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ABSTRACT 

Halide-perovskite-based solar cells (HPSCs) have established themselves as a promising photovoltaic technology in a 

remarkably short time. The rapid improvement in HPSCs can be attributed to the unique material and optoelectronic 

properties of metal halide perovskite semiconductors coupled with a very knowledgeable and experienced PV 

community.  This review briefly summarizes the chemistry of halide perovskites, delving into the fundamental aspects 

of crystal structure and optical bandgap, followed by a more in-depth report on the advancements in HPSCs efficiencies, 

thanks to structural regulation, interfacial modulation, and thin-film engineering. We mainly focus on three metal halide 

perovskites topics: i) high performance Pb-based perovskites, ii) Sn-based perovskites and their associated challenges, 

and iii) emerging work on mixed composition Pb-Sn perovskites. For each of these domains, we examine the effects 

stemming from the tuning of the monovalent A-site and the halide site. Additionally, we discuss various approaches 

aimed at passivating defects in the bulk film and at the interface, along with carrier transport engineering. Our 

discussions also encompass the broader implications for device performance, stability and material toxicity. Finally, 

we provide perspectives on the future directions and the commercial feasibility of perovskite photovoltaic technologies. 
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1. Introduction 

Photovoltaic (PV) technology, which harnesses solar energy to generate electricity without causing harm to the 

environment, has garnered considerable interest as a green energy technology. Although the photovoltaic effect was 

uncovered by French physicist Alexandre-Edmond Becquerel in 1839, PV technology came to mainstream only after 

the invention of the first practical silicon solar cells at Bell Laboratories in 1954.[1] Today, silicon-based PV technology 

has achieved a power conversion efficiency (PCE) of 26.8%,[2] approaching the theoretical limit of single-junction solar 

cells. As low-cost alternatives, thin-film and emerging PV technologies were widely explored based on various photo-

absorber materials such as chalcogenide-based semiconductors (CdTe, copper indium gallium sulfide (CIGS), copper 

zinc tin sulfide (CZTS)), organic semiconductors, quantum dots, dyes, and halide perovskites (HPs). Although all these 

prevailing PV technologies are still inferior to market-dominant Si-PVs in terms of efficiency and stability, they can be 

produced with a lower carbon footprint and quicker energy payback time, which promises a bright future for various 

PV technologies. 

Halide perovskites have emerged as one of the most promising light-absorbing materials in the last decade. 

Miyasaka and coworkers first reported on the application of HPs in dye-sensitized solar cells in 2009.[3] Since then, the 

PCE of halide perovskite solar cells (HPSCs) has skyrocketed from 3.8% to an impressive 26% (certified) by tailoring 

device structure and fabrication approach,[4] as well as engineering material composition,[5,6] functional additives,[7,8] 

interfaces,[9,10] charge carrier transport and charge extraction.[11,12] As for Pb-HPSCs, recent research has been focused 

on operational device stability and large-area submodules. With the knowledge of materials chemistry and interface 

engineering, the structural stability under thermal, light, and humidity stress have been investigated to resolve the device 

stability issues,[13–16] in addition to enhancement in device performance toward the theoretical limit.[16–19] All these 

technical advances in low-cost fabrication methods, high PCEs, and enhanced device stability are driving HPSCs 

towards commercialization. Yet, the long-term operational stability and toxicity of Pb HPs have raised concern for their 

widespread application.[20] Therefore, it is paramount to develop stable and environmentally friendly HPSCs. 

To address the toxicity issue of Pb-HPSCs, so far, the alternative candidates primarily encompass group Ⅳ 

metals (tin (Sn) and germanium (Ge)) including group Ⅴ metals (bismuth (Bi) and antimony (Sb)) and copper (Cu). 

The trivalent HP candidates (Bi3+ and Sb3+) are air-stable and environmentally friendly.[21,22] However, because of 

their +3 valence states, Bi/Sb-based multidimensional perovskite materials, such as Cs3Bi2I9 and Cs3Sb2I9, show higher 

bandgaps (∼2 eV) and exciton binding energy, which is undesired for harvesting sunlight and carrier transport,[22] 

limiting the PCE of these Bi/Sb-based HPSCs.[23–26] Being in the same group (IVA) as Pb, Sn2+ and Ge2+ metal ions 

are more favorable candidates as non-toxic alternatives. However, Ge2+ easily loses its lone pair electrons due to its 4s2 

electronic configuration, compromising chemical stability and limiting the PCE of Ge-based HPSCs below 1%.[27] 

Compared with Ge-HP films, which are most likely to suffer from the instability of Ge2+ and are easily oxidized into 

Ge4+, Sn-based HPs show much-improved stability.[28] Although the stability of Sn-based HPs is still inferior to Bi/Sb 

HPs, Sn-HPs are the most promising candidate to substitute toxic Pb-HPs owing to excellent optical and electrical 

properties, especially HPSCs.  

Indeed, both Sn and Pb possess the same valence states and comparable ionic radius. Therefore, the 

substitution of Sn to Pb hardly alters the perovskite crystal structure. Sn-HP derivatives have favorable or even better 
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photoelectric properties than Pb-HPs with their suitable bandgap (1.2–1.4 eV) close to the theoretical limit, smaller 

exciton binding energy, and higher charge-carrier mobility.[29] Exploiting the experiences in developing Pb-HPSCs, 

Sn-HPSCs have progressed device PCE to 14.81% after materials chemistry modifications and interface engineering.[30] 

Noting that the efficiencies of Sn-HPSCs still lag behind Pb-HPSCs, multiple efforts are currently centered on 

advancing Sn-based devices as ideal alternatives to Pb-HPs. On the other hand, benefiting from the progress of Pb or 

Sn- HPSCs, Pb-Sn mixed binary HPs have also made significant advances. Mixed Sn-Pb HPs possess the unique 

advantage of having an optimal bandgap (~1.2 eV), which is favorable for tandem HPSCs. In the current scenario, Pb- 

and Sn-Pb -based HPSCs have demonstrated competitive device performance,[31] and an accelerated effort into 

advancing multijunction HPSCs or tandem device structures has been made.[32,33] 

In this review, we discuss the fundamental properties of Pb and Sn-based HP materials and their application 

in state-of-the-art HPSCs. A number of methods have been successfully introduced for the improvement in device 

efficiency and stability. We have categorized the widely adopted fabrication techniques; (i) A and X-site engineering, 

(ii) multifunctional additive engineering, (iii) interfacial passivation by organic molecules molecular passivation, (iv) 

2D/3D perovskite composite, (v) strain modulation, and (vi) carrier transport engineering. We mainly review recent 

advancements in device efficiency and stability, with an emphasis on the material chemistry approaches employed to 

optimize bulk and interfacial properties. Lastly, we highlight prospective routes to develop efficient and stable HPSCs 

using various derivatives of HPs as a primary photo-harvesting layer. 

2. Fundamental of Metal Halide Perovskite  

2.1 Crystal Structure and Tolerance Factor 

Gustavus Rose discovered the mineral calcium titanate (CaTiO3) in the Ural Mountains of Russia in 1839. The mineral 

was named after Lev Alekseyevich Perovski, a Russian mineralogist.[34] The term perovskite has since been used for 

materials with the ABO3 structure, in the case of metal oxide perovskites, and more recently ABX3 for metal halide 

perovskites, where A is a monovalent cation, B a divalent metal cation, and X a monovalent halide anion. C. K. Møller 

can be attributed to the discovery of the first halide-based perovskite structure, CsPbX3, in 1958.[35] While the first 

metal-organic hybrid halide perovskite was reported by Weber in 1978.[36] A variety of halide perovskite derivatives 

have since been explored.[37,38]  

A variety of anions can be utilized for forming metal halide perovskites. In general, the monovalent cation, 

A could be organic or inorganic preferably, Cs+, Rb+, methylammonium (MA+), or formamidinium (FA+); the divalent 

B site is usually occupied by Pb2+ in high efficiency solar cells but Sn2+, or Ge2+ can also be used, and the monovalent 

anion X sites comprise I−, Br−, or Cl−. As depicted in Figure 1, the optimal crystal structure is a cubic lattice with the 

B metal sixfold coordinated by X in BX6 octahedra, and A-12-fold coordinated by X anions in AX12 cubo-octahedra. 

The tuning of these components can greatly alter the structural and electronic properties of HPs and is crucial when 

tailoring HPs for certain applications. For example, the bandgap is particularly influenced by the choice of ions used, 

vide infra.  
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It is also important to understand how the choice of ions influences the structural stability of the 

perovskite crystal structure. The equilibrium crystal structure can be evaluated using two parameters, 

Goldschmidt’s tolerance (t) and the octahedral factor (μ) as defined below.[39] 

Tolerance (t)= 
𝑅𝐴+𝑅𝑋

√2(𝑅𝐵+𝑅𝑋)
                                  (1) 

and 

Octahedral factor (μ) = 
𝑅𝐵

𝑅𝑋
                                 (2) 

where RA, RB, and RX are the ionic radii of the corresponding ions, respectively. A table showing the values of a series 

of frequently explored perovskites is shown in Figure 1a (Table 1). The tolerance factor is helpful for understanding 

the structural transition in stoichiometric engineering. Materials with a t~1 and µ between 0.44 and 0.90 retain a highly 

symmetric cubic structure, α phase (Figure 1b). At finite temperature, the cubic structure may exist in the range of 0.8< 

t <1.107, otherwise the cubic structure is unstable. When the A cation is undersized or the B cation is oversized, the 

perovskite structure undergoes distortion (t<1). The crystal lattice then changes from the high-symmetry cubic phase 

to a low-symmetry tetragonal or orthorhombic phase with distorted octahedral BX6 as depicted in Figure 1b. For t >1, 

the three-dimensional (3D) B-X network destabilizes resulting in the hexagonal phase.  

The monovalent A-cation plays a significant role in templating the inorganic framework, with its size 

regulating the tilting of the BX6 octahedra and the structural distortions deviating from the ideal X–B–X bond angles. 

Substituting A-sites with different sizes in halide perovskite, where the B site consists of either Pb, Sn or Ge, alters the 

symmetry and formation energy. For example, if we consider Cs+, the largest group-I element, it is still not large enough 

to hold the stable cubic phase at room temperature and tends to transform CsPbI3 into the orthorhombic perovskite 

structure. That is why replacing Cs with larger molecules, MA+ or FA+, leads to optimal tolerance factor values and the 

stable cubic phase. When an oversized organic A cation is included (t>1), the 3D structure transforms to low-

dimensional perovskite structures, such as layered 2D perovskites, including Ruiddlesden–Popper perovskites, Dion–

Jacobson perovskites, and the alternating-cation perovskites.[40] 

Besides these structures, many alternative Pb-free perovskites have been explored by substituting the B2+ 

cations with different valencies. Alternative structures will be formed as depicted in Figure 1c. For example, as B2+ is 

replaced by B4+, it leads to the A2BX6 vacancy ordered perovskite crystal that forms a vacancy with one-half of the 

octahedral B cation. This structure has been reported with Sn4+,[41,42] Bi,4+[43] and Ti4+.[44,45] Considering the B3+ cation, 

it can form a 2D layered perovskite, A3B2X9 (e.g., Cs3Sb2I9, Cs3Bi2I9, Rb3Sb2I9), where a vacancy substitutes one of 

every three octahedral B cation sites.[23,26,46–48] Another alternative double-perovskite structure has also been engineered 

by mixing monovalent (B+) and trivalent (B3+) cations in place of the divalent metal cation with the general formula 

A2B+B3+X6. The most explored double perovskites are Cs2(Ag,Bi)Br6,[49] Cs2AgSbCl6,[50] Cs2(Ag,In)Cl6,[51] and 

MA2(Ag,Bi)Br6 .[52,53] All of the above-mentioned stable alternatives have been used for solar cell devices but device 

efficiencies have not come close to the more established Pb and Sn based ABX3 perovskites.[46,54–57]  
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Figure 1. Variations in the perovskite crystal structures. (a) Tolerance factor of perovskite derivatives (summarized 

in Table 1). Inspired by the report.[58] (b) Perovskite crystal phases: cubic, tetragonal, orthorhombic, and hexagonal. 

Reproduced with permission.[59] Copyright 2020, Springer Nature. (c) Alternative structural derivative of perovskite, 

standard perovskite (top), vacancy ordered perovskite, 2D layered perovskite, and double perovskite. Reproduced with 

permission.[60] Copyright 2016, American Chemical Society. 

 

Table 1. Tolerance factor for Pb, Sn, and Ge- based halide perovskites (Eqn 1 and 2; ionic radius data ref.)[58] 

Tolerance 

factor (t) 

Ionic 

radius 

RB 

(pm) 

Pb Sn Ge 

119 115 75 

Octahedral 

factor (𝜇) 
0.541 0.607 0.647 0.523 0.587 0.625 0.341 0.383 0.408 

RA 

(pm) 

↓ 

RX 

(pm)

→ 

I Br Cl I Br Cl I Br Cl 

220 196 184 220 196 184 220 196 184 

FA 253 0.987 1.008 1.020 0.998 1.021 1.033 1.134 1.172 1.193 

MA 216 0.909 0.925 0.933 0.920 0.937 0.946 1.045 1.075 1.092 

Cs 167 0.807 0.815 0.819 0.817 0.825 0.830 0.928 0.947 0.958 

Rb 152 0.776 0.781 0.784 0.785 0.791 0.795 0.892 0.908 0.917 

 

2.2 Optical Bandgap and Electronic Band Structure 

Metal halide perovskites have unique properties which are attributed to a combination of the perovskite crystal 

symmetry and its electronic band structure. First principle calculations indicate that the valence band maximum (VBM) 

of APbX3 is derived from the strong antibonding character between the Pb-6s and X-p orbitals, while the conduction 

band minimum (CBM) is mainly formed from the Pb-6p orbitals with negligible coupling to X-s orbitals.[59,60] The 

electronic structure of halide perovskites embodies a distinctly hybrid nature, comprising both ionic and covalent 
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characteristics. Its orbital symmetry promotes a strong dipole transition moment between the valence and conduction 

bands. The antibonding nature in the VBM contributes to the defect-tolerant nature of lead halide perovskites, as 

iodide’s dangling bond, which is formed by a vacancy in the lead cation, resonates within the VBM. Importantly, due 

to the lone-pair s-orbitals, HPs have a direct band structure with a stronger p-p optical transition as compared to 

conventional semiconductor materials such as GaAs and CdTe, whose direct bandgaps (Eg) derive from a p-s 

transition.[61] Regarding perovskite crystal phases, 𝛼-phase HP has a similar band structure to both 𝛽 and 𝛾 phase 

HPs suggesting Pb-I-Pb bond distortion does not affect the electronic structure significantly.[61] While in the 𝛿-phase, 

the Pb-I bonds are broken and the 3D [Pb-I] framework is destroyed due to weaker coupling between Pb s and I p 

orbitals. This weaker coupling results in a lowering of the VBM, leading to a wide Eg as observed in experiments.[62–

64] 

The optical bandgap of a HP is typically determined by its chemical composition ABX3. A-site cations do 

not have a direct role in confining the basic band structure in HPs but change the lattice spacing and the overlapping of 

Pb-X orbitals. A recent report by Park and co-workers suggests a contrasting point, and states that the electronic 

structure at the band edge of HP is influenced by the s-orbital state of A-site ions.[65] Nonetheless, it is widely observed 

that the A-site is more sensitive to stabilizing the perovskite structure and lattice change. For APbI3 HPs, replacing MA 

with a larger FA cation reduces the bandgap from 1.52 to 1.48 eV. On the contrary, substituting MA with a smaller size 

Cs increase in Eg to 1.67 eV (Figure 2a).  Indeed, the size of A- cation plays a critical role in regulating the bond 

length and electron cloud interaction between B and X ions. A-site cations exert an indirect influence on the electronic 

structure which is manifested by altering the volume of the ABX3 lattice or introducing distortions within the ideal 

perovskite structure with a change in the B-X bond. With a longer B-X bond length, the overlap of electron clouds 

between B and X atoms decreases, resulting in a lower Eg.  

