides via hydrogen bonding.

Table 2: Summarization of defect passivation by ionic bonding for PSCs: passivator, structure, perovskite 

materials, passivation function group, target defect, and photovoltaic parameters without (C) and with (P) 

passivation.

Passivator Structure Perovskite

Passivation 

functional 

group

Target Defect
JSC [mA 

cm-2] (C/P)

VOC [V] 

(C/P) 
FF (C/P)

PCE [%] 

(C/P)
REF

Sodium 

chloride
NaCl MAPbI3 Na+ anionic defects 23.5/24.4 1.05/1.06 0.76/0.78 18.8/20.2 57

Potassium 

iodide
KI

Cs0.06FA0.79MA0.

15Pb(I0.85Br0.15)3
K+ anionic defects 22.6/23.2 1.05/1.17 0.73/0.79 17.3/21.5 47

Copper (I) 

iodide
CuI MAPbI3 Cu+ Anionic defects 20.9/22.1 1.08/1.11 0.74/0.78 16.7/19.2 112

Silver 

iodide
AgI MAPbI3 Ag+ Anionic defects 20.9/22.5 1.08/1.13 0.74/0.79 16.7/20.0 112

Rubidium 

iodide
RbI

FA0.85MA0.15Cs0.

05PbI2.55Br0.45
Rb+ Anionic defects 21.5/22.5 1.16/1.17 0.75/0.69 17.1/19.6 113

PEAI MAPbI3
Phenylethylam

monium ions
Anionic defects 19.8/18.6 0.99/1.08 0.70/0.73 13.6/14.9 137
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MAPb(I0.6Br0.4)3
Phenylethylam

monium ions
Anionic defects 11.4/12.9 1.20/1.28 0.66/0.65 9.3/11.6 138

FA0.92MA0.08PbI

3

Phenylethylam

monium ions
Anionic defects 24.24/24.96 1.12/1.16 0.78/0.81 21.2/23.5 122

FA0.83Cs0.17Pb(I0.

6Br0.4)3
Ammonium Anionic defects 19.8/19.8 1.14/1.18 0.75/0.73 16.9/17.2 117

MAPbI3 Ammonium Anionic defects 22.2/22.59 1.08/1.09 0.74/0.77 17.8/18.9 116BAI

FASnI3 Ammonium Anionic defects 17.6/18.0 0.36/0.44 0.63/0.69 4.0/5.5 115

Octane-1,8-

diammoniu

m iodide

MAPbI3 Ammonium Anionic defects 17.9/19.4 1.09/1.11 0.75/0.79 14.7/17.0 114

Butane-1,4-

diammoniu

m iodide

MAPbI3 Ammonium Anionic defects 17.9/12.1 1.09/1.10 0.75/0.72 14.7/9.75 114

Ethane-1,2-

diammoniu

m iodide

FASnI3 Ammonium Anionic defects 17.6/21.3 0.36/0.58 0.63/0.72 4.0/8.9 115

2,2’-

(ethylenedi

oxy)bis(eth

ylammoniu

m) iodide

MAPbI3 Ammonium Anionic defects 17.9/3.7 1.09/1.12 0.75/0.69 14.7/2.8 114

Octylammo

nium iodide
MAPbI3 Ammonium Anionic defects 21.8/22.6 1.06/1.11 0.79/0.82 18.4/20.6 58
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Chlorine-

capped 

TiO2 

colloidal 

nanocrystal

Cl-TiO2
Cs0.05FA0.81MA0.

14PbI2.55Br0.45
chloride ions Cationic defects 21.6/23.0 1.13/1.15 0.76/0.79 18.5/20.9 134 

Methylam

monium 

chloride

MACl MAPbI3 chloride ions Cationic defects 11.0/20.2 0.97/1.05 0.77/0.73 8.5/15.4 125

Cesium 

chloride
CsCl

MA0.03FA0.97Pb(

I0.97Br0.03)3
chloride ions Cationic defects 24.0/24.3 1.11/1.12 0.80/0.81 21.2/22.1 127

organic dye

(AQ310)

FA0.85MA0.15Pb(

I0.85Br0.15)3

carboxylate 

groups

Under-

coordinated Pb2+ 

ions

21.68/21.77 1.06/1.11 0.74/0.77 17.1/19.2 135

Methylam

monium 

iodide

MAI MAPbI3
Ammonium 

and iodide ions

Cationic and 

anionic defects
23.9/23.4 1.03/1.12 0.68/0.76 16.8/19.8 60

L-α-

phosphatid

ylcholine

 MAPbI3

quaternary 

ammonium 

and phosphate

Cationic and 

anionic defects
22.5/22.7 1.04/1.08 0.73/0.80 17.1/19.6 139

Choline 

chloride

 

FA0.85MA0.15Pb(

I0.85Br0.15)3

quaternary 

ammonium 

and chloride 

ions

Cationic and 

anionic defects
23.7/23.7 1.03/1.14 0.79/0.78 19.2/21.0 139

3-

(Decyldime

thylammoni

o)-propane-

sulfonate 

inner salt

FA0.85MA0.15Pb(

I0.85Br0.15)3

quaternary 

ammonium 

and sulfonate 

ions

Cationic and 

anionic defects
22.7/23.3 1.06/1.13 0.80/0.80 19.1/21.1 140

3.2.3 Passivation by Zwitterions

Zwitterions possess both positively and negatively charged functional groups, a unique property that 

has proved beneficial in improving photovoltaic performance of PSCs.139-141 One of the most promising 

applications of zwitterions is the capability to simultaneously passivate negatively and positively 

charged ionic defects using both mechanisms discussed so far. Zheng et al. first reported choline 

zwitterions, such as L-α-phosphatidylcholine, choline chloride, choline iodide, can passivate both types 

of charged defects in perovskites (Fig. 5a).139 L-α-phosphatidylcholine has the positive charged 
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quaternary ammonium group (-N(CH3)3
+) and negative charged phosphate (-PO4-); choline chloride and 

choline iodide contain the positively charged quaternary ammonium and negatively charged halides. The 

passivation is achieved by spin coating a thin layer of those choline zwitterions on perovskite films. L-α-

phosphatidylcholine passivation demonstrated an increase of VOC from 1.04 V to 1.08 V and an increase 

of PCE from 17.1% to 19.6% compared to control device with PCBM, and choline chloride has 

exhibited a small VOC deficit of only 0.39 V and a high efficiency of 21.0%.139 Theoretical analysis 

suggested that those zwitterions can passivate two typical deep surface defects, anionic Pb–I antisites 

and cationic Pb clusters.139 It was found that in the case of Pb-I antisite defects, that choline can transfer 

about 0.8 electrons to the perovskite surface to effectively reduce the electronic trap states due to the 

defect.139 The excess halide ions introduced via the choline salt can also prevent the trapping of charges 

by forming new hybridized states which bridge the trap states with the states of the conduction band 

edge.139 Later, Zheng et al. added 3-(Decyldimethylammonio)-propane-sulfonate inner (DPSI) salt, a 

sulfonic zwitterion containing a cationic quaternary ammonium group and an anionic sulfonic group (-

SO3
-), into the perovskite precursor to provided effective passivation and boost the PCE of planar 

perovskite devices from 19.1% to 21.1%.140 

Similar in concept to zwitterions, other molecules have been designed with various functional 

groups capable of passivating multiple species of defects through a combination of mechanisms 

reviewed so far. Yang et al. proposed multifunctional passivation by D-4-tert-butyl-phenylalanine 

(D4TBP), a molecule with a carboxyl, amine and tert-butyl-phenyl functionalities which are capable of 

passivating multiple types of defects.136 This strategy yielded an open-circuit voltage of 1.23 V at a 

bandgap of 1.57 eV with the loss in potential of only 0.34 V.136 Interestingly, although conjugated rings 

have no charge, Yang et al. suggested the potential for phenyl groups to reduce defects associated with 

I2 by demonstrating formation of charge transfer complexes between the conjugated ring and I2,136 while 

earlier research by Wei et al. and others have demonstrated the ability for the conjugated rings of 

rubrene to interact with MA+ via electrostatic -cation interactions.142, 143 The ability for these neutral 𝜋

conjugated organic molecules to interact and potentially passivate various defect species makes them a 

unique multifunctional passivating agent deserving of further studies to determine their capabilities. 

Overall, more work is expected to further characterize the structure-function relationship of all 

passivating agents discussed thus far.
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Fig. 5. Passivation by zwitterions. (a) Schematic illustration of defect passivation by choline zwitterions. (b) 

Chemical structures of L-α-phosphatidylcholine, choline iodide and choline chloride. (c) J–V curves for the two-

step-processed MAPbI3 devices passivated by PCBM, L-α-phosphatidylcholine, choline chloride and choline 

iodide. Reproduced from ref. 139 with permission from Springer Nature, copyright 2017. (d) Schematic 

illustration of defect passivation by sulfonic zwitterion with quaternary ammonium group and sulfonic group. (e) 

J–V characteristics of FA0.85MA0.15Pb(I0.85Br0.15)3 devices with and without DPSI passivation. Reproduced from ref. 

140 with permission from John Wiley and Sons, copyright 2016.

3.3 Conversion of extended imperfections to wide bandgap materials

The ionic nature of defect rich surfaces and grain boundaries of perovskite have allowed for the 

use of Lewis acid-base chemistry and ionic bonding to passivate the extended imperfections; however, it 

is also possible to chemically convert the surfaces and grain boundaries to a material capable of either 

eliminating those extended defects or creating an interface with favorable band alignment . For 

commercialized silicon solar cells, conversion of surface dangling bonds to wide bandgap SiO2 and SiNx 

is a well-established approach to passivate the surface defects.56, 61, 62 The choice option thus far has 

been the strategic conversion of the perovskite surface and grain boundaries to a wide bandgap 

semiconductor,68, 116-119 which not only could eliminate the deep level traps at surface and grain 

boundaries but also form a type-I heterojunction to further hinder non-radiative recombination. For the 

type-I band alignment, the conduction band minimum (CBM) of the wide bandgap semiconductor lies 

above the CBM of the active perovskite, and its valence band maximum (VBM) is lower than the active 
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perovskite’s VBM. This type-I band alignment creates an electronic barrier to hinder the charge transfer 

between perovskite grains and also between perovskite and charge transport layers. Therefore, when 

charges reach the wide bandgap wrapping layer, instead of becoming trapped and recombining at the 

grain boundaries or interface, they will be reflected back into the bulk. Although this conversion could 

effectively suppress trap induced recombination at the extended defects, it is also critical to control the 

thickness of the wide bandgap materials at the perovskite/CTL interface for charges rely on tunneling to 

transfer through the wide bandgap material to be extracted by charge transport layer.

3.3.1 Conversion of extended imperfection by controlled degradation

The first prototype of type-I alignment in perovskite solar cells to reduce carrier recombination 

was reported by Chen et al.68 They controlled the annealing time of MAPbI3 film to tune the amount of 

PbI2 wrapping the perovskite at grain boundaries and the perovskite/CTL interface. PbI2 is formed due 

to release of MAI during the decomposition of MAPbI3. Annealing at 150 °C for 60 min proved to 

provide the optimal PbI2 layer for improving device photovoltaic performance. This resulting PbI2 

wrapping layer, with a band gap 0.8 eV greater than the 1.5 eV bandgap of MAPbI3, results in a type-I 

alignment heterojunction to suppress trap induced recombination at the surface and grain boundaries 

(Fig. 6a-c). This ultimately increases the carrier lifetime, and enhances the device performance. 