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



7 

 

Figure 2. Relations between perovskite composition and bandgap. UV–vis absorption spectra; effect of (a) A and 

B -site in ABI3. Reproduced with permission.[66] Copyright 2013, American Chemical Society. (b) X-site engineering 

in of MAPb(I,Br)3 (Eg(x)=Eg(0)+0.39x+0.33x2). Reproduced with permission.[6] Copyright 2013, American Chemical 

Society. (c) effect of B (Pb-Sn)-site alloying MA(Pb,Sn)I3.[67] Copyright 2014, ACS. (d) Bandgap of Pb-Sn mixed 

perovskites with varying fractions of (FA/Cs). Reproduced with permission.[68] Copyright 2017, American Chemical 

Society. (e) Schematic energy levels in ABX3 perovskites; represents (i) trends in changing X-site, (ii) trends in 

changing B-site and (iii) tends in changing A-sites, where the arrow indicates shifting of energy level upon substitution. 

Reproduced under the terms of the CC-BY license.[69] Copyright 2019, The Authors, Springer Nature. (f) Schematic of 

the origin of the bandgap bowing in A(Pb1−xSnx)I3, shaded regions indicate the VBM and CBM with bold lines showing 

the molecular orbital picture of the formation of electronic bands. Reproduced with permission.[70] Copyright 2018, 

American Chemical Society. (g) Efficiency progress of Pb, Pb/Sn, and Sn-based HPSCs.[71–73] 

 

For the X-halide site, the bandgap shows a blue shift when replacing I with Br and a further blue shift when 

Cl takes its place (Figure 2b).[74–77] The position of the Pb 6p atomic level has a predominant influence on the CBM, 

shifting upwards when transitioning from I to Br to Cl. As the Pb-X distances decrease from I-Br to Cl, the electron 

localized on a Pb atom becomes more confined, resulting in an increase in its energy. This shifts the CBM level upwards 

for smaller halogen atomic size, while the VBM is significantly influenced by higher electronegativity. The strength of 
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Pb,s/X,p hybridization is slightly enhanced as halogen size decreases. Consequently, the X,p level determining the 

VBM level undergoes a downward shift, resulting in a substantial increase in the Eg with decreasing halogen size. 

As the B-site (Pb2+) is mixed with smaller cations (Sn2+), it dominantly affects the Eg of HPs. Despite being 

akin to APbI3, the size and electronic structure of Sn affect the band structure and Eg of ASnX3 films.[78] As depicted 

in Figure 2a, MASnI3 and FASnI3 lowered Eg to 1.20 and 1.41 eV, respectively. Similarly, the bandgap of CsSnI3 is 

1.30 eV and the Eg is increased to 1.60 eV for CsGeI3.[28] With reference to electronic structure, DFT calculations 

suggest that the binding strength of Sn2+(s) and Sn2+(p) atomic orbitals are less than those of the corresponding 

Pb2+ states. By substituting Pb with Sn, upwards shift in atomic levels is observed, which can be attributed to the smaller 

electronegativity of Sn. As depicted in Figure 2e, both VBM and CBM move upwards. Due to the smaller splitting 

between s and p states in an Sn atom compared to a Pb atom, the upward shift of the s level is larger than that of the p 

level. Consequently, the upward shifting of VBM is more than the CBM level. Thus, the energy band edges of ASnI3 

exhibit a weaker binding compared to Pb2+-analogues, resulting in a reduction in Eg.[69]   

The B-site alloying HP system has documented the bandgap bowing trend for Pb-Sn alloying HPs with either 

A-site atoms: MA, FA, or Cs.[67,68,79] The Eg of Pb-Sn alloyed HPs can be tuned from ~1.55 to 1.17 eV, making them 

optimal Eg absorber layers for harvesting the solar spectrum (Figure 2c).[67] It is worth noting that achieving an optimal 

bandgap for a single-junction solar cell falls within the range of 1.1 to 1.4 eV. This desirable range can be attained 

through alloying Sn and Pb in an HP system (Figure 2c, d). This bandgap bowing results from loosely bounded Sn-s 

and Sn-p atomic orbitals than corresponding Pb states. Hence, in the case of Pb/Sn-alloyed HP materials, the VBM 

originates from interactions between Sn-s and I-p orbitals, whereas the CBM is predominantly influenced by the Pb-p 

and I-p orbitals. And hence, the Eg reduced compared to the corresponding pristine perovskites (Figure 2f). Besides 

that, there could be a small contribution of lattice strain and local relaxation in an alloyed film which could modify the 

band edge shifts.[68] 

3. Lead-Based HPSCs 

Since the initial report from the Miyasaka group on HPSCs utilizing a MAPbI3 light absorbing layer,[80] there has been 

a remarkable increase in the PCE of Pb-HPSCs, soaring from 3.8 to ~26.1%[81] (Figure 2g). A couple of years on from 

the first report using HP as a sensitizer in dye-sensitized solar cells, mesoporous (Gratzel and Park;[82] Miyasaka and 

Snaith [83]) and planar device structures were introduced. The device performance scaled through an array of advances 

based on optimizing film growth and crystallization,[84,85] solvent engineering,[4,86–89] film composition,[5,90] additive 

engineering,[7,91] surface defect passivation,[92,93] and carrier transport engineering.[94–96] Keeping aside the device 

structure and crystallization approach, in this review, we discuss the strategies for bulk and interface modulation of Pb-

HPSCs for simultaneous improvement in PCE and operational stability, as summarized in Table 2.  

 

Table 2. Summary of the strategies used for the advancement of Pb-HPSCs.  

Strategies Materials Pb-HP Device structure 
PCE (%)  

(Control to target) 

Stability data 

(Target device) 
Year Ref. 

A-site 

engineering 

 (Cs,FA,MA)Pb(Br,I)3 
FTO/c-TiO2/Li-m-TiO2/Pb-

HP/Spiro-OMeTAD/Au 
17.42 to 21.17 

~86% of PCE0 @  

t~250 h 
2016 [5] 

MDAI (MDA,Cs,FA)PbI3 
FTO/c-TiO2/m- TiO2/Pb-

HP/Spiro-OMeTAD/Au 
22.72 to 25.17 

Unencapsulated: 

85 oC, dark, 25% 

RH; ~80% of 

2020 [80] 
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PCE0 @ t~1300 h 

FASCl (FAS,FA)PbI3 
FTO/NC-TiO2/m- TiO2/Pb-

HP/spiro-OMeTAD/Au 
19.59 to 23.11 

Unencapsulated: 

85 oC, argon 

ambient, dark, 

~92.5% of PCE0 

@ 1000 h 

2021 [8] 

X-site 

engineering 

Ammonium 

tetrafluoroborate 

(NH4BF4) 

(FA,MA)Pb(I,Br)3 
FTO/SnO2/Pb-HP/Spiro-

OMeTAD/MoO3/Au 
17.55 t0 20.16 

Encapsulated: 

MPPT, ~86% of 

PCE0 @ 300 h 

2019 [81] 

Methylammonium 

thiocyanate 

(MASCN) 

FAPbI3 
ITO/SnO2/Pb-HP/Spiro-

MeOTAD/Au 
17.95 to 23.21 

Encapsulated: 

MPPT, ~90% of 

PCE0 @ 500 h 

2020 [82] 

X-additive: 

FACOOH 

Passivation: 

Octylammonium  

iodide (OAI) 

FAPbI3 
FTO/c-TiO2/Li-m-TiO2/Pb-

HP/OAI/Spiro-OMeTAD/Au 
23.92 to 25.6%. 

Unencapsulated: 

60 oC, 20% RH, 

dark; >80% of 

PCE0 @ t~1000 h 

2021 [83] 

Additive 

OAI (OA,MA)PbI3 
FTO/c-TiO2/mp-TiO2/Pb-

HP/PTAA/Au 
18.4 to 20.6 

Unencapsulated: 

85 oC, dark; ~80% 

of PCE0 @ t~760 h 

2018 [84] 

4-

chlorophenyltrifluor

oborate potassium 

salt (4-ClPTFBK) 

(MA,FA)Pb(I,Br)3 
FTO/SnO2/Pb-HP/Spiro-

OMeTAD/Au 
22.63 to 24.50 

Unencapsulated: 

85oC, dark; ~86% 

of PCE0 @ t~1000 

h 

2023 [85] 

Imidazole (MZ-1) (Cs,FA,MA)Pb(I,Br)3 
ITO/SnO2/Pb-HP/Spiro-

OMeTAD/Li-TFSI /Ag 
21.01 to 24.61  2023 [86] 

Ionic liquid: 

Methylammonium 

butyrate (MAB) 

(FA,MA)Pb(I,Br,Cl)3 
FTO/SnO2/Pb-HP/Spiro-

OMeTAD/Au 
23.03 to 25.10 

Unencapsulated: 

85 oC, 25% RH; ~ 

84% of PCE0 @ 

t~800 h 

2023 [87] 

Passivation 

(multifunctional 

molecules) 

Pentafluorophenylet

hylammonium 

iodide (FEAI) 

(Cs,FA,MA)PbI3 
FTO/c-TiO2/Pb-

HP/FEAI/Spiro-OMeTAD/Au 
19.97 to 22.09 

Encapsulated: 

MPPT, 40% RH; 

~ 90% of PCE0 @ 

t>1000 h 

2019 [88] 

Cyclohexylethylam

monium iodide 

(CEAI) 

(Cs,FA,MA)Pb(I,Br)3 
FTO/c-TiO2/Pb-

HP/CEAI/Spiro-OMeTAD/Au 
20.99 to 23.57 

Unencapsulated: 

MPPT, RT, N2-

ambient; 96% of 

PCE0 @ t~1500 h 

2021 [89] 

Ferrocenyl-bis-

thiophene-2-

carboxylate (FcTc2) 

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

HP/FcTc2/C60/BCP/Ag 
23.0 to 25.0 

Encapsulated: 85 

oC/85% RH; 95% 

of PCE0, @ 

t~1000 h 

2022 [90] 

Pentafluorophenylh

ydrazine (5F-PHZ) 
(Rb,Cs,FA)PbI3 

ITO/NiOx/MeO-2PACz/Pb-

HP/5F-PHZ/C60/BCP/Ag 
18.10 to 22.29 

Encapsulated: 

MPPT, RT; 93% 

of PCEo @ 

t~1000 h 

2023 [10] 

2-amino-5-

bromobenzamide 

(ABA) 

CsPb(I,Br)3 
ITO/NiOx/Pb-

HP/ABA/PCBM/BCP/Ag 
18.46 to 20.38 

Unencapsulated: 

air ambient, 25% 

RH; 83% of PCE0 

@300 h 

2023 [91] 

Passivation (LD 

perovskite) 

2D-HP with 

Oleylammonium 

iodide (OAI) 

(Cs,FA,MA)PbI3 
ITO/2PACz/Pb-HP/OAI 

HP/C60/BCP/Ag 
22.3 to 24.3 

Encapsulated: 

damp-heat; 95% 

of PCE0 @ t~1200 

h 

2022 [92] 

2D-HP:  

BA2MAn–1PbnI3n+1) 
(Cs,FA,MA)Pb(I,Br)3 

ITO/SnO2/Pb-HP/2D-

HP/Spiro-OMeTAD/Li-TFSI-

tBP/Au 

21.0 to 24.5 

Encapsulated: 

65oC/75% RH; 

99% of PCE0 @ 

t~2000 h 

2022 [17] 

Phenyltrimethylam

monium iodide 

(PTMAI) 

CsPbI3 

FTO/c-TiO2/Pb-

HP/PTMAI/Spiro-

OMeTAD/Au 

19.10 to 21.0 

Unencapsulated: 

air ambient, 25% 

RH; ~83% of 

PCE0 @ t~2000 h 

2022 [93] 

Contact 

engineering 

ETL: TiO2-

nanorods 
(Cs,FA,MA)Pb(Br,I)3 

ITO/c-TiO2/nr-

TiO2/PMMA:PCBM/Pb-HP 
20.83 to 23.17 

Encapsulated: 

damp-heat; 92% 
2021 [94] 
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/PMMA/P3HT:CuPc/Au of PCE0 @ t~1000 

h 

Porous insulating 

contact (PIC)-Al2O3 
(Cs,FA,MA)Pb(I,Br)3 

ITO/SAM/PIC-Al2O3/Pb-

HP/LiF/C60/BCP/Ag 
~23.0 to 25.56 

Unencapsulated: 

85 oC, N2-ambient, 

20%-RH; ~98% of 

PCE0 @ t~1000 h 

2023 [95] 

Self-assembled 

monolayers 
(Cs,FA,MA)Pb(I,Br)3 

ITO/SAM/Pb-HP/F-

PEAI/C60/BCP/Ag 
22.63 to 25.40 

Encapsulated: 

damp-heat; ~95% 

of PCE0 @ t~500 

h 

2023 [96] 

n-type band 

bending: 

Propylamine 

hydrochloride 

(PACl) 

CsPbI3 
FTO/P3CT/Pb-

HP/PACl/PCBM/BCP/Ag 
14.43 to 20.17 

Unencapsulated: 

RT, air ambient, 

20% RH; 97% of 

PCE0 @33 days 

2023 [97] 

 

 

3.1. Pb-HPSCs: A and X- Site Engineering 

A primary aspect of A or X-site engineering is the modulation of structural and opto-physical properties of the HP film 

for enhanced device performance and stability. MAPbI3, the HP commonly used in HPSCs, suffers from intrinsic 

instability during operation due to the volatilization of MA (methylammonium).[98,99] This instability has prompted 

researchers to explore alternative HP compositions. Among these alternatives, the mixed cations Pb-HPs, such as 

(Cs,MA,FA,Rb)PbI3, have emerged as highly effective in enhancing both stability and efficiency, consequently 

dominating the forefront of research in this field.[5,100] For the mixed cation strategy, the combination of different cations 

in the A-site of the perovskite structure leads to the formation of a perovskite alloy with improved properties (e.g., 

suppression of the non-photoactive 𝛿-phase and surface or grain boundary defects). However, some recent studies 

propose an alternative viewpoint, suggesting that the mixed cations may coexist as microcrystals rather than forming a 

fully alloyed composite structure.[101] NMR analysis revealed that the cations; Cs, MA, and FA could form an alloyed 

composite, but alkali ions (K and Rb) with smaller radii grew with a non-perovskite phase and stayed either on the 

surface or between grains as a mixed phase, serving as a passivating species.[101,102] Moving away from organic cations 

entirely, all inorganic CsPbI3 offers superior material stability and is considered as priority in the APbI3 family for 

improved device stability.[93,103,104] Yet, its bandgap is larger than the optimal bandgap for single-junction solar cells 

and is mainly considered for tandem applications.[105,106] 

Strain in HPs plays a crucial role in dictating both device efficiency and stability of devices,[107,108] and can 

be modulated via A-site engineering. A good example of this has been demonstrated by Seok and colleagues, where 

they revealed that by substituting Cs and methylenediammonium (MDA) cations into FA-sites of FAPbI3, the lattice 

strain is effectively reduced (Figure 3a) by more than 70% compared to pristine HPs. This reduction in strain led to 

several beneficial effects, including an increase in carrier lifetime and a decrease in defect concentration. As a result, 

the PCE exceeded 25% with superior device stability.[80] Importantly, the magnitude of strain is relatively high in HP 

compared to other photovoltaic materials: such as residual strain values of up to ~2.4% for α-FAPbI3
[18] whereas the 

PCE of Si and CIGS devices drops substantially when residual strains exceed ~1%.[109,110] The high magnitude of strain 

in perovskite materials can be correlated to the device stability of HPSCs. As documented in a report,[111] due to their 

mechanical fragility, perovskites are highly susceptible to strain, making strain engineering a critical factor in enhancing 
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device stability for photovoltaic applications 

Park and coworkers reported an extensive review on modifying HPs through A-site engineering, as depicted 

in Figure 3b.[65] The effect that the size of the A-site cation has on chemical and optoelectronic properties was succinctly 

discussed. A-site cation engineering is crucial for tuning the material properties of HP, including the thermodynamic 

stability of polymorphic HP, impeding ionic migration at the interface and grain boundaries by electrostatic interactions, 

strain engineering, interface energy band modification, interface passivation, and surface modification. Undersized 

alkali cations, such as Rb and K, possess strong electropositive properties that effectively bind and immobilize 

excessive and undercoordinated halide ions, thereby suppressing undesired ion migration.[112] The introduction of alkali 

cation doping elevates the formation energy of mobile halide interstitial defects.[113] Besides partial alloying in A-sites, 

the bulky cations can segregate on grain boundaries and surfaces by virtue of their functional characteristics. Bulky 

cations also serve as physical barriers that enhance the activation energy for ion migration by obstructing low-energy 

migration pathways along the grain boundaries. Additionally, ammonium-based cations can electrostatically bind to 

negatively charged defects (such as A cation vacancies and undercoordinated halides), preventing their migration and 

deactivating their charge-trapping capability. For instance, Zhu et al. employed formamidine disulfide dihydrochloride 

(FASCl) as a potent oxidant and a localized electron scavenger to capture electrons.[8] It is found that substituting FA+ 

with FAS2+ eliminates strongly localized electrons from iodine vacancies and mitigates the formation of deep traps. 

The addition of FASCl stabilizes the black α-phase FAPbI3 and retards crystallization, and promotes the formation of 

compact, highly crystalline HP layers with large grain sizes, resulting in enhanced efficiency and stability Figure 3c-e.  

Besides cation-modulation strategies, X-site engineering also significantly affects the optoelectronic 

properties of HPs. As discussed in the previous section, the X-site tunes the tolerance factors, bandgap, and formation 

energy. The bandgap and formation energies gradually increase with a decrease in halogen size.[114] Despite the variation 

in absolute bandgap in different reports, when going from iodine to chlorine, the bandgap of MAPbX3, FAPbX3, and 

CsPbX3 ranges between 1.58–3.06 eV, 1.48–3.02 eV, and 1.75–2.90 eV, respectively.[115] Due to the higher phase 

transition energy of the mixed halide, halide engineering is not only beneficial for tuning device performance but also 

for stability with optimal compositional engineering.[116,117] It is demonstrated that defects associated with iodide, such 

as interstitial iodide and iodide vacancies, pose challenges due to their low formation energy. However, these defects 

can be passivated by incorporating smaller halides, leading to improved optoelectronic quality and defect dynamics of 

HPs. Nevertheless, the application of mixed halide hybrid perovskites can be limited due to the potential occurrence of 

halide segregation induced by various factors such as light, heat, electric fields, etc. The non-uniform distribution of 

halide significantly lowers the open-circuit voltage, VOC, in HPSCs.[118] A detailed study by Hoke et al. found that phase 

segregation occurs in mixed halide perovskite films under light irradiation, resulting in the formation of minority iodide-

rich and majority bromide-enriched domains.[119] The segregated phases deteriorate the optical properties of the film 

and lead to a reduction in the bandgap. Moreover, the minority domains in the HP film act as recombination trap centers 

which are detrimental to device performance. To address the phase segregation issue, HP films with thresholds in halide 

composition have been proposed.[120,121] With optimal triple halide engineering, wide bandgap HPSCs demonstrated 

superior stability and prevented phase segregation under illumination.[122,123] A strategy of halide engineering could 
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play a vital role in the fabrication of tandem devices using perovskite subcells with various bandgaps. 

 

 

Figure 3. A-site and X-site engineering for Pb-HPs. (a) Schematic illustration of lattice strain engineering using Cs+ 

and MDA2+ in FAPbI3. Reproduced with permission.[80] Copyright 2020, Science. (b) effect of A-site alloying with 

various sizes of cations for tuning optoelectronic properties. Reproduced with permission. [65] Copyright 2022, Science. 

(c) Structure of pristine and FASCl-doped FAPbI3 perovskite, (d) effect on film growth, and (e) device stability. 

Reproduced with permission.[8] Copyright 2021, Royal Society of Chemistry. (f) Plot of the range of acceptable A-site 

ionic radii that satisfy tolerance factor (0.8 > t > 1.0). Reproduced with permission.[115] Copyright 2019, Wiley-VCH. 

(g) Lattice structure for the passivation of an iodine vacancy at the FAPbI3 surface by an HCOO− as pseudohalide. (h) 

Binding strengths of pseudohalides/anions with the VI at the surface. Reproduced with permission.[83] Copyright 2021, 

Springer Nature. 

 

Incorporating pseudohalogens in the X-site, is another strategy to passivate defects and improve material 

stability. In this instance, pseudohalogens with higher electronegativity and electron affinity compared to halides are 

used.[115,124] Although only limited pseudohalides have been explored in HPSCs to date, pseudohalide anions, such as 

SCN−, CH3COO−, BF4
−, PF6

−, and HCOO− have shown unique advantages in aspects of tuning the growth, properties, 
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and stability of HP films resulting improvement in device performance.[81,83,125–128] Unlike monatomic ions, the ionic 

radii for polyatomic ions are not as well defined.[115] For non-spherical ions, the ionic volume remains constant rather 

than the ionic radius for different crystals comprising the same anion.[129] These pseudohalide additives can also 

regulate the hydrogen and halogen bonding in the HP crystal lattice. As depicted in Figure 3f, Walker et al. have 

documented that the range of acceptable A-site anions increases as rx increases. Thus, incorporating larger polyatomic 

anions in the X-site of the HP lattice allows for larger cations to be used in the A site, following the criteria 0.8 > t > 

1.0.  

For instance, SCN− derivatives have been used in precursor solutions to prepare high-quality HP films with 

improved device efficiency and stability due to the quenching of bulk and interfacial defects.[130–132] The addition of 

NH4SCN promotes the formation of the black trigonal phase α-FAPbI3 with improved crystallinity, while 

simultaneously inhibiting the formation of the yellow hexagonal phase δ-FAPbI3.[133] Chen et al. documented that the 

partial substitution of iodide with PF6
− forms an FA0.88Cs0.12PbI3−x(PF6)x interlayer, which could suppress the trap 

density.[127] Similarly, the HP with BF4
− substitutions (FA0.83MA0.17Pb(IBr)3−x(BF4)x ) showed lattice expansion and 

strain relaxation.[81] Importantly, BF4
− suppressed nonradiative recombination and reduced the charge transport loss, 

resulting in a significant increase in device PCE. Similarly, Jeong et al. incorporated a HCOO− anion as a pseudohalide 

into α-FAPbI3, which exerted a higher binding affinity towards iodide vacancies compared to other anions like Cl−, Br−, 

and BF4
− (as shown in Figure 3g, h). The HCOO− functional group can form two Pb–O coordination bonds with lead 

cations, effectively eliminating halide vacancy defects at both grain boundaries and the surface of HP films. This led 

to a notable increase in the PCE from 23.92 to 25.6%.[83] HCOO− incorporation lowered the density of halide vacancies, 

which inhibited photoinduced iodine loss under illumination leading, to improvement in device stability. Indeed, the 

polyatomic anions are too active to directly substitute the true halide anions in perovskite lattices. These functional 

molecules play a crucial role in regulating the nucleation and growth of the HP crystals. They are present at the grain 

boundaries and surfaces of the HP film as passivating agents, thereby leading to improved performance of HPSCs.  

The pseudohalide anion engineering could pave a universal way to achieve highly efficient and stable HPSCs. 

There is still ample opportunity to identify and/or develop suitable candidates for tailoring the crystallinity and defect 

engineering through the modulation of cations/anions within the crystal lattice, for achieving superior device stability 

in HPSCs. 

3.2 Pb-HPSCs: Additive Engineering and Molecular Passivation/Post-treatment 

Despite their unique defect tolerance characteristic, perovskites are prone to degradation. The presence of detrimental 

traps is attributed to the low defect formation energy and reduced activation energy for ionic migration, occurring on 

the surface, grain boundaries, and within the bulk of the material. Besides crystalline deformation, recombination 

centers in HP films are detrimental to device performance and stability. Additive engineering and passivation strategies 

are recognized as effective and convenient approaches for improving the crystal quality and phase stability of 

perovskites, defect mitigation, and moisture resistivity. With this regard, numerous reports have used functional 

additives and passivation methods to customize crystallization, address defects within the bulk materials or at the 

surface and modify interface energetics. Additive engineering is done with functional ammonium salts, ionic liquids, 
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Lewis’s acid-like metal cations, fullerene derivatives, and Lewis bases categorized by their donor type (such as O-

donor, S-donor, and N-donor). Additionally, low-dimensional perovskites are employed to enhance device performance 

and stability.[134,135] Multifunctional additives have been reported for excellent defect passivation in HPSCs.[136,137] For 

example, Zhong et al. have used halogenated phenyl trifluoroborate potassium salts (4-XPTFBK) as multifunctional 

additives (Figure 4a), which simultaneously improved the crystallization process of the perovskite film and reduced 

the trap density in perovskites.[85] The dipole moment of the C-Cl bond is the highest one among the four carbon-

halogen bonds, which may allow it to better regulate the electronic properties of the π-coupling system. As displayed 

in Figure 4b, organic potassium salts induce a strong coordination between the multifunctional group and the 

undercoordinated Pb2+, halide vacancies, and FA+ ions which passivated the defects and suppressed the formation of 

cation vacancies through strong interactions and hydrogen bonding, realizing the full-structure and multi-site 

passivation effect.  

 

 

Figure 4. Advanced additive engineering and molecular passivation strategies for Pb-HPs. (a) Molecular 

structures of potassium 4-halogen-phenyl trifluoroborate (4-XPTFBK) (X = F, Cl, Br, I) additives and device structure; 
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(b) defect passivation chemistry with 4-XPTFBK additive. Reproduced with permission.[85] Copyright 2023, Wiley-

VCH. (c) Schematic of interfacial passivation using FcTc2 as functional molecules and stability under humidity and 

heat stress. (e) Schematic illustration of the stabilization of surface ions by FcTc2 under heat and light. Reproduced 

with permission.[90] Copyright 2022, Science. (d) Crystal growth of perovskite with varying alkyl chain functional 

additive. (e) Illustration of the perovskite degradation under thermal stress and SEM images (control and additive). 

Reproduced with permission.[84] Copyright 2022, Royal Society of Chemistry.  

 

Ionic liquids (ILs) can also be incorporated to improve device efficiency and stability. IL additives in HP 

control the film formation dynamics and modify the interface and defect chemistry of the perovskite film.[138] ILs 

consist of larger cations and/or anions with a weak electrostatic force; they are highly polar in nature and possess high 

ionic conductivity. Recently, IL additives in HPSCs have been utilized to enhance device performance and stability.[139] 

For example, Chao et al. have used an IL with acetate (Ac-) anions, along with methylammonium acetate as an additive 

in the precursor solution. This combination of acetate ILs and methylammonium acetate facilitated a coordination 

exchange between I– and Ac– ions, creating reaction sites for the introduction of FAI.[140] This interaction between 

Ac− and Pb2+ via C=O···Pb chelation leads to the formation of a relaxed Pb–I bond, which enables the insertion of FA 

into a soft Pb–I framework. Thus, it stabilizes the film, even when fabricated in ambient air, which is a desirable 

characteristic for the industrial processing of perovskite solar cells. Similarly, Snaith and colleagues achieved prolonged 

operational stability of HPSCs by incorporating a significant amount of 1-butyl-3-methylimidazolium, an ionic liquid, 

into the perovskite precursor.[141] This IL additive strongly inhibited ion migration in the perovskite film, contributing 

to the improved stability of the devices. Zhong and colleagues used protic amine carboxylic acid as IL additives in the 

Pb-HP precursor that achieved device PCE > 25%.[142] This ionic liquid comprising the carboxyl and ammonium 

functional group passivates the undercoordinated lead ions, halide vacancies, and organic vacancies, eliminating the 

deleterious nonradiative recombination. 