Annealing at 150 °C for too long introduces excessive PbI2 and degrades the perovskite film and is 

detrimental to the device performance.

3.3.2 Conversion of extended imperfection to layered perovskite

The formation of layered perovskite between the grains of 3D perovskite is another effective 

approach for creating type-I band alignment at grain boundaries.116-119, 137 The larger bandgap of layered 

perovskite is able to energetically wrap grains of the narrower bandgap 3D phase, establishing a type-I 

heterojunction at grain boundaries. Moreover, the conversion of defect rich grain boundaries into 

layered perovskite might also heal these defects to dramatically reduce defect density.

The layered/3D heterostructures with type-I band alignment have been investigated by 

incorporation of different layered perovskite precursors, such as n-Butylammonium (BA+),116, 117, 137 

phenethylammonium (PEA+),118, 137 or aminovaleric acid iodide (AVAI).119 Wang et. al. was the first to 

convert the grain boundary of 3D perovskite to layered perovskite for defect passivation.117 They mixed 

BA into FA0.83Cs0.17Pb(I0.6Br0.4)3 perovskite precursor,117 and observed layered perovskite platelets 

standing upright between highly orientated 3D perovskite grains (Fig. 6d). These layered/3D perovskite 

films had a significant increase in PL lifetime (Fig. 6f), revealing the formation of a layered phase can 
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significantly reduce the non-radiative recombination at grain boundaries.117 Furthermore, Wang et. al. 

proposed that lattice matching between the in-plane lead-halide sheets of layered perovskite and the 

lattice constant of the 3D phase allows for the self-assembly of the layered phase at the interface while 

avoiding the generation of defects responsible for deep level traps at grain boundaries, and the type I 

alignment further reduce the recombination at grain boundaries.117 Lee et al. reported the incorporation 

of large PEA+ cations into (FAPbI3)0.85(MAPbBr3)0.15 was able to passivate the grain boundaries due to 

the formation of type-I band alignment,118 which was found to increase the PL intensity and improve the 

radiative recombination lifetime.118 Kelvin Probe Force Microscopy (KPFM) measurement shows that 

contact potential difference (CPD) between grain boundaries and the grain interior has been changed by 

the incorporation PEA.118 The conversion of extended surface to layered perovskite by incorporation of 

BA+ and PEA+ has also been reported capable of stabilizing the favorable black phase of FASnI3 

perovskite and FAPbI3 perovskite, respectively.115, 144 Besides modification of the perovskite precursor 

to attain layered perovskite for passivation, Lin et al. found spin coating the n-Butylammonium iodide 

and n-Butylamine solution on 3D perovskite film could generate layered/3D stacking structures with 

layered perovskite still wrapping the perovskite grain boundaries and surface.116 Due to the poor 

conductivity of layered perovskite, it is important to tune the thickness of the layered phase to allow for 

tunneling at the perovskite/CTL interface to ensure good charge extraction. When the ratio of layered 

structure is too high, due to long reaction time116 or high concentration of ammonium cations118, the 

layered/3D heterostructures will become detrimental to device performance.116, 118
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Fig. 6: Reduction of carrier recombination by type-I alignment. (a-c) PbI2 passivation: (a) SEM, (b) schematic 

illustration, and (c) band alignment of MAPbI3 film with PbI2 wrapping the perovskite grain. Reprinted with 
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permission from ref. 68. Copyright 2014 American Chemical Society. (d-g) Layered/3D perovskite 

heterostructures: (d) Schematic illustration of the layered/3D perovskite heterostructure. (e) J–V curves for 

perovskite solar cells using 1.72 eV perovskite BAx(FA0.83Cs0.17)1-xPb(I0.6Br0.4)3 with different amount of BA ratio, 

measured from forward bias (FB) to short-circuit (SC) and back again. (f) Time-resolved PL spectra of an x = 0 

film and an x = 0.09 film. (g) Proposed electronic band offsets of the layered/3D heterojunction. Reproduced 

from ref. 117 with permission from Springer Nature, copyright 2017.

As mentioned previously, the use of ammonium cations for the passivation of 3D perovskite 

materials has been reported to result in two possible scenarios: 1) the conversion of extended 

imperfections to layered perovskite and 2) passivation of the defects by electrostatic interactions without 

forming a layered perovskite phase. Through comparing the effect of NH3I(CH2)4NH3I (C4), 

NH3I(CH2)8NH3I (C8), and NH3I(CH2)2O(CH2)2NH3I (EDBA2+), Zhao et al. found that the properties of  

the organic chain in ammonium cations play an important role to determine whether conversion could 

occur.114 Zhao et al. proposed that the unique anti-gauche isomerization of C8 raises the activation 

energy of the 3D to layered conversion, resulting in solely surface passivation without conversion to 

layered perovskite (Fig. 7a, Table 2).114 Even if a molecule has the same or shorter chain length 

compared to C8, like EDBA2+ or C4, Zhao et al. proposed that if it is locked in an anti-conformation 

without any possible gauche conformation, it lowers the activation energy for 3D to layered conversion 

resulting in an observed layered phase (Fig. 7b). This highlights the importance of molecular design 

beyond considering just the chain size to achieve passivation, either through solely surface passivation 

or conversion to a layered phase. These molecular design rules agree well with Jung et al.’s observation 

that BA+ and PEA+ inducing a layered/3D phase mixture but OA+, which is capable of anti-gauche 

isomerization, producing a pure 3D phase wrapped with OA+.58 Similar to impact of conversion 

activation energy of C4 or EDBA2+, we suspect that the 3D-to-layered conversion by PEA+ likely still 

has some energetic barrier that cannot be overcome at room temperature but can be overcome under 

thermal annealing. This might explain why surface treatment of PEAI without post annealing could 

obtain solely surface passivation effect without the formation of layered perovskite, and the 3D-to-

layered perovskite conversion occurs after thermal annealing the PEAI coated perovskite films.122
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Fig. 7. Extended defect passivation versus 3D-to-layered perovskite conversion. (a) Schematic demonstration of 

why C8 stays only passivate the surface or grain boundaries without conversion to layered perovskite, while (b) 

EDBE and C4 treatment can induce respective 2D hybrid perovskite formation. Adapted with permission from ref. 

114. Copyright 2016 American Chemical Society.

4. Suppression of ion migration via defect passivation

It has been reported that the dominant point defects in perovskite materials create only shallow 

level traps as point defects resulting in deep level traps are difficult and unlikely to form.17-21 There are 

at least twelve point defects in the methylammonium lead triiodide (MAPbI3): three types of vacancies 

(VMA, VPb, VI), three types of interstitial sites (MAi, Pbi, Ii), two types of cation substitutions (MAPb, 

PbMA), and four types of antisite substitutions (MAI, PbI, IMA, IPb) where in the latter cases AB indicates 

that A is substituted by B.17-19 As shown in Fig. 8, Yin et al. found that the point defects with low 

formation energy create shallow level traps, such as MAi, VPb, MAPb, Ii, VI, and VMA, while all defects 

that induce deep level traps have high formation energy, such as IPb, IMA, Pbi, and PbI.18 The shallow trap 

states close to the conduction or valance band edges can induce either n-type or p-type self-doping of 

perovskites.18 Even though the shallow level point defects do not contribute to non-radiative 

recombination, their ionic nature enables them to migrate within an electric field. The accumulation of 

those charged defects at each side of OIHP layers results in a high charge density capable of inducing 

PL quenching effects.128 The redistribution of mobile defects could cause band bending,63 current 
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density-voltage (J-V) hysteresis,37, 39-43 reaction with function layers beyond OIHP,48-52 or phase 

segregation.44-47 In addition to Yuan et al. reported that with an applied electric field MA+ and I- were 

capable of migration within OIHP films.145, 146 Shao et al. also proved that grain boundaries are the 

primary migration channel for mobile ions,64 highlighting the importance of future investigations on the 

suppression of ion migration via passivation of extended defects. Moreover, light induced phase 

segregation of mixed halide OIHP film is also reported to be connected to ion migration under 

illumination.44-46 deQuilettes et al. observed the migration of I- in MAPbI3 film under illumination.147 

They proposed that the trapped photo-excited electrons in vacancies, particular near the surface, 

produced an electric field capable of driving the migration of halides.147 The migration of ions is 

reported to increase significantly under illumination due to a lower activation energy for ion migration.42, 

148 Therefore, it is important to suppress the migration of point defects for efficient and stable perovskite 

solar cells.

Fig. 8: The transition energy levels of (a) intrinsic acceptors and (b) intrinsic donors in MAPbI3. Reproduced 

from ref. 18 with permission from AIP Publishing, copyright 2014.

4.1 Band bending due to migration of point defects

The migration of mobile ions could cause band bending due to electric field screening effect or 

local doping/de-doping effect, and thus impact the charge extraction efficiency. Under the electric field, 

the positively charged point defects, such as VI and MAi, migrate along the electric field direction, while 

negatively charged point defects, such as VMA and Ii, migrate in the opposite direction.39, 40, 63, 149 This 

creates accumulation of charged defects at perovskite/CTL interface. It has been proposed that this ion 
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migration could create an additional electric field across the perovskite film and cause electric field 

screening effect.39, 40, 63, 149 This leads to change of net built-in electric field and the carrier transport and 

extraction efficiency. Due to the ionic nature of perovskite materials, the accumulation of charged point 

defects at interfaces may also result in an unintentional doping effect,18, 149-151 which could alter the band 

bending of interfaces. In order to keep the material electrically neutral, the positively charged mobile 

defects accumulated at interface will attract equivalent electrons. Thus local excessive ions serve as a 

donor to chemically dope the perovskite surface to n-type. Similarly, the accumulation of negative 

charged mobile ions near interface causes p-type doping. Yin et al. found that the dominant defects in 

MAPbI3 are p-type VPb and n-type MAi with low defect formation energy, and the MAPbI3 could change 

from good p-type, intrinsic to good n-type by controlling the growth condition to tune the amounts of 

dominant defects.18 After device fabrication in dark condition, the ions migration could already occur 

under built-in electric field to partially compensate the built-in electric field. 

During formation of perovskite solar cells, a build-in electric field is already generated even in 

dark condition by the work function difference between anode and cathode pointing from ETL to HTL. 

This field drives the migration of positively charged point defects, such as VI and MAi toward the HTL, 

while negatively charged point defects, such as VMA and Ii, migrate in the opposite direction in dark 

condition (Fig. 9a).39, 40, 63, 149 The accumulation of these charged ions at perovskite/CTL interfaces has 

been proposed to create an additional electric field across the perovskite film that is opposite to the built-

in electric field, which hinders the collection of photogenerated charges.39, 40, 63, 149 Deng et al. reported 

the light soaking could induce a more favorable p-i-n structure due to ion redistribution under 

photovoltage induced electrical field, which enhances the charge collection efficiencies.150 At open 

circuit condition under illumination, the additional photovoltage induced field points from HTL to ETL, 

which drives the migration of positively charged point defects toward the ETL, while negatively charged 

point defects migrate into the opposite direction. After ion redistribution, in ideal case, there is no ion 

accumulation near interface at open circuit condition under illumination, because the net built-in electric 

field is zero (Fig. 9b). This ion redistribution under illumination eliminates the detrimental effect of ion 

accumulation on charge collection.