Similarly, multidentate additives utilized in the perovskite precursor play a pivotal role in both modulating 

film growth and passivating defects within the material. Park and co-workers have used bipyridine and tridentate 

ligands as additives in perovskite precursor solutions.[143] The degree of interaction between PbI2 and multidentate 

additives played a crucial role in the crystallization process. The bidentate and tridentate ligands of pyridine derivatives 

have rather effective roles in modulating grain growth and defect passivation. Interestingly, Tan and co-workers 

reported an effective lattice-matching chelation strategy to modulate the strain of the crystal lattice of perovskite films 

using an organic bidentate imidazole (MZ-1) salt.[86] This demonstrated significantly improved PCE ~24.61% with 

improved long-term thermal stability. This advancement is attributed to the firmly anchored and passivated perovskite 

lattice, resulting in compressive-strained perovskite films, which modified energy alignment for efficient charge carrier 

transport and decreased nonradiative recombination.[86]  

The use of functional molecules to passivate the perovskite surface has been popularly employed in 

HPSCs.[144–146] It is important to design or modify the interface as issues related to surface defect chemistry and 

interfacial ionic diffusion play a dominant role in device performance and stability. It is known that molecular 
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passivators have shown remarkable potential owing to their tunable electrochemical and optophysical properties, and 

hydrophobicity in perovskites. Li et al. demonstrated a new functionalized molecular passivator, an organometallic 

compound, FcTc2that induced a strong interaction between perovskite and FcTc2.[90] The PCE of HPSCs was enhanced 

from 23.0%) to 25.0% with FcTc2 passivation. It is beneficial for both the passivation of surface defects and the 

stabilization of surface components in perovskite, resulting in high stability in damp heat tests as depicted in Figure 4c. 

Similarly, Zhu et al. demonstrated reactive surface engineering through the treatment of 3-(aminomethyl) pyridine (3-

APy), which facilitated a reaction between 3-APy and FA cation on the surface.[147] These reactive molecular 

passivators reduced perovskite surface roughness and induced an n-type surface, improving the device figure of merits. 

Halogen bond interactions also play a crucial role in the formation and properties of HP films. The potential of 

supramolecular modulation via the halogen bonding interactions with HPs has been explored using multifunctional 

fluorinated molecules.[10,148–151] The multifunctional fluorinated molecules have also demonstrated excellent 

passivating effects in the performance and stability of HPSCs.[10,150] Gratzel and co-workers have used 

pentafluorophenylethylammonium iodide (FPEAI) as a surface passivator on the 3D HP layer in which the 

perfluorinated moiety strongly enhances hydrophobicity, thus protecting the HP from ambient moisture. FPEAI also 

facilitated efficient hole extraction, and inhibited interlayer ion migration.[88] Importantly, fluoroarene-based molecular 

passivation forms a 2D layer at the surface by consuming the non-perovskite phase (hexagonal polymorph) as a 3D/2D 

overlayer.[88,148]  

It is known that ammonium halide-based cations have demonstrated remarkable potential owing to their 

tunable electrochemical and optophysical properties, and hydrophobicity. Aliphatic and aromatic ammonium halides, 

in particular, have been widely used in the HP surface treatment.[91,152,153] Seok and his colleagues discovered a 

significant dependence between the alkyl chain length of surfactants and the structural evolution of perovskites, even 

when considering long organic cations, as depicted in Figure 4d. This study demonstrated the structural evolution of 

HP by controlling the formation of 2D layered structures at grain boundaries which boosts the PCE offering long-term 

thermal and humidity stability. Thermal degradation of the HP triggered by heat or electron beam stress initiated at the 

GBs was significantly reduced by the presence of octylammonium cations at the GBs, in contrast to butylammonium 

(BA) and phenethylammonium (PEA) cations (Figure 4e).[84] Interestingly, the hydrophobicity of octylammonium 

impedes detrimental ionic migration and H2O infiltration. Additionally, they revealed the impact of interfacial 

engineering by employing alkylammonium halides with varying alkyl chain lengths.[154] With an increase in alkyl chain 

length from butylammonium iodide (BAI) to OAI, and further to dodecylammonium iodide (DAI), the electron-

blocking capability and humidity resistance was substantially enhanced. However, the distinction between OAI and 

DAI in these aspects is not significantly pronounced. With these alkylammonium halides, the 2D structure formed on 

the 3D HP film acts as a passivation layer, showing an optimal device performance of HPSCs post-treated with OAI.  

Subsequently, various derivatives of octylammonium salts have been reported to show superior device properties with 

suppressed iodine migration.[155] 

Similarly, Hagfeldt and his team introduced a newly designed ammonium salt, cyclohexylethylammonium 

iodide (CEAI), for interfacial engineering purposes. CEAI incorporates a "chair" conformation cyclohexane and an 
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ethylammonium group substituted in the equatorial position. This innovative compound facilitated the formation of a 

2D perovskite interlayer with the integration of the cyclohexylethyl group through CEAI treatment. This modification 

resulted in a notable enhancement in surface hydrophobicity, ultimately leading to the exceptional stability of the 

perovskite film.[89]  Moreover, Paetzold group introduced a dual passivation strategy involving the utilization of 

phenethylammonium chloride (PEACl) as both an additive and for surface treatment. This approach enabled 

simultaneous passivation of grain boundaries and the interface. By implementing this strategy, the activation energy 

for ion migration was significantly increased, leading to improved stability of the HPSCs against light, humidity, and 

thermal stress.[156] In addition, Shin and his colleagues reported using anion engineering with phenethylammonium to 

exert control over the structural and electrical properties.[126] They demonstrated that incorporating mixed anions in the 

form of phenethylammonium salts led to the formation of a 2D phase located at the grain boundaries of the 3D hybrid 

perovskite host. This 2D phase acted as a passivation agent, effectively enhancing the performance and stability of the 

system. 

 

 

Figure 5. 2D/3D perovskite and interfacial passivation strategies for Pb-HPs. (a) Schematic illustration of 2D 

perovskite passivation with different n layers under thermal annealing at 100°C (TA) and room temperature process 

(RT). (b) Device stability during the damp-heat test of control and tailored-dimensionality 2D/3D heterojunctions. 

Reproduced with permission.[92] Copyright 2022, Science. (c) Evaluation of the dielectric constant (εr) and the Gutmann 

number (DN) assessing the dissimilarities in solubility between the 3D and 2D HPs when forming a bilayer stack of 

3D/2D. (d) Cross-sectional HR-TEM image of the 3D/2D HP stack with the overlaying intensity profile (red). (e) PCE 
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of both n-i-p and p-i-n planar 3D/PP-2D exhibiting variation with respect to the thickness of the 2D HP layer. 

Reproduced with permission.[17] Copyright 2022, Science. (f) Schematic depiction of the bilayer stack of amphiphilic 

molecular hole transporter on an ITO-glass substrate. Reproduced with permission.[96] Copyright 2023, Science. (g) 

Schematic of device structure with the porous insulating contact. The parameters h, d, and s represent the local Al2O3 

dielectric mask’s height, width, and local opening width, respectively. (h) corresponding device stability data. 

Reproduced with permission.[95] Copyright 2023, Science.  

3.3. Pb-HPSCs: 2D/3D Heterostructure/Passivation 

Noting the benefits of the 2D interlayer, researchers also have focused on 2D perovskite engineering in 3D 

HPSCs.[157,158] 2D phase formed on 3D perovskite improved efficiency and stability relative to 3D analogs due to higher 

formation energies and favorable intermolecular bonding between ligand molecules, and their ability to suppress ion 

migration. A 2D interlayer repels water by virtue of its hydrophobic ligand.[159] The growth of 2D perovskite layers on 

the upper surface of 3D perovskites forms a 2D/3D perovskite heterojunction. This heterojunction serves as an effective 

means to passivate surface defects and mitigate ion migration within the material.[159]  Li et al. used a dimensionally 

graded perovskite formation approach using butylammonium bromide by spin coating on top of a 3D HP film which 

formed a self-passivated 2D/3D HP layer in bulk, covered by a graded mixed dimensional, wider bandgap 2D 

perovskite. It effectively suppresses the non-radiative recombination loss in both the bulk and at the interface of the 

HP.[153] Sargent group made an interesting observation of progressive dimensional reduction, starting from 3D down 

to 1D, when treating 3D hybrid perovskites with vinylbenzylammonium ligand cations.[160]  They propose that these 

ligands incorporate into the 3D lattice in a sequential manner, driven by phenyl ring stacking. This process progressively 

bisects the 3D perovskite, resulting in lower-dimensional fragments and the formation of stable interfaces. This 

structural modification leads to improved carrier extraction and enhanced device efficiency, with a reported efficiency 

of 20% for 3D-only perovskite and 22% for the 2D/3D hybrid system. Moreover, Azmi et al. reported hydride 3D 

perovskite-based solar cells by modifying the dimensions of 2D HP layers using oleylammonium iodide molecules as 

depicted in Figure 5a.[92] These 2D layered passivated trap states and hindered ion migration. The study demonstrated 

the effectiveness of this approach by fabricating inverted HPSCs of PCE exceeding 24.3% that retained over 95% of 

their initial value even after being subjected to damp-heat test conditions for more than 1000 hours (Figure 5b). The 

improved stability was attributed to the presence of a thicker 2D-HP overlayer. 

Furthermore, Mohite group[17] reported a new strategy to directly form a 2D perovskite by selecting suitable 

solvents for dissolving 2D phase with intact of 3D perovskite (Figure 5c). It is found that by using solvents with the 

right dielectric constant and donor strength, they were able to selectively grow pure 2D phases with controlled thickness 

and composition on 3D substrates without causing dissolution (Figure 5d). Directly growing 2D passivation layers on 

3D HP has been shown to enhance the PCE of HPSCs. The HPSC achieved a remarkable PCE retention of 24.5% over 

2000 hours under continuous light at 55°C and 65% relative humidity, with minimal degradation of less than 1%. 

Importantly, the PCE as a function of 2D HP thickness shows a different critical thickness for n-i-p and p-i-n device 

configurations (Figure 5e). In the n-i-p structure, the PCE decreased beyond a 2D-50 nm thickness. This reduction can 

be attributed to the limited transport of free charge carriers from the 3D material to the 2D passivation layer, which is 
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constrained by the diffusion length of less than 100 nm for a polycrystalline 2D material. In contrast, for p-i-n devices, 

the PCE experienced a significant decrease beyond a 2D passivation layer thickness of 5 nm, as the passivation layer 

hindered the extraction of electrons. 

Furthermore, regarding carrier transport layer (CTL) engineering, the material and optophysical properties 

of CTL are important for the growth of high-quality perovskite films, the interface quality, and optimal band 

alignment.[12,161–164] Many reports have demonstrated the crucial role of the carrier transport layer in achieving high-

efficiency Pb-HPSCs with superior device stability.[96,165,166] Wu and co-workers reported an amphiphilic molecular 

hole transporter, (2-(4-(bis(4-methoxyphenyl)amino)phenyl)-1-cyanovinyl)phosphonic acid, that features a 

multifunctional cyanovinyl phosphonic acid group and forms a superwetting underlayer for perovskite deposition 

(Figure 5f).[96] This approach yielded high-quality HP films with minimized defects at the buried interface, resulting in 

PCE as high as 25.4% with a significant increase in an open-circuit voltage of 1.21 V and a fill factor of 84.7%. 

Similarly, a carrier transport engineering strategy was found to be effective for improving the fill factor (FF) of large 

area HPSCs. For example, White and co-workers introduced a nanopatterned electron transport layer to form nanoscale 

localized charge transport pathways, which is effective for defect passivation and excellent charge extraction. It 

achieved a significantly high FF of 0.839 for larger area HPSCs (1 cm2).[94] Catchpole and co-workers used nitrogen-

doped titanium oxide for engineering electron transport dynamics in larger area Pb-HSPC demonstrating a record value 

of FF (~86.68%) close to the theoretical limit (90.2%).[167] Peng et al. reported a new strategy for carrier transport 

engineering with a porous insulator contact using alumina nanoplates (Figure 5g) which reduced surface recombination 

in the HPSCs and enhanced PCE from 23.0 to 25.56% and superior device stability (Figure 5h) compared with a 

conventional method.[95] 

3.4. Lead Toxicity Issues in Pb-HPSCs 

Pb-HPSCs have comparable device efficiency to silicon PV but offer the added benefit of a significantly shorter energy 

payback time. However, the competitive market has set a barrier to Pb-HPSCs due to their susceptibility to heat and 

moisture instability and concerns about lead toxicity. Lead, known for its harmful effects to both humans and the 

environment, is among the top ten chemicals of public health concern. Since lead salts comprising in HPs have high 

solubility in water, it is more lethal to the living being. Comparatively, heavy metal compounds commonly used in 

solar cells, such as CdS, PbS, and CdTe, exhibit much lower solubility products (KSP)ranging from 10-27–10-34, whereas 

that for PbI2 is on the order of 10-8.[168] Due to high solubility of Pb, it easily pollutes land and aquatic ecosystems. 

Once polluted, the harm to the earth and human beings is almost eternal. As per protocols set by the environmental 

protection agency in the United States, the limit of Pb content level is 1.5 μg/m3 in air and 15 μg/L in water. Since Pb 

has a detrimental effect on the nervous system, it is deleterious to children which may lead to behavioral problems, 

learning deficits, and low IQ.[169] Pb pollution also affects the health of the adult human body. Therefore, it is imperative 

to set strict standards in using technology and monitor Pb leakage problems.  

In this regard, Abate and colleagues thoroughly investigated the biological impact of Pb from Pb-HP 

contaminating the soil by analysing plants.[170] It is found that Pb leaking into the ground enters the plant grown on it 

and reached the food cycle more effectively compared to other lead-comprising compounds. The risk of Pb-
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contamination can be controlled by recycling the used HPSCs and device encapsulation.[171] Despite employing 

protective techniques, both physical and chemical encapsulation, external factors like pressure, heat, and UV rays can 

still cause degradation. As a result, the ability of the encapsulation to safeguard Pb-HPSCs may be compromised. 