7
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Fig. 9. Sketch of band bending due to ion migration in PSCs. (a) band configuration of PSCs in dark at open 

circuit condition before and after ion redistribution under build-in electrical field. (b) band configuration of PSCs 

when turn on the light at open circuit condition before and after ion redistribution under photovoltage. (c) band 

configuration of PSCs in dark at zero bias after negative bias poling or after positive bias poling.

Furthermore, although not detailed in this review, ion migration has been broadly reported to 

induce J-V hysteresis in PSCs.37-43 The J-V hysteresis in PSCs typically presents itself as a difference in 

the shape of J-V curves when the measurement is done scanning from reserve bias and from forward 

bias, typically the reverse scan from VOC to 0 V shows better FF, VOC, and PCE if there is J-V hysteresis 

in PSCs.37-43 The J-V hysteresis has been reported to be influenced by the direction/rate/range of 

scanned voltage, device preconditions, device configuration, and charge extraction efficiency of CTL.37-

43 Xing et al. measured the ion drift velocity in MAPbI3 polycrystalline films under illumination, 

reporting that the ion migration across a MAPbI3 thin film in PSCs is on the timescale of around 1 s.42 

Due to the slow response of ion migration under electric field, the amount of accumulated mobile 

defects is different under the same applied bias during the forward and reverse scan (Fig. 9c). More 

details about the change of band configuration due to ion migration under illumination or in dark can be 

found in ref 40. Therefore, the device functions with different band bending conditions due to ion 

migration between forward and reverse scans, resulting in J-V hysteresis.37-43 As reviewed by Kang et 

al,43 J-V hysteresis in PSCs is also related with capacitive current, which can be generated by both ion 
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migration and nonradiative recombination near interfaces. Thus the accumulation of ionic charges at 

interfaces may interrupt the extraction of photo-generated carriers to build a large capacitance at the 

interface and induce hysteretic behavior.

4.2 Reaction at interface due to ion migration

Migration of mobile ions to either the perovskite/ETL or perovskite/HTL interfaces may result in 

an undesirable reaction between mobile ions and the CTLs or metal electrode. Carrillo et al. observed a 

chemical reaction between the oxidized spiro-OMeTAD+ and I- ions resulting in the formation of a 

neutral spiroMeOTAD−iodide complex (Fig. 10a-c).48 Absorption spectroscopy shows that the neutral 

spiro-OMeTAD film has a characteristic band between 300–420 nm, and the oxidized spiro-OMeTAD+ 

has an additional polaronic band around 500 nm (Fig. 10d). When the oxidized spiro-OMeTAD+ is 

treated with I- ions, such as from MAI, the absorption intensity of polaronic band reduces significantly. 

In the cycled I-V measurement including positive poling for 5 min, they found a redox peak in PSCs 

with a device structure of FTO/TiO2/MAPbI3/spiro-OMeTAD/Au.48 This redox peak is proposed to 

correlate with the chemical reaction between oxidized spiro-OMeTAD+ and I- ions.48 The irreversible 

chemical reaction at the perovskite/spiro-OMeTAD interface progressively reduces the HTL 

conductivity and deteriorates solar cell performance. Using kelvin probe force microscopy, this reaction 

was determined to also result in the change of local contact potential difference (LCPD) at the oxidized 

spiroMeOTAD layer after light illumination.49 Kim et al. found this reaction between oxidized spiro-

OMeTAD+ and mobile I- ions could also be activated by thermal stress when the device temperature is 

elevated to 85°C.50 The mobile I- ions not only can react with the oxidized spiro-OMeTAD+ but also 

some metal electrodes, such as silver.51, 52 Kato et al. observed that silver electrodes for MAPbI3 cells 

will turn yellow within days after device fabrication due to the formation of AgI, and proposed that it 

was a product of the electrode reacting with MAI that had migrated through the spiro-MeOTAD layer, 

aided by pinholes (Fig. 10f).52 At the perovskite/TiO2 interface, Carrillo et al. proposed an ionic reaction 

between the MAPbI3 and TiO2 to form weak Ti–I–Pb bonds (Fig. 10e), which facilitates interfacial 

movement of iodine ions and produces a reversible capacitive current at MAPbI3/TiO2 interface.48
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Fig. 10: Reaction at CTL interfaces due to ion migration. (a-c) Schematic diagram of iodide migration and 

chemical species present at the interfaces. (a) Migration of iodine ions to HTL under positive bias and reaction 

between oxidized spiro-OMeTAD+ and I- ions to form neutral spiroMeOTAD−iodide complex (b) Under zero-bias 

the neutral case appears. (c) Under negative-bias spiro–OMeTAD only partially recovers to its oxidized state, 

and iodide ions accumulate at the TiO2/perovskite interface. (d) Absorption spectra of films of pristine spiro-

OMeTAD, oxidized spiro-OMeTAD layers, and oxidized spiro-OMeTAD layers with MAI. (e) Raman spectra 

illustrating the formation of Ti–I–Pb bonds upon reaction between MAI and PbI2. Reproduced from ref. 48 with 

permission from John Wiley and Sons, copyright 2016. (f) Schematic illustration of a proposed mechanism of AgI 

formation by the migration of MAI through the spiro-MeOTAD layer, aided by pinholes. Reproduced from ref. 52 

with permission from John Wiley and Sons, copyright 2015.