Therefore, HPSC research has now primarily focused on developing Pb-free or reduced Pb (Pb-Sn) HPSCs 

to overcome the toxicity issue. Interestingly, there are some low-toxicity constituents with perovskite structures having 

attractive properties, such as Sn[172] and Ge-based HPs,[27,173–176] some double perovskites,[42,177,178] and some Bi/Sb-

based halides[23,24,179] with structures alike to Pb-HP.[180]  Particularly, Sn or Pb-Sn mixed HPSCs are considered 

prominent candidates due to an ideal optical bandgap with promising optoelectronic properties, but the poor chemical 

stability of tin is a big impugning factor. In the following sections, we will discuss the experimental prospective HPSCs 

with Sn and less-Pb-based perovskites, including strategies for improving their materials characteristics, stability, and 

device efficiency. 

4. Lead-Free HPSCs 

4.1. Tin (II)-Based HPSCs 

 Sn2+ has a comparable ionic radius and electronic properties to Pb2+. Indeed, the Sn-HP comprises the closest 

crystallographic and photophysical properties to Pb-HP. Sn-HPs have a direct Eg ranging from 1.2–1.4 eV, making 

them highly promising for achieving high performance close to the Shockley-Queisser (SQ) limit, with a potential 

power conversion efficiency (PCE) of ~33%.[181] A notable observation, and critical issue in the field, is that the Sn2+ 

cation, readily undergoes oxidation to Sn4+. In contrast, the heavier Pb2+ cation remains stable due to the presence of 

stable 6s2 electrons, exhibiting a stronger inert pair effect.[182]  The crystallization rate of Sn-HP is faster, leading to 

lower film quality characterized by a higher defect density, primarily attributed to the elevated Lewis acidity of 

Sn2+. This also leads to severe degradation of film and devices and serves as a significant barrier to realizing 

commercially viable Sn-HPSCs. Considering these challenges, researchers have extensively investigated strategies in 

Sn-HPSCs to enhance device performance through materials engineering and through employing functional 

additives.[183] These additives serve multiple purposes such as suppressing Sn oxidation,[182] regulating film 

growth,[184,185] and improving carrier transport.[186] However, the certified record efficiency of Sn-HPSCs is still below 

15%.[30] Currently, Sn-HPSCs with the inverted (p-i-n) structure have demonstrated superior device efficiencies and 

stability compared to the regular (n-i-p) configuration.[187] The FA-based Sn-HP absorber layer with coadditive 

engineering demonstrated better efficiency and stability compared to the MA and Cs-based Sn-perovskite. In this 

section, we will discuss multiple chemical engineering techniques, such as additives, composition modification, surface 

passivation, and 2D/3D heterostructure, as summarized in Table 3, which have been used to overcome the issues of Sn-

HPSCs.  

 

Table 3. Summary of the strategies used for the improvement of Sn-HPSCs.  

Strategies Materials Sn-HP Device structure 

PCE (%) 

(Control to 

target) 

Stability data 

(Target device) 
Year Ref. 

A-site 

engineering 

CsI (Cs,FA)SnI3 
ITO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag 
3.74 to 6.08 

100 oC, N2-

ambient, ~68% of 

PCE0 @ t~250 h 

2018 [188] 

GAI and EDAI2 (EDA,GA,FA)SnI3 
ITO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag 
7.1 to 9.6 

60% RH, ~80% of 

PCE0 @ t~96 h 
2018 [189] 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



21 

 

RbCl (Rb,FA)Sn(I,Cl)3 
ITO/PEDOT:PSS/Sn-

HP/PCBM/AZO/Ag 
3.12 to 5.89 

Encapsulated, RT, 

ambient air, ~70% 

of PCE0 @ t~600 h 

2020 [190] 

FAI (FA,MA)SnI3 
ITO/PEDOT: PSS/Sn-

HP/C60/BCP/Ag 
4.29 to 8.12 

N2-glovebox, 

~80% of PCE0 @ 

t~400 h 

2020 [190] 

Ethylammonium 

iodide (EAI), 

EDAI2, GeI2 

(FA,EA, EDA)SnI3 
FTO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag/Au 
9.03 to 13.24 - 2020 [191] 

(EDAI2 and 

EDABr2), GeI2 

(FA,EDA)Sn(I,Br)

3 

ITO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag 
7.84 to 14.23 

100 oC, N2 

atmosphere; >92% 

of PCE0 @ t~4000 

h 

2022 [192] 

X-site 

engineering 

FASCN 
(FA,PEA)Sn(I,SC

N)3 

ITO/PEDOT:PSS/Sn-

HP/PCBM/Al 
5.09 to 8.17 

Unencapsulated, 

N2-glovebox 

storage, >90% of 

PCE0 @ t~1000 h 

2018 [193] 

PEASCN 
(FA,PEA)Sn(I,SC

N)3 

ITO/PEDOT: PSS/Sn-

HP/PCBM/BCP/Ag 
4.52 to 9.65 

Encapsulated, RT, 

air ambient; ~56% 

of PCE0 @ t~1200 

h 

2021 [194] 

FACHOO FASn(I,CHOO)3 
ITO/PEDOT: PSS/Sn-

HP/C60/BCP/Ag 
5.80 to 12.11 

N2-glovebox 

storage; ~68% of 

PCEo@ t~3400 h 

2022 [195] 

Additive 

Poly(vinyl 

alcohol) (PVA) 
FASnI3 

ITO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag 
6.48 to 8.92 

Encapsulated, 

MPPT, RT, air 

ambient; ~100% of 

PCE0 @ t~400 h  

2019 [184] 

Hexafluoro-2-

propanol and 

Ethylenediammo

nium 

dihypophosphite 

(EDAP2) 

FASnI3 + EDAI2 
ITO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag 
4.9 to 6.8 

Dark, 60% RH; 

~80% of PCE0 @ 

t>70 h 

2020 [196] 

SnI2·(DMSO)x / 

NH4SCN 
(FA,PEA)Sn(I,Br)3 

ITO/PEDOT:PSS/Sn-

HP/ICBA/BCP/Ag 
12.2 to 14.6 

Encapsulated, N2-

atmosphere stored; 

~96% of PCE0 @ 

t~100 days 

2021 [185] 

Trimethylthioure

a 
(FA,PEA)SnI3 

ITO/PEDOT:PSS/Sn-

HP/ICBA/BCP/Ag 
10.0 to 14.3 - 2022 [197] 

1-(4-

Carboxyphenyl)-

2-thiourea 

CsSnI3 

FTO/c-TiO2/m-

TiO2/Al2O3/NiOx/m-

carbon-Sn-HP 

2.04 to 8.03 

N2-glovebox 

storage; ~90% 

PCE0 @ t~3000 h 

2022 [198] 

Dipropylammoni

um iodide (DipI), 

sodium borohydri

de (NaBH4) 

FASnI3 
ITO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag 
4.72 to 10.61 

N2-glovebox 

storage, MPPT; 

~96% of PCE0 @ 

t~1300 h 

2022 [199] 

Phenylhydrazine 

hydrochloride 

(PHCl) 

FASnI3 
ITO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag 
5.6 to 11.4 

Unencapsulated, 

air ambient; ~60 % 

of PCE0 @ t~144 h 

2020 [182] 

Sulfamic acid 

(SA)/Imidazoliu

m (IM) 

(FA,IM,Cs)SnI3 
ITO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag 
9.80 to 12.50 

Unencapsulated, 

50% RH, ~99 % of 

PCEo @ t>3 h 

2022 [200] 

4-

Fluorobenzylam

monium iodide 

(FBZAI) 

(FA,EDA)(Sn,Ge)I

3 

TO/PEDOT:PSS/Sn-

HP/C60/BCP/Cu 
11.47 to 13.85% 

Unencapsulated, 

N2-glovebox 

storage, ~95% of 

PCEo @ t~3800 h 

2022 [201] 

2-Methyl-2-

butanol 

FASnI3 

+PAI+MACl 

ITO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag 
x to 10 

Operational 

stability, ~92% of 

PCE0 @ t~1000 h 

2022 [202] 

Bidentate ligand: 

Formohydrazide 

(FHZ) 

(FA,Rb)SnI3:EDAI

2:PEABr 

ITO/PEDOT:PSS/Sn-

HP/ICBA/BCP/Ag 
9.93 to 12.87 

Encapsulated, 

MPPT, RT, 

ambient air; ~ 62% 

of PCE0 @ t~120 h 

2023 [203] 

Passivation 

(multifunction

al molecules) 

Diamine ethane 

(DAE) 
(FA,EDA)SnI3 

FTO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag 
8.09 to 10.18 - 2019 [204] 

Additive: TM-

DHP Passivation: 

EDA 

FA0.75MA0.25SnI

3 

ITO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag 
9.9 to 11.5 

Unencapsulated, 

RT, N2-glovebox 

storage, ~100% of 

PCE0 @ t>50 days 

2020 [205] 

6- FASnI3 + EDAI2 ITO/PEDOT:PSS/Sn- 10.40 to 13.64 MPPT 2022 [206] 
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Maleimidohexane

hydrazide 

trifluoroacetate 

HP/C60/BCP/Ag illumination, ~75% 

of PCE0 @   

t~1000 h 

Passivation  

(2D HP) 

Phenylethylamm

onium 

iodide (PEAI) 

(FA,PEA)SnI3 
FTO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag 
6.0 to 9.0 - 2017 [207] 

Phenyl 

ethylammonium 

chloride 

(PEACl)- doping 

FASnI3 
FTO/PEDOT:PSS or 

NiOx/Sn-HP/C60/BCP/Ag 
4.3 to 9.1 - 2020 [208] 

Bulky cation 

ammonium 

iodide (BAI) 

(FA,GA)SnI3 + 

EDAI2 

ITO/PEDOT:PSS/Sn-

HP/C60/BCP/Ag 
8.7 to 10.6 

10 cycles- thermal 

and light stress; 

~95% of PCE0 

2021 [209] 

4-Fluoro-

phenethylammoni

um bromide 

(FPEABr) 

(FA,EPEA)Sn(I,Br

)3 

ITO/PEDOT:PSS/Sn-

HP/ICBA/BCP/Al 
9.38 to 14.81 

Encapsulated, N2-

ambient stored; 

~80% of PCE0 @ 

t~432 hrs 

2021 [30] 

GASCN (FA,PEA)SnI3 
ITO/NiOx/Sn-

HP/C60/BCP/Ag 
9.95 to 13.79 

N2-glovebox; 

~90% of PCE0 @ 

t~1200 h 

2022 [210] 

2-

Guanidinoacetic 

acid (GAA) 

(FA,PEA)Sn(I,Br)3 
ITO/PEDOT:PSS/Sn-

HP/ICBA/BCP/Ag 
9.34 to 13.70 

N2-glovebox 

storage, ~93% of 

PCE0 @ t~1200 h 

2022 [211] 

Contact 

engineering 

ETL: PCBM to 

ICBA 

(FA,PEA)SnI3 

+NH4SCN 

ITO/PEDOT:PSS/Sn-

HP/ETL/BCP/Ag 
7.7 to 12.4 - 2020 [186] 

ETL: Pyridine-

Functionalized 

Fullerene 

(FA,EDA)SnI3 
ITO/PEDOT:PSS/Sn-

HP/C60-Bpy/C60/BCP/Ag 
12.29 to 14.14 

Encapsulated, N2-

ambient stored, 

~80% of PCE0 @ 

t~1000 h 

2022 [212] 

HTL: P-SnOx  

ETL: T-SnOx + 

Passivation: EDA 

(FA,Cs,DEA,EDA

)SnI3 

ITO/PEDOT:PSS or P-

SnOx/Sn-HP/T-

SnOxC60/BCP/Ag 

10.39 to 14.09 - 2022 [213] 

 

 

4.2. Sn-HPSCs: A and X- Site Engineering 

A-site alloying in ASnX3-based HPSCs tunes the tolerance factor that stabilizes the crystal phase, regulates crystal 

structure, reduces Sn oxidation, and affects the film growth rate resulting in enhanced device efficiency and stability.[187] 

Simple inorganic cations (Cs or Rb) [188,190] or multifunctional organic cations[189,214] have been used for A-site 

modification. In this regard, Wu and co-workers incorporated Cs into the FASnI3 lattice, which tuned a tolerance factor 

t close to 1, shrinking the crystal lattice as depicted in Figure 6a, b.[188]  It demonstrated a structural regulation of 

FASnI3 perovskite that could enhance thermal stability, suppress the oxidation of Sn2+, and improve the device stability. 

As with Pb-HPSCs, the film quality of Sn-HP films can be improved by incorporating co-cations into the 

crystal lattice of FASnI3.[214] This modification leads to a reduction in pinhole concentration, decreased carrier 

recombination, larger grain size, and enhanced stability. Indeed, compositional engineering with multifunctional co-

cations modified the material properties of Sn-HP, such as thermodynamic stability, film crystallinity, and optical 

bandgap.[215]  For example, guanidinium (GA) can occupy the A-site in Sn-HP, whereas it is not suitable in Pb-HP. 

GA incorporation in the FASnI3 lattice not only improves the film growth and crystallinity but also modifies the energy 

band alignment as depicted in Figure 6c, d. The GA-incorporated FA-Sn-perovskite device revealed peculiar self-defect 

quenching properties with a successive improvement in the device parameters for ~2000 hours stored in a glove-box 

environment (Figure 6e).[189] Similarly, adopting the A-site modification method, Hayase and colleagues achieved a 

record PCE of 13.24% with FASnI3 with co-cation additive (10 mol% ethylammonium iodide (EAI), 1 mol% EDAI2, 

and 5 mol% GeI2) subsequent with ethylenediamine passivation.[191] In same line, Jian et al. used 1 mol% of EDABr2 

instead of EDAI2 in FASnI3. This modification proved to be more effective in passivating grain boundaries and surface 
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Sn vacancies while also reducing the background hole density than EDAI2. The improved performance can be attributed 

to the synergistic effects of the EDA2+ cation and Br– anion. As a result, the HPSC achieved a PCE of 14.23% and 

demonstrated long-term stability, retaining approximately 93% of its initial PCE after storing for approximately 4000 

hours.[192] 

  

 

Figure 6. A-site and X-site engineering for Sn-HPs. (a) Tolerance factor and the effective radius in A-site alloyed 

(CsxFA1–xSnI3) Sn-perovskite; (b) Structural transition in FASnI3 with Cs- alloying. Reproduced with permission.[188] 

Copyright 2018, American Chemical Society. (d) Alloyed Sn-perovskite: (GA, EDAI, FA) SnI3, (e) energy band 

diagram of alloyed FASnI3, (f) current–voltage characteristics of respective devices. Reproduced with permission.[189] 

Copyright 2019, Wiley-VCH. (g) Structural modification of (g) FASnI3 using pseudohalides; (h) 𝑆𝐶𝑁−and (i) 𝐵𝐹4
−. 

Reproduced with permission.[216,217] Copyright 2020, American Chemical Society. (i,j)  SEM images of Sn-perovskite, 

(k) Current-voltage curve without and with FASCN additive. Reproduced with permission.[193] Copyright 2018, Royal 

Society of Chemistry. 
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With regards to the X-site, anion engineering of Sn-HPs affects the crystal lattice and optophysical properties. 

Kanatzidis and colleagues reported bandgap engineering of Sn-perovskite with mixed halide anions showing a lattice 

contraction from MASnI3 (~1.30 eV) to MASnBr3 (~2.15 eV), covering much of the visible spectrum,[218] 

demonstrating a PCE of 5.73% with MASnIBr2 composition. Water and oxygen significantly destabilize Sn-HPSCs 

due to the high susceptibility of the Sn-X bond, leading to pronounced instability. To address this, Sn–X bonding can 

be strengthened via X-site engineering with polyatomic anions such as SCN−, BF4−, PF6− , and HCOO– as 

pseudohalides. Thus, following Pb-HPSCs reports,[125] pseudohalide engineering has also been explored for their Sn 

counterparts. It stabilizes metal oxidation, passivates trap-assisted recombination, and increases the hydrophobicity of 

Sn-HPs. Diau and co-workers investigated the effect of varying the tetrafluoroborate to iodine ratios, which suppress 

the extent of oxidation and enhance the carrier dynamics (Figure 6f-g).[216,217] The pseudohalide incorporation in 

FASnI3 revealed a remarkable decrease in bond angles and bond lengths. For example, anion SCN– substitution led to 

a higher formation energy and greater binding strength that increased the stability relative to pristine FASnI3.[216] 

Similarly, BF4
– incorporation led to an enhancement of the B-site metal-octahedron contact. The Sn-X bond length 

contracted due to stronger electronegativity of super halogen (BF4
–) resulting in better photostability of FASnI3 film.[217] 

Moreover, Jang et al. incorporated a formate anion (HCOO–) in FASnI3, which resulted in the formation of a uniform 

and pinhole-free perovskite film with a low trap density, reduced charge carrier recombination, and improved charge 

transport owing to the strong interaction between Sn2+ and HCOO–.[195] Collectively, these pseudohalide-incorporated 

Sn-HPSCs demonstrated enhanced PCE and stability. Additionally, Kim et al. discovered that the inclusion of a 

formamidinium thiocyanate (FASCN) additive effectively regulated oxidation by establishing robust chemical 

interactions with the tin component (Sn2+).[193] This resulted in the formation of coarser perovskite grains (Figure 6i, j) 

and enhanced crystallinity, with controlled growth in out-of-the-plane direction significantly influencing device 

performance and stability (Figure 6k). Khadka et al. employed phenethylammonium thiocyanate (PEASCN) as a 

functional additive in a FASnI3 precursor. This additive was effective in suppressing Sn oxidation and promoting the 

formation of a compact film with a larger grain size and higher crystallinity.[194] Wang et al. found that the PEASCN 

incorporation significantly suppressed Sn2+ oxidation, improved electron transport and reduced carrier recombination, 

resulting in lower voltage deficit with electron transport engineering, showing decent device stability over 2000 h under 

a nitrogen atmosphere.[219] Despite the many versatilities of pseudohalide for Sn-X bonding engineering, not much 

work has been done in this area to date. Many polyatomic anion derivatives with suitable cations can be added to the 

Sn-HP precursor solution. These derivatives could then be incorporated in the Sn-HP crystal lattice or quench defects 

on the surface and/or at grain boundaries and thus enhancing the optoelectronic properties of the Sn-based perovskite 

film. 

4.3. Sn-HPSCs: Additive engineering and passivation/post-treatment 

Additive engineering is a proven strategy in Pb-HPSCs. It has also played a crucial role in controlling the rate of 

crystallization as well as the self-doping of Sn-HP films. Mathews et al. used SnF2 to reduce Sn vacancies and carrier 

density, to effectively prevent metallic behavior.[220] Abate et al. investigated the antioxidative characteristics of SnX2 

derivatives in the Sn-HP precursor solution.[221] SnF2 was found to be more effective than other halide derivatives for 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



25 

 

controlling the extent of Sn2+ oxidation. SnF2 coordinated Sn4+ via a ligand exchange reaction forming SnF4 and SnI2 

rather than producing a redox reaction. Besides that, it also induced excellent morphology and stability.[222] However, 

an excess amount of SnF2 has detrimental effects on film morphology, leading to the formation of separate phases. This 

process can be inhibited using additional functional additives. Moreover, Graham and colleagues investigated 

antioxidant organic molecules in Sn-perovskites.[223] They discussed how additives attenuate the Sn2+oxidation in Sn-

HP films. A particular additive may act as a halide exchanger, coordinator, sacrificial antioxidant, and redox catalyst 

to inhibit the oxidation of Sn2+ in the solution or during crystallization. Therefore, it is advantageous to include multiple 

additives having different functionalities which could reverse the oxidation of SnI2 in precursor and film formation 

while also passivating the surface and grain boundaries after film formation.  

Typically, more than two additives have been used in most of high-efficiency Sn-HPSCs reported, including 

SnF2.[207] As a good example of this, Mora-Seró and colleagues employed a complex additive system consisting of 

dipropylammonium iodide and sodium borohydride, as a reducing agent in Sn-HPSCs. This approach resulted in a 

higher PCE compared to employing the additives individually, along with improved film morphology and operational 

stability, which maintained 96% of its initial PCE after 1300 h in a N2 atmosphere (Figure 7a,b).[199] He et al. used an 

additional functional additive; trifluoroethylamine hydrochloride (TFEACl) along with SnF2 that improved film 

morphology, produced a favorable energy band alignment, and diminished the Sn4+ content.[224] Similarly, introducing 

trimethylthiourea and PEAI in a FASnI3 precursor solution resulted in a smooth and compact film by controlling the 

film crystallization, as depicted in Figure 7c. It is found that the trimethylthiourea in Sn-HP precursor formed a complex 

through stronger bonding interactions, leading to slower crystallization, Sn-HPSCs made using this strategy delivered 

a promising PCE of over 14.0% (Figure 7d) and enhanced stability against humid air.[197] Haung et al. used a 

multifunctional additive phenylhydrazine hydrochloride (PHCl) in FASnI3 which effectively passivated trap states, 

improved film growth and modified band alignment.[182] Importantly, this multifunctional additive significantly 

suppressed the extent of Sn4+ oxidation due to strong interactions between reductive hydrazine and hydrophobic 

phenyl.[182] Moreover, the Cl and Br derivatives of phenylhydrazine greatly improved the device stability, with devices 

retaining 91% of their PCE for 4,800 h under continuous illumination.[225] Kuan et al. developed Sn-HP films using a 

combination of triple cations (Cs, FA, Imidazolium (IM)) along with a bifunctional additive, sulfamic acid (SA).[200] 

This additive was crucial in mitigating iodine vacancies and interacting with uncoordinated Sn atoms to improve the 

surface defects. It revealed that SA, converted from its zwitterionic form to its ammonia/acid form upon irradiation, 

effectively reduced Sn4+ back to Sn2+. Furthermore, additives with fluorinated groups have also been used for regulating 

the growth of high-quality Sn-HP films. Their high electronegativity tunes the electron cloud density of aromatic amine 

cations, which is benign for the passivation effect and hydrophobic character. For example, Zhao and co-workers used 

4-fluorobenzylammonium iodide (FBZAI) as an additive in the Sn perovskite precursor. [201]  Like other additives, it 

slowed down the crystallization rate and the extent of Sn2+ oxidation. A reduction in nonradiative recombination was 

also reported and ascribed to the modulation of benzylamine and fluorine functional groups. 

Moreover, the choice of ligands in Sn-perovskite plays a critical role in modulating the bonding strength with 

the Sn-atom. Mi and colleagues introduced a series of sulfur ligands, namely N,N-dimethylthioacetamide (DMTA), 
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N,N,N',N'-tetramethyl thiourea (TMTU), N,N'-dimethylethylene thiourea (DMETU), and 1,3-dimethylimidazoline-2-

thione (DMIT) (Figure 7e), into the precursor solution.[226] It was observed that the partial charge on sulfur (S) becomes 

increasingly negative in the order of DMTA < TMTU < DMETU, owing to better stabilization of the partial positive 

charge on nitrogen in the same sequence. Similarly, DMIT, with its aromatic imidazolium ring, exhibits the strongest 

affinity for I2. These sulfur ligands delay the crystallization rate, which widens the antisolvent dripping window (Figure 

7f). Consequently, they enable the formation of pinhole-free films and effectively suppress surface defects, leading to 

progressively improved device parameters (Figure 7g). Similarly, Khadka et al. used formohydrazide as a bidentate 

ligand as an antioxidant additive in the precursor solution which is propitious for alleviating of defects in Sn-HP film 

resulting in the suppression of Sn-oxidation and modulation of the interfacial energy band alignment.[203] 

The growth of Sn-HP films can be affected by the nature of bonding using functional additives. For example, 

Han and coworkers demonstrated a new strategy for retarding the crystallization rate of FASnI3 by introducing OH…I− 

hydrogen bonding interactions using polyvinyl alcohol (PVA) (Figure 7h).[184] The bonding interactions between PVA 

and FASnI3 have the effects of directing the crystal orientation by slowing down the crystallization rate, reducing trap 

states within Sn-HP, and suppressing the migration of the iodide ions. As a result, these improvements significantly 

enhance both the efficiency and stability of the devices utilizing the PVA-FASnI3 composite. In this regard, there is 

still much room to explore in the realm of functional additives and the nature of their bonding in Sn-HPSCs.  

Wakamiya and co-workers recently reported a new strategy for controlling Sn2+ oxidation by modulating the 

precursor solution. In this report, they demonstrated a method to remove Sn4+ from Sn-HP precursor solution using a 

1,4-Bis(trimethylsilyl)-2,3,5,6-tetramethyl-1,4-dihydropyrazine (TM-DHP) reductant that acts as a scavenger of Sn4+ 

species that proceeded to form Sn (0) nanoparticles, as depicted in Figure 7i.[205] Through this nanoparticle-based 

scavenging method, Sn-HPSCs with a FA0.75MA0.25SnI3 absorber and employing interface modification by EDA and 

PC61BM, a PCE of 11.5% was achieved. Similarly, Ning and colleagues reported the SnI2·(DMSO)x complexes 

prepared via the interaction between I2 and DMSO.[185] The streamlined synthesis of the SnI2 precursor enables the 

creation of SnI2·(DMSO)x complexes with improved coordination. They found a significant difference in crystal growth 

dynamics in two-step and one-step synthesis routes. The tin adducts formed with a one-step synthesis route that 

regulated tin-halide perovskite growth, avoided SnI2 phase segregation and formed fewer pinholes of (FA,PEA) 

Sn(I,Br)3 film. With a high level of coordination, the SnI2·(DMSO)x complex effectively guided the out-of-plane crystal 

orientation, forming uniformly homogeneous perovskite films (Figure 7j). This advancement resulted in a record PCE 

of 14.6%. By adopting a surface passivation method, Yin and co-workers used 6-maleimidohexanehydrazide 

trifluoroacetate as a surface passivator atop the Sn-HP films. This functional molecule modified the bulk microstructure 

and modulated the surface chemistry of Sn-HP film, in addition to tuning the Fermi level and nullifying the charged-

defect-rich surface.[206] The additive functionalities with reductive hydrazide and carboxyl groups suppressed Sn4+ 

formation. The device with surface reconstruction achieved a PCE of 13.64%, retaining over 75% of the original PCE 

after 1000 h of illumination (in an environment with an O2 concentration < 50 ppm). 
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Figure 7. Advanced additive engineering and molecular passivation strategies for Sn-HPs. (a) SEM images of 

control and additive (DipI+NaBH4) in FASnI3, (b) corresponding device stability in N2 atmosphere. Reproduced with 

permission.[199] Copyright 2022, Elsevier Inc. (c) SEM images of control and additive (TMT) in FASnI3, (d) current-

voltage characteristics with carrier lifetime inset. Reproduced with permission.[197] Copyright 2022, American 

Chemical Society. (e) A set of sulfur ligands (DMTA, TMTU, DMETU, DMIT) with characteristics resonant structure, 

(f) schematic of grain growth, and (g) Typical J–V characteristics of the HPSCs. Inset: Voc vs PL lifetime (τ) of the 

FASnI3 layer. Reproduced with permission [226] Copyright 2022, Elsevier Inc. (h) Device stability without and with 

PVA additive; inset O-H and I- hydrogen bonding interaction. Reproduced with permission [184] Copyright 2019, Wiley-

VCH. (i) Sn4+ scavenging method using TM-DHP additive. Reproduced with permission [205]. Copyright 2020, Springer 

Nature. (j) two-step synthesis (TSS) and one-step synthesis (OSS) synthetic methods for SnI2 precursors and 

corresponding film growth regulation. Reproduced with permission. [185] Copyright 2021, American Chemical Society. 
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The above examples have all been based on the one-step deposition method and only a few reports have used 

the two-step deposition method to fabricate Sn-HPSCs, in contrast to Pb-HPSCs.[196,227] Shahbazi et al. reported Sn-

HPSCs using a two-step method and solvent engineering.[196] Unlike the two-step process of Pb-HP, FAI dissolved in 

isopropyl alcohol (IPA) could not convert the SnI2 layer into a stable FASnI3 layer due to faster crystal growth. However, 

the co-solvent containing a mixture of hexafluoro-2-propanol, IP, and chlorobenzene is found to be effective for the 

growth of Sn-HP by decelerating the crystallization rate.  Similarly, The Han group successfully demonstrated a two-

step deposition method, effectively controlling crystallization kinetics by utilizing solvents with varying polarity (2-

Methyl-1-propanol, 3-Methyl-1-butanol, and 2-Methyl-2-butanol).[202] Their findings revealed that the steric hindrance 

caused by hydroxyl groups in the solvent molecules influenced the film growth dynamics. This two-step method 

coupled with solvent engineering is effective for fabricating dense and homogeneous Sn-HP in large areas with device 

efficiency of over 10% for the first time and retained operational stability of over 92% for 1000 h. 