4.3 Photoinduced phase segregation due to ion migration 
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Besides the impact on photovoltaic performance through band bending, ion migration has also 

been reported to be involved in photoinduced phase segregation in mixed halide OIHP films.44-46 Hoke 

et al. found that the initial photoluminescence (PL) of MAPb(BrxI1-x)3 thin films show a monotonic 

increase in the band gap with increasing Br content (Fig. 11a); however, an additional PL peak at 1.68 

eV appears and grows in intensity under illumination for compositions of MAPb(I1-xBrx)3 thin films with 

0.2<x<1 (Fig. 11b).44 X-ray diffraction (XRD) shows peak splitting for MAPb(Br0.6I0.4)3 films with light 

soaking (Fig. 11c), as well as the recovery of the original diffraction pattern after the films are left in the 

dark.44 This indicates the illumination of MAPb(Br0.6I0.4)3 films results in the formation of separate I-

rich and Br-rich domains. As shown in Fig. 11d, Bischak et al. proposed that under illumination the 

segregation into a Br-rich and I-rich phase provides the lowest free energy for the MAPb(BrxI1-x)3 film, 

while the single phase MAPb(BrxI1-x)3 is the lowest free energy state in dark conditions.45 They observed 

phase segregation of mixed halide OIHP film under illumination by cathodoluminescence (CL) imaging 

(Fig. 11e,f), and reported the formation of I-rich clusters at grain boundaries.45 Bischak et al. also 

suggested that the localized strain due to the interaction of photoexcited carriers with the ionic OIHP 

lattice is able to facilitate the halide phase separation being observed.45 Wide bandgap PSCs with mixed 

halide OIHP materials are integral for application in tandem solar cells, and the ion migration induced 

phase segregation hinder their performance in tandem devices.
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Fig. 11 Photoinduced phase segregation. Normalized PL spectra of MAPb(BrxI1-x)3 films before (a) and after (b) 

illuminating for 5−10 min under 457 nm light with intensity of 10−100 mW cm−2. (c) The 200 XRD peak of an 

MAPb(BrxI1-x)3 film with x=0.6 before and after illumination for 5 minutes at ~50 mW cm−2 white light. XRD 

patterns of an x = 0.2 film and an x = 0.7 film are included for comparison. Reproduced from ref. 44 with 

permission from The Royal Society of Chemistry. (d) Free energies per unit cell for MAPb(BrxI1-x)3 with varying 
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composition in the ground (red) and photoexcited (blue) states, computed from MD simulations (circles) and 

mean field theory (solid lines). (e) CL image series of MAPb(BrxI1-x)3 film with 10 s of light soaking between each 

image. The scale bars are 2 μm. (F) Enlarged CL image series of MAPb(BrxI1-x)3 film and the color scale 

indicates iodide-rich CL intensity. The scale bar is 200 nm. Reprinted with permission from ref. 45. Copyright 

2017 American Chemical Society.

4.4 Strategies to suppress the ion migration 

Passivation of grain boundaries has not only been critical in improving device performance, but 

is also an effective method to suppress ion migration. Shao et al. was the first to elucidate that grain 

boundaries provide the dominant pathway for ion migration in polycrystalline MAPbI3 films.64 

Conductive atomic force microscopy measurements demonstrated much stronger J-V hysteresis at the 

boundaries than at the grain interiors, while Energy-dispersive X-ray spectroscopy also revealed a 

gradient in iodine concentration along grain boundaries after electric poling that is not present at grain 

interiors.64 Shao et al. also reported that by passivating grain boundaries with PCBM it was possible to 

deter ion migration and eliminate the corresponding J-V hysteresis.64 Abdi-Jalebi et al. utilized KI to 

passivate the surfaces and grain boundaries and mitigate the photoinduced ion migration in perovskite.47 

They found that the external photoluminescence quantum efficiency (PLQE) of 

(Cs0.06FA0.79MA0.15)Pb(I0.85Br0.15)3 thin films slowly increased under illumination, indicative of 

photoinduced halide migration, while the PLQE of KI passivated samples are stabilized due to 

suppressed halide migration at the grain boundaries. Passivation by KI of the extended imperfections in 

wide bandgap compositions (Cs0.06FA0.79MA0.15)Pb(I1-yBry)3, with y=0.4 or even y=0.6, also proves 

successful in suppressing halide segregation with no shift in PL.47 As proposed by Abdi-Jalebi et al., the 

function of KI can be two-fold.47 The first is that excess I- introduced can help fill I- vacancies and thus 

eliminate pathways for ion migration. Additionally, the K+ cations can form an ionic bond with 

undercoordinated halides or adsorb at negatively charged defects of the surface and grain boundaries, 

again either eliminating pathways for ion migration or raising the activation energy for ion migration to 

occur. It has also recently been proposed by Son et al. that K+ is calculated to be thermodynamically 

favored to reside within interstitial sites and mitigate the formation of ion migration and Frenkel 

defects;108 however, experimental evidence of K+ occupying interstitial sites within the bulk of grains 

has yet to definitively reported.107-111

In addition to fullerenes’ efficient passivation discussed earlier, the coating of surfaces and 

filling of grain boundaries with these large and immobile fullerenes organic molecules could also 

sterically hinder the ion migration at grain boundaries by physically blocking mobile ions.64 In the case 
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of fullerene and its derivatives (PCBM included), the molecules are far too large to be incorporated into 

the lattice. The surface treatment of PCBM and the following thermal annealing induces the diffusion of 

PCBM into grain boundaries to block ion migration. Formation of layered perovskite also has been 

reported to significantly reduce the hysteresis by providing an effective physical barrier to suppress the 

ion migration at grain boundaries.117

The composition engineering of OIHP materials has also been reported as a successful approach 

to increase the activation energy of point defect formation and reduce the possible ion migration. 

Sargent et al. proposed that the local lattice strain in MAPbI3 and FAPbI3 induce the formation of point 

defects.71 When FA and I are partially replaced by Cs/MA and Br, respectively, simulations based on 

density functional theory showed that the PbI2 vacancy formation energy is increased more than 

threefold, resulting in reducing the vacancy concentration by a factor of ~109.71 Negligible hysteresis in 

PSCs with mixed cation/halide perovskites, compared to either MAPbI3 and FAPbI3, further 

demonstrates the impact of increased defect formation energy on ion migration.71

Ion migration could also be accelerated by the presence of trapped charges due to the reduced 

activation energy for ion migration.108, 152, 153 Birkhold et al. found that the migration rate is increased 

after injection of carriers under electric field.153 Lin et al. discovered that excess holes and excess 

electrons accelerate the migration of cations and anions, respectively, by lowering the activation energy 

for ion migration within organic-inorganic halide perovskite films.152 The trapping of photo-excited 

charges by electronic traps due to the surface defect of perovskite materials can then facilitate ion 

migration and the generation of bulk defects. Moreover, the point defects inside the bulk crystal should 

be able to reach the crystal surface under an electrical field. Therefore, passivation of the extended 

defects could avoid trapped charges and suppress ion migration, ultimately acting to passivate the bulk 

of OIHP materials as well. Efficient charge extraction by selection of CTL could also reduce the amount 

of trapped charges to suppress ion migration. For example, doping the TiO2 by lithium salts154, chlorine 

ions134, or replacing the TiO2 by SnO2 as the ETL155 have been reported to effectively suppress ion 

migration and eliminate the J-V hysteresis in n-i-p perovskite solar cells.

5. Impact of imperfection passivation on material and device stability

Commercial silicon photovoltaic modules have proven to be stable for more than ten years, while 

most encapsulated PSCs barely last over six months under realistic operating conditions.156 It has been 

generally observed that moisture, oxygen, light, and elevated temperature can induce the accelerated 

degradation of perovskite solar cells.85, 157-161 Moisture-, oxygen-, and light-induced degradation of PSCs 

under illumination have all been reported to be accelerated by the presence of trapped charges.85, 157-161 
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Therefore, passivation of extended and point imperfections has been demonstrated to significantly 

improve the stability of OIHP materials and devices.

Organic-inorganic halide perovskite films have been well documented to be sensitive to 

moisture.157, 158 The reaction of CH3NH3PbI3 with moisture in dark has been shown to form a reversibly 

hydrated product.157 In the event that the entire film is converted to the hydrated product, any excess 

water could result in irreversible degradation.157 Under illumination, Ahn et al. found that trapped 

charges at the surface and grain boundaries facilitate the formation of highly volatile CH3NH2, which 

once evaporated can trigger an irreversible degradation of perovskite materials under moisture.158 Under 

dark condition, Ahn et al. found that the trapped charges from corona discharge or electrical injection 

can also accelerate the irreversible moisture-induced degradation of perovskites.158 Wang et al. found 

that the defective grain boundaries with a high density of trapped charges are the most vulnerable sites 

for moisture-induced degradation.162

Illumination of PSCs in the presence of oxygen is also capable of inducing rapid degradation.85, 

159-161 It is noted that the degradation rate of PSCs is greatly reduced when exposed only to oxygen 

without illumination.161 However, accelerated degradation of PSCs in dark conditions with oxygen 

present is still reported under applied current and electrical bias.161 This accelerated oxygen-induced 

degradation of PSCs under illumination is initiated by the reaction between molecular oxygen, O2, and 

photo-excited electrons to generate superoxide, O2
-. The reaction between O2

- and OIHP materials has 

been well reported to induce degradation by forming PbI2, I2, H2O, and CH3NH2.85, 159, 160 Therefore, the 

trapped charges can accelerate the oxygen-induced degradation of PSCs through the formation of O2
-. 

Furthermore, it has been reported that PSCs operated under short-circuit conditions, rather than open 

circuit, show improved stability when exposed to light and oxygen.160 This is because the oxygen-

induced photodegradation is retarded by extracting the photogenerated electrons before they can react 

with oxygen to form O2
-.159, 160 

The light induced degradation of perovskite solar cells is related with excess charge carrier. Lin 

et al. found that HTL-covered and ETL-covered MAPbI3 films degrade faster than the MAPbI3 films 

covered by an insulating layer.152 Temperature-dependent conductivity measurements determined when 

covered by a CTL, MAPbI3 films have a smaller activation energy (Ea) for ion migration than the 

MAPbI3 films covered by an insulating layer.152 Therefore, both excess electrons and excess holes under 

illumination could reduce the Ea for ion migration within OIHP materials, accelerating the degradation 

of PSCs.152 This also explains why the PSCs demonstrate faster degradation rate when operated at open 

circuit conditions with more excess charge carriers, compared to maximum power point conditions.
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Due to trapped charges demonstrating the ability to accelerate moisture-, oxygen-, and light-

induced degradation in PSCs under operating conditions, reducing the density of trapped charges by 

passivation of imperfections enhances the stability of perovskite devices. The density of trapped charges 

can be reduced by two approaches: a) reduce the trap density by passivating deep level traps and b) 

reduce the density of free photo-excited charges by efficient charge extraction. Passivation of deep level 

traps by coordinate bonding, ionic bonding, or the conversion of extended imperfections to wide 

bandgap materials have all been deemed capable of effectively reducing the trap density in PSCs, as 

discussed in section 3. The suppression of point defect migration can avoid adverse band bending to 

maintain the efficient extraction of charges and prevent excess carriers in OIHP films, as discussed in 

section 4. Therefore, imperfection passivation and suppression of ion migration can significantly 

improve the stability of PSCs by reducing the density of trapped charges. 