There could be multiple reasons for the lower performance of Sn-HPSCs prepared by the two-step method. 

As widely observed facts, the preparation of Sn-HP films from SnI2 is not as straightforward as preparing Pb-HP from 

PbI2. It means the SnI2 layer structure is a poorer precursor for perovskite growth than PbI2. One primary reason could 

be related to the structural difference between PbI2 and SnI2 crystals.[228] SnI2 film can grow with two phases: α-SnI2 

(monoclinic) in a layered structure but lacking octahedral coordination with halide and β-SnI2 (hexagonal) structure 

lacking a layered structure.[228,229] In contrast, a PbI2 film comprises a layered structure with octahedral coordination. 

Benefiting from this favorable structure of PbI2, AX precursors efficiently diffuse through PbI2 films to grow the Pb-

perovskite crystal. The diffusion of the AX precursor in the SnI2 film is less favorable than that in the PbI2 film, resulting 

in low-quality Sn-perovskite films. Besides the poor SnI2 crystal layer, facile oxidation of Sn2+ is also notorious for 

developing SnI4 impurities. Moreover, it is claimed that as SnI2 and PbI2 are mixed, they crystallize in the PbI2 structure 

resulting in efficient conversion to perovskite crystal, which can explain the competitive PCE of Sn-Pb binary 

perovskites compared to the case with pristine Sn.[230] Therefore, the two-step method requires further solvent 

engineering and materials chemistry for the growth of pristine Sn-perovskites than is required for Pb and Sn-Pb 

analogues.[228] 

4.4. Sn-HPSCs: 2D/3D Heterostructure/Passivation 

Sn-HPSCs have demonstrated a significant improvement in performance and stability using 2D/3D heterostructures. 

Similar to Pb-HPSCs, the 2D/3D hydride heterostructure of Sn-HPs can be obtained by introducing bulky organic 

cations.[30,207,210,231–234] Loi and coworkers added PEAI in FASnI3 which formed a homogenous film with highly 

crystalline and oriented 2D/3D bulk layer.[207] It has been suggested that the organic PEA+ cations are oriented 

perpendicularly to the substrate, and the van der Waals interactions of the benzene ring between the interdigitated PEA+ 

cations may facilitate self-assembly of the inorganic SnI6 layers parallel to the substrate, inducing strong orientation 

and crystallization of the 2D PEA2SnI4. This PCE was seen to improve by 50% compared to the pristine 3D FASnI3 

film, as shown in Figure 8a. Wang et al. used NH4SCN as a structure regulator along with EAI to form a quasi-2D-3D 

Sn-HP film with a hierarchical structure. The air stability of the composite Sn-HP film was significantly improved due 

to the parallel growth of a surface layer composed of 2D PEA2SnI4.[235] Similarly, Li and co-workers used the PEACI 
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additive which grows quasi-2D crystals of Sn-HP film with more ordered 2D layered Sn-HP crystalline phase (Figure 

8b).[208] The formation of a barrier layer at both the surface and grain boundaries of the perovskite crystals effectively 

shielded the Sn2+ ions from oxidation and moisture, protecting the Sn-HP film. 

 

Figure 8. 2D/3D perovskite and interfacial passivation strategies for Sn-HPs. (a) Current-voltage curves of control 

(3D) and 2D/3D HPSCs. Reproduced with permission.[207] Copyright 2018, Wiley-VCH. (b) Illustration of growth of 

2D ordered Sn-perovskite with PEACl.[208] (c) Growth of low-dimensional perovskite phase on 3D (Sn-perovskite) 

layer using bulky ammonium cations (BAC (L)). Reproduced under the terms of the CC-BY license.[209] Copyright 

2021, American Chemical Society. (d, e) Crystal structures of control and 2D/3D vertical heterojunction and energy 

band alignment with respect to HTL and ETL. Reproduced under the terms of the CC-BY license.[210] Copyright 2022, 

Wiley-VCH. (f) Morphology of control and 2D/3D hybrid Sn-HP film with FPEABr and (g) spatial distribution of 
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FPEABr on surface and interface. Reproduced with permission.[30] Copyright 2021, Wiley-VCH. (h) Lattice distortion 

engineering with GAA modification. Reproduced with permission.[211] Copyright 2022, Wiley-VCH. 

 

Furthermore, Jokar et al. used a sequential solution-processed approach for interfacial treatment. A number 

of aryl and alkyl bulky ammonium cations (butylammonium (BA), hexylammonium (HA), allylammonium (ALA), 

cyclohexylammonium (CHA), PEA, anilinium (AN), 2-fluoro-PEA (2F-PEA), and 2F-AN) dissolved in hexafluoro-2-

propanol (HFP) were deposited on top of the 3D layer to form a 3D/2D layer  (Figure 8c).[209] Importantly, the bulky 

cations dissolved in IPA destroyed the Sn-HP film displaying pinholes while those dissolved in HFP grew with pinhole-

free uniform morphology. Among these devices, the Sn-HPSCs treated with anilinium (AN) exhibited exceptional 

performance, showcasing self-healing in challenging environmental conditions such as continuous light soaking under 

one-sun illumination and thermal stress cycles (10 cycles at 20 and 50 °C). 

Likewise, Yan and co-workers reported a uniquely controlled stacked quasi-2D (down)–3D (top) double-

layered perovskite using PEAI and guanidinium thiocyanate (GuaSCN) additives as depicted in Figure 8d,e.[210] The 

introduction of GuaSCN additive improved the crystallinity as well as passivated defects resulting in a remarkably high 

open circuit voltage >1 V in Sn-HPSCs and PCE of 13.79% with decent stability of 90% of the initial PCE for 1200 h 

storage in a N2-filled glovebox. Seok and coworkers introduced a new concept involving both surface passivation and 

strain engineering of Sn-HP films using 2-thiophenemethylammonium iodide (ThMAI).[236] The introduction of 

ThMAI led to a gradient distribution of out-of-plane compressive strain, which correlated with the vertical 

compositional inhomogeneity of the film relative to the substrate surface. This approach holds great promise for 

achieving high-performance devices with improved PCE by adopting an n-i-p architecture. He and colleagues achieved 

the highest PCE of 14.81% (certified 14.03%) among Sn-HPSCs by incorporating a modified form of PEA called 4-

fluoro-phenethylammonium bromide (FPEABr). This modification effectively suppressed Sn2+ oxidation by forming a 

compact microstructure consisting of both 2D and 3D components (Figure 8f).[30] The FPEA+-based 2D tin-perovskite 

capping layer can offer a reducing atmosphere for vulnerable 3D FASnI3 grains. This approach facilitates the 

construction of effective 2D/3D microstructures and the FPEABr molecules mainly located on surface or at 

HTL/perovskite interface (Figure 8g). The functionally incorporated cation FPEA+, shows a distribution rich on the 

surface and HTL/Sn-HP interface, suggesting a robust, stable, and well-passivated interface formed with 2D/3D 

heterojunction. Similarly, in their research, Liu and colleagues discovered that incorporating a novel biocompatible 

chelating agent, 2-guanidinoacetic acid (GAA), in Sn-perovskite can modulate crystallization kinetics. Moreover, GAA 

effectively regulates lattice strain and controls the phase distribution of the 2D/3D structure, as illustrated in Figure 

8h.[211] Importantly, GAA was found to be effective for the mitigation of lattice distortion and Sn/I-related deep defects, 

which results in a superior device performance with a PCE of 13.70 % with a small voltage deficit of ≈0.47 V and an 

improved stability.  

Regarding the device structure and carrier transport layer engineering, the PCE and device stability of FA-

based Sn-HPSCs has been driven mainly by co-additive engineering including, SnF2 and adopting an inverted (p-i-n) 

planar device configuration. Diau et al. have documented that the pronounced Sn2+ oxidation, p-doping in Sn-HP, and 
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redox chemistry at metal oxide/Sn-HP interface are the limiting factors of n–i–p configured Sn-HPSCs.[187] In the p-i-

n configuration, PEDOT:PSS has been popularly used as the HTL, whereas fullerene derivatives such as C60, PCBM, 

and ICBA are used as the ETL.[237]  Ning and coworkers achieved ultra-high open-circuit voltage using ICBA for 

2D/3D-Sn-HPSCs.[186] The LUMO level of the ETL varies with different functional groups in fullerene[238] which 

affects interfacial binding and band offset. In this regard, Zhu and colleagues reported a multifunctional interface 

manipulation strategy by introducing pyridine-functionalized fullerene derivatives for ETL engineering.[212] The 

interface between the functionalized ETL and Sn-HP exhibited a strong bond, resulting in the modulation of energy-

level alignment. This bonding also reduced surface defects, suppressed nonradiative recombination, and improved 

electron extraction efficiency. Sn-HPSCs with ETL modulated interface achieved a PCE of 14.14% while retaining a 

PCE over 95% under illumination for 1000 hours. Moreover, PEDOT: PSS has been used as a hole transport layer in 

most of the reports of Sn-HPSCs. Recently, Hayase and colleagues developed a new ambipolar SnOx by plasma-

assistant strategy (P-SnOx) as an alternative HTL.[213] A champion PCE of 14.09% was achieved by an interfacial 

modification of Sn-perovskite introduced with the top SnOx composed of SnO2 and Sn metal as a protective layer in p-

i-n configuration combined with P-SnOx as HTL. 

5. B-Site Modulated: Pb/Sn/Ge-based HPSCs 

Although the toxicity issue of Pb-HPSCs can be addressed with Sn-based perovskite, the device performance and 

stability of Pb-free HPSCs are quite disappointing due to intrinsic instability and uncontrolled crystallization of Sn or 

Ge -HP. Alternately, B-site modulated perovskites with Pb incorporation in Sn-HP lattice can reduce toxicity. The 

mixed Sn-Pb- based HP tunes the Eg from 1.2 to 1.6 eV, resulting ideal optical bandgap absorber proposed in the SQ 

limit and employed as subcells for tandem device structure.[239] In the Sn-Pb HP system, B-site modulation in an 

octahedral cage of perovskite crystal-induced band bowing with ideal bandgaps (1.2 -1.3 eV). The detailed balanced 

limit for a single-junction solar cell suggests that Sn–Pb HPSCs have the potential to achieve even more PCEs than Pb-

HPSCs. By incorporating a mixture of 50% tin (Sn) and lead (Pb), the bandgap can be tuned to an ideal value of 1.2 

eV, which is theoretically associated with an optimal PCE of approximately 32.74%. With Pb content, there is better 

control of the film growth dynamics.[240] B-site modulated perovskite film has a medium crystallization rate which 

could minimize nonuniform film growth. Considering the tendency of Sn-HP to undergo oxidation, which can lead to 

increased defects and instability, it has been found that maintaining an Sn content of approximately 50% is optimal for 

improving the quality and stability of perovskite films. Benefiting from the advances in Pb and Sn-based HPSCs, the 

mixed B-sites (Pb/Sn)-based HPSCs have achieved PCE over 24%[71] which is competitive with the highest efficiency 

of Pb-HPSCs (Figure 2g). This rapid progress of Sn/Pb mixed HPSCs is driven by the adaptation of the advancement 

on the Pb and Sn-based devices. Leaping from the initial reports on mixed B site -HPSCs with PCE >8%,[67,72] multiple 

approaches have been explored to scale up the PCE of Sn–Pb PSCs adapting the approach for Sn or Pb-HPSC reports 

such as A/X-site alloying,[241–243] functional additive,[244] surface treatment,[245] 2D/3D hydride structure,[241][241] carrier 

transport engineering.[246–248] Efforts have been undertaken thus far to improve the efficiency of Sn–Pb HPSCs, akin to 

the approaches taken in studies involving both Pb or Pb-based HPSCs as summarized in Table 4.  

 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



32 

 

Table 4. Summary of the strategies used for the improvement of B-site modulated- Pb/Sn/Ge-HPSCs.  

Strategies Materials Mixed B-site: Sn-Pb-HP Device structure 
PCE (%) 

(Control to target) 

Stability data 

(Target device) 
Year Ref. 

A-site 

engineering 

CsI (Cs,FA,MA)(Pb,Sn)I3 
ITO/PEDOT:PSS/Sn-Pb-

HP/C60/BCP/Ag 
13.5 to 17.8 - 2017 [68] 

CsI, MAI (Cs,FA,MA)(Pb,Sn)I3 
ITO/NiOx/Sn-Pb-

HP/C60/BCP/Ag 
14.80 to 16.77 

MPPT, N2-

ambient storage; 

~88% of PCE0 @ 

t~690 h 

2022 [249] 

X-site 

engineering 

Octylammonium tetraf

luoroborate (OABF4) 

 

Passivation:  

butylenediamine 

(BDA) 

(FA,Cs)(Pb,Sn)I3:PEAC

l 

ITO/PEDOT:PSS/Sn-Pb-

HP/OABF4/BDA/C60/BCP/

Cu 

20.5 to 23.7 

MPPT, RT; 

>88% of PCE0 @ 

t>250 h 

2023 [242] 

Additive 

Additive: MASCN + 

pyrrolidinium 

thiocyanate (PySCN) 

(FA,MA,Cs) (Sn,Pb)I3 
ITO/PEDOT:PSS/Sn-Pb-

HP/C60/BCP/Ag 
18.1 to 20.4 - 2020 [230] 

Ionic liquid -

pentylammonium 

tetrafluoroborate 

([PNA]BF4) 

(FA,MA)(Sn,Pb)I3 
ITO/PEDOT:PSS/Sn-Pb 

HP/PCBM/BCP/Ag 
16.23 to 20.11 

Unencapsulated: 

N2-ambient, dark; 

~90% of PCE0 @ 

t~1200 hrs 

2021 [250] 

1-bromo-4-

(methylsulfinyl)benzen

e (BBMS) 

(Cs,FA,MA)(Sn,Pb)I3 
ITO/PEDOT:PSS/Sn-Pb-

HP/C60/BCP/Ag. 
18.97 to 22.03 

60 oC, N2- ambient 

glovebox storage; 

~98% of PCE0 @ 

t~2660 h 

2022 [251] 

Propane diamine 

bromide (PDABr) 
(FA,MA)(Pb,Sn)I3 

ITO/PEDOT:PSS/PMMA/

Sn-Pb-HP/PCBM/BCP/Ag 
16.23 to 20.41 

Unencapsulated: 

N2-ambinet 

glovebox storage; 

~95% of PCE0 @ 

t~700 h 

2022 [252] 

BaI2 and PEACl (Cs,FA)(Pb,Sn)I3 
ITO/PEDOT:PSS/ Sn-Pb-

HP/C60/BCP/Cu 
19.6 to 21.2  2022 [253] 

Rubidium iodide (RbI) (FA,Cs,Rb)(Sn,Pb)I3 
ITO/PEDOT:PSS/Sn-Pb-

HP/C60/BCP/Cu 
18.32 to 20.12 - 2023 [243] 

SnOx-additive (FA,MA)(Pb,Sn)I3 
ITO/PEDOT:PSS/Sn-Pb-

HP/C60/BCP/Cu 
19.31 to 22.16  2023 [254] 

Trimethylsulfoxonium 

iodide (TMSI) 
(Cs,FA,MA)(Sn,Pb)I3 

ITO/PEDOT:PSS/Sn-Pb-

HP/C60/BCP/Ag 
17.70 to 22.65 

N2-ambient 

glovebox storage; 

~83% of PCE0 @ 

t~6000 h 

2023 [255] 

dicyandiamide (DCD) Cs(Pb,Sn)I2Br 
ITO/NiOx/Sn-Pb-

HP/ZnO/PCBM/Ag 
10.53 to 14.17 

Unencapsulated: 

Continuous 

illumination; 

~92% of PCE0 @ 

t~600 h 

2023 [256] 

Passivation 

(multifunctional 

molecules) 

Additive- TM-DHP  

Passivation: Maltol 
(Cs,FA,MA)(Sn,Pb)I3 

FTO/PEDOT:PSS/Sn-Pb-

HP/Maltol/C60/ BCP/Ag 
18.2 to 21.4 - 2021 [257] 

Additives:  NH4SCN 

+ GlyHCl 

Passivation: piperazine 

derivatives   

(Cs,FA,MA)(Sn,Pb)I3 
ITO/PEDOT:PSS/Sn-Pb-

HP/PPC60/BCP/Ag 
18.30 to 22.70 

Unencapsulated, 

>96% of PCEo; 

N2-glovebox 

storage (ISOS D-

1), t>2000 hrs 

2022 [248] 

Additive: MASCN 

Passivation:5F-PHZ   
(FA,MA,Cs) (Sn,Pb)I3 

ITO/PEDOT:PSS/Sn-Pb-

HP/IPL/C60/BCP/Ag 
16.81 to 19.34 _ 2022 [10] 

Additive: GlyHCl 

Passivation: EDAI2 
(FA,MA,Cs)(Sn,Pb)I3 

FTO/PEDOT:PSS/Sn-Pb-

HP/EDAI2/C60/BCP/Ag 
19.6 to 23.6  2022 [244] 

Passivation: 

 (PEAI +EDAI2) 
(FA,MA)(Sn,Pb)I3 

ITO/PTAA/Sn-

Pb/IPL/C60/BCP/Ag 
17.07 to 22.51 

Unencapsulated: 

N2-ambient dark; 

~90% of PCE0 @ 

t~1600 h 

 

2022 [258] 

Additive: NH4SCN 

Passivation: Cysteine 

hydrochloride 

(CysHCl)  

 

(Cs,FA,MA)(PbSn)I3 
ITO/PEDOT:PSS/Sn-Pb 

HP/CysHCl/C60/BCP/Cu 
18.91 to 22.15  2023 [259] 

Additive: hydrazine 

sulfate (HS) 

Passivation: EDA 

(Cs,FA,MA)(PbSn)I3 
ITO/P3CT-Cs/Sn-Pb-

HP/EDAC60/BCP/Ag 
20.17 to 23.17 

Unencapsulated: 

N2-ambient store: 

~94% of PCE0; 

t~4000 h 

2023 [260] 

Passivation (LD 

perovskite) 

2D-HP: formed with 

PEAI 
(FA,MA,Cs) (Sn,Pb)I3 

ITO/PEDOT:PSS//Sn-Pb-

HP/PEAI/PCBM/PEIE/Ag 
17.90 to 19.40 

Filter spectrum, 

continuous 

illumination, 

~100% PCE0 @ 

t~200 h 

2020 [261] 

Quasi 2D: 

(PEA)2GAPb2I7) with 

(PEAI + GASCN) 

(FA,MA) (Sn,Pb)I3 
ITO/PEDOT:PSS/Sn-Pb-

HP/2D-Hp/C60/BCP/Ag 
16.1 to 22.1 NA 2022 [241] 

Passivation:  (Cs,FA,MA)(Pb,Sn)(I,B ITO/Sn-Pb-HP/CF3- 18.18 to 20.17 N2-glovebox 2023 [262] 
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CF3-PEAI r)3 PEAIPCBM/ZrAcac/Cu storage; ~75% of 

PCE0 @ t~700 h 

2D HP:  

(4-AMP)PbI4 
(FA,MA) (Sn,Pb)I3 

ITO/PEDOT:PSS/2D-

HP/Sn-Pb- 

Hp/PCBM/BCP/Ag 

15.01 to 17.70 - 2023 [263] 

Contact or 

Energy band 

engineering 

ITO to FTO (Cs,FA,MA)(Pb,Sn)I3 
ITO/PEDOT:PSS/Sn-Pb-

HP/PCBM/C60/BCP/Ag 
16.74 to 20.40 - 2019 [264] 

HTL: CzAn 

Additive: PEACl 
(Cs,F)(Pb,Sn)I3 

ITO/HTL/PMMA/Sn-Pb-

HP/IPL/C60/BCP/Ag 
21.02 to 22.61 

N2-glovebox 

storage; ~96% of 

PCE0 @t>1000 h 

2022 [247] 

HTL: 2PCz and MPA 

 IPL: EDA 
(Cs,FA,MA)(Pb,Sn)I3 

FTO/PEDOT:PSS/Sn-Pb-

HP/EDA/PCBM/C60/BCP/

Ag 

21.37 to 23.32 - 2022 [246] 

Bulk heterojunction 

with ETL- NIR 

polymer DTBTI;  

IPL- GABr 

(FA,MA)(Pb,Sn)I3 

ITO/EMIC-

PEDOT:PSS/Sn-Pb-

HP/GABr/DTBTI/PCBM/

C60/BCP/Ag 

21.49 to 24.27 

Unencapsulated: 

LED illumination; 

~90% of PCE0 @ 

t~1000 h 

2022 [71] 

HTL- Potassium 

Citrate dopped 

PEDOT:PSS;   

Passivation: EDAI2 

(Cs,FA,MA)(Pb,Sn)I3 
ITO/PEDOT:PSS/Sn-Pb-

HP/EDAI2/C60/BCP/Ag 
20.37 to 22.67 

N2-glovebox 

storage, 45 oC; 

~80% of PCE0 @ 

t~800 h 

2023 [265] 

Sn-Ge -HPSCs 

 (FA,MA)(Sn,Ge)I3 
ITO/PEDOT:PSS/Sn-Ge 

HP/PCBM/C60/BCP/Ag/Au 
3.31 to 6.90 

Unencapsulated; 

air ambient; ~80% 

of PCE0 @ t~1 h 

2018 [175] 

 (FA,MA)(Sn,Ge)I3 
ITO/PEDOT:PSS//Sn-Ge-

HP/PCBM/C60/BCP/Ag 
to 7.90 - 2019 [174] 

 

Analogous to Pb-HPSCs, the modulation of A/X-sites, utilization of functional additives, and engineering of 

interfaces in Sn-Pb perovskite solar cells are crucial factors that significantly influence device efficiency and long-term 

stability, as listed in Table 4. Accounting for A-site engineering alone, the Sn-Pb-HPSCs also demonstrated 

improvement in PCE  with slightly better device stability.[68,249] X-site engineering by incorporating a small amount 

of Br and Cl into Sn-Pb HPSCs reduces non-radiative recombination at grain boundaries of Sn-Pb perovskite, leading 

to better device performances.[266,267] Additionally, Wang et al. used alkylammonium pseudohalide as a functional 

pseudohalide additive in MA-free Sn-Pb HPSCs, improving the film formation and inhibited iodine vacancies.[242] The 

device PCE was boosted to 23.7% using an octylammonium (OA+) cation with a BF4
- anion in bulk and surface 

passivation with BDA,which resulted in improved photostability by virtue of the suppressed defect density and slower 

generation of interstitial iodides and iodine under illumination.  

Both inorganic and organic multifunctional molecules have been used as additives in Sn-Pb-HPSCs. Yan and 

co-workers fabricated the Sn-Pb-HPSCs using MASCN and PySCN as pseudohalide functional additives in two-step 

deposition method which improved device PCE from 18.1 to 20.4% due to improved film growth and suppression of 

defect density.[230] Similarly, inorganic additives such as RbI,[243] BaI2,[253] and SnOx
[254] also have demonstrated 

significant improvement in film quality by suppressing the Sn-vacancies leading to enhanced device PCE. Ionic salt[250] 

and reactive functional molecules[251,252,256] were effective in modulating film crystallization. These functional additives 

reduced surface residual stress and decreased defect state densities. Recently, Jiang et al. used trimethylsulfoxonium 

iodide as a multifunctional additive in Sb-Pb mixed HP resulting in larger grain and improved crystallinity and defect 

mitigation.[255] They achieved enhanced PCE from 17.70 to 22.65 % with decent stability, retaining 88% of their initial 

value after 1200 h of continuous illumination.  
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Figure 9. Advanced passivation strategies for Sn-Pb HPs. (a) Schematic of the interface modifications of mixed Sn–

Pb HP film by the GlyHCl additive and EDAI2 surface treatment, (b) device stability. Reproduced with permission.[244] 

Copyright 2021, Wiley-VCH. (c) Surface treatment with passivating functional molecules and its effect in surface 

energy band. Reproduced with permission.[248] Copyright 2021, Wiley-VCH. (d) Current-voltage curves and Cross-

sectional images of devices with different HTLs. Reproduced with permission.[246] Copyright 2021, American Chemical 

Society. (e) Energy band alignment of Sn-Pb-HP and heterojunction layer, (f) device stability of the control and 

heterojunction devices. Reproduced with permission.[71] Copyright 2022, Wiley-VCH.  

 

Surface passivation with organic halide salts is also an effective strategy for improving the PCE of Sn-Pb-

HPSCs.  Zhu et al. used a bulky fluorinated phenmethylammonium salt to passivate the Sn-Pb perovskite film. The 

passivating molecule introduced a strong interaction with the perovskite reducing the surface and bulk defects in the 

perovskite due to permeation of the organic halide salt and resulted in an increase in device performance from 20.7 to 

22.8 %. Importantly, it achieved 18.0% PCE with a large area (10 cm2) device with significantly improved device 

stability under ambient conditions (ISOS-D-1) for non-encapsulated modules.[245]
 A hydride method with molecular 

passivation and additive engineering has also been used in Sn-Pb- HPSCs,[10,244,248,257–260] a good example of this 

coming from the Wakamiya group, where they used 1,4-bis(trimethylsilyl)- 2,3,5,6-tetramethyl-1,4-dihydropyrazine 

(TM-DHP) as a functional additive and 3-hydroxy-2-methyl-4-pyrone (Maltol) surface treatment for the fabrication of 

Sn-Pb- HPSCs. They demonstrated enhancement in PCE from 18.2 to 21.4% benefiting from high-quality HP and 

enhanced charge carrier lifetime.[257] The same group also introduced a bifacial passivation strategy by passivating the 
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top surface with ethylenediammonium diiodide and the bottom with glycine hydrochloride in Sn-Pb HP as depicted in 

Figure 9a.[244] It is found that surface dipoles are formed at either interface which promotes crystallinity and reduces 

trap densities, and facilitates charge extraction. This method demonstrated an excellent device performance of 23.6% 

and superior stability compared to the control device (Figure 9b). Molecular passivation of Sn-Pb perovskite films was 

done using reactive molecules with functional groups, such as amine and ammonium; piperazine (PP), 4-

aminopiperidine (4APP), and 4-(aminomethyl) piperidine (4AMP) as depicted in Figure 9c.[248] These molecules 

interacted with the organic cations on the perovskite surface, resulting in surface structural modifications and the 

adjustment of interfacial energy bands. Along with surface treatment, C60 pyrrolidine tris-acid was utilized as the ETL, 

which exhibited a preference for binding to Sn2+ sites on the film surface rather than Pb2+, thereby tuning the carrier 

transport behavior that ultimately led to device efficiency of 22.7% and excellent stability. Notably, unencapsulated 

cells retained 96% of their initial efficiency even after more than 2000 hours of storage in a nitrogen environment.  

Similar to Pb-HPSCs, there are also a number of exciting results that employ a 2D passivation strategy in Sn-

Pb-HPSCs.[241,261–263] Using an ultra-thin 2D perovskite formed with PEAI molecule resulted in an improvement of 

PCE from 17.90 to 19.40 % along with better operational stability of Sn-Pb-HPSCs.[261] Similarly, trifluoromethyl-

phenylethylamine hydroiodide (CF3-PEAI) isomers were used for forming an ultrathin 2D layer on the surface of Sn-

Pb HP films passivating surface defects.[262] It improved device PCE as high as 20.17 % and retained device stability ~ 

75% of initial PCE after 700 h. It is reported to be a consequence of passivating 2D layer alongside selective tuning of 

the perovskite surface polarity by dipole moment engineering, which facilitates electron transport in the HTL-free Sn-

Pb-HPSCs. A report by Hao and co-workers documented a regulation of the crystallization growth of Sn-Pb- HP on 

the 2D perovskite (4-AMP)PbI4.[263] Although the device PCE (17.70%) is much lower than 2D passivation by 

molecular surface treatment, this approach is effective for mitigating the buried interface defects and forming formation 

of better interfacial contact. Moreover, Tong et al. used a quasi-2D passivation strategy in Sn-Pb-HPSCs.[241] The 

incorporation of mixed bulky organic cations, phenethylammonium (PEA+), and guanidinium (GA+), as additives in 

Sn-Pb perovskite films has resulted in the formation of a quasi-2D structure of (PEA)2GAPb2I7. This approach has 

demonstrated effective defect control, leading to substantial improvements in the structural and optoelectronic 

properties of the perovskite films. By utilizing this 2D additive engineering, the Sn-Pb perovskite films exhibited a 

long bulk carrier lifetime of approximately 9.2 μs and a low surface recombination velocity. These advancements 

ultimately translated into an impressive PCE of 22.1% for single-junction devices. Combining the 2D passivation 

strategy in Sn-Pb-HPSCs, they achieved highly efficient all-perovskite two-terminal