Conversion of extended imperfections to layered perovskite has been reported to improve the 

stability of perovskite solar cells. The layered perovskites demonstrate better moisture stability than their 

3D counterparts,163-165 which has been attributed to the improved hydrophobicity due to the longer alkyl 

chains of BA+ and PEA+ and the more energy necessary for them to leave the structure, compared to 

MA+.163-165 Therefore the conversion of defective surfaces and grain boundaries to layered perovskite is 

suspected to mitigate the loss of volatile MA and I2 species and improve the device stability.163-165 

Coupling the elimination of defects via conversion discussed in sections 3.2.1 and 3.3.2 with the 

suppressed ion migration reported for layered perovskites, the conversion of the surface and grain 

boundaries of OIHP thin films to layered perovskite proves to be an attractive approach to improve the 

long-term stability of devices.116, 166, 167 

Imperfection passivation could also introduce hydrophobic function groups to the perovskite 

films to improve the stability of PSCs.168 Wu et al. proposed the bilateral alkylamine additives for 

perovskite precursor (Fig. 12a), where the hydrophilic -NH2 tails at both ends could form coordinate 

bonds with undercoordinated Pb2+ or occupy A-site vacancies, leaving the hydrophobic alkyl chain 

linker exposed to achieve a moisture-resistant barrier at the surface and grain boundaries of MAPbI3 

films.168 The passivation effect of -NH2 tails improves the device VOC and PCE, and the hydrophobic 

alkyl chain linker significantly enhances the device stability when exposed to moisture and illumination 

(Fig. 12b,c).168 

Moreover, suppression of ion migration could prevent the reaction of mobile ions with the 

charge transport layers or metal electrode to improve the long-term stability of PSCs. Hermes et al. 

found that the reaction between oxidized spiro-OMeTAD+ and mobile I- ions in PSCs can be reduced by 

replacing the planar TiO2 ETL with a C60-SAM ETL, capable of improved charge extraction.49 As a 
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result, the PSCs with a C60-SAM ETL demonstrate better stability relative to their TiO2 based 

counterparts. Ion migration also results in phase segregation of mixed halide perovskite solar cells, 

detrimental to device performance and stability. Abdi-Jalebi et al. found this photoinduced phase 

segregation not only occurs in wide bandgap OIHP materials with Br content >20%, but also in 

commonly used (Cs0.06FA0.79MA0.15)Pb(I0.85Br0.15)3 perovskite with bandgap of 1.55 eV.47 Therefore, the 

inhibition of photoinduced ion migration by passivation of grain boundaries has been found to enhance 

the long-term stability of mixed-halide PSCs.47

a b

c

Fig. 12: Improved stability of PSCs by defect passivation. (a) Schematic illustration of defect passivation and 

water repellence induced by bilateral alkylamine incorporation; (b) moisture stability of un-encapsulated PSCs 

based on bilateral alkylamine treated MAPbI3 (MAPbI3-DAP) and pristine MAPbI3 films under ambient air; (c) 

stability of encapsulated PSCs based on MAPbI3-DAP and pristine MAPbI3 films under continuous 1-sun 

illumination. Reproduced from ref. 168 with permission from the AAAS, copyright 2019.

Summary and Outlook

Since the recent development of OIHPs and their initial application in photovoltaics, their ever-

growing efficiency coupled with low-temperature solution processing and low materials cost promise an 

exceptional LCOE with a dramatically reduced energetic fabrication debt, ultimately providing an 
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environmentally attractive and economically viable alternative to current commercial photovoltaics. In 

order to improve the PCE and stability of perovskite solar cells, the imperfection passivation to reduce 

the non-radiative recombination and suppress the ion migration has proven to be invaluable.

Here, we have given an in-depth review of passivation techniques reported thus far using 

coordinate bonding and ionic bonding to target the charged defects of the surface and grain boundaries 

as well as the conversion of those extended defects to wide bandgap materials to produce a favorable 

type-I heterojunction. Even though the point defects generally form shallow level traps in OIHP 

materials, which should not contribute to non-radiative recombination processes, the unique ion 

migration properties of OIHP materials create some pathways for point defects to impact the 

photovoltaic performance of PSCs. We have also discussed the impact of band bending, interfacial 

reactions, and phase segregation resulting from the migration of point defects. This highlights the 

importance of not only passivating extended imperfections but also mitigating the migration of ions and 

point defects. Additionally, not considered thus far is that when charged defects and trapped charges at 

the surface are eliminated via passivation, it might mitigate the columbic forces that normally would 

repel defects migrating under an electric field. Eliminating columbic forces from the surface may allow 

for point defects from the bulk to migrate to the surface, effectively passivating the perovskite crystal 

bulk via surface passivation. More detailed work about the coupling of bulk defects and surface defects 

is still needed in the future.

The tremendous role that the passivation of both deep- and shallow-level defect induced traps 

has played in the recent advances of OIHP device performance and stability is undeniable. However, a 

complete understanding of passivation mechanisms has yet to be totally resolved, greatly in part due to 

the possible multifunctional nature of some additives, overall complexity of the systems in question, and 

the limited experimental techniques. Without the capability to pin-point the various types of defects 

present, their concentration, and their resulting trap depth, it is difficult to achieve universal highly 

effective passivation across different OIHP thin film fabrication processes or compositions. This is 

likely the greatest challenge limiting defect passivation of PSCs. Moving forward, the need for a better 

understanding of passivation mechanisms to guide additive design, as well as combinations of 

complementary additives to produce synergetic passivation systems will be crucial to further improve 

the efficiency and stability of OIHP devices. Continuing to improve the passivation of OIHP materials 

will facilitate the transition of this technology from bench to market.
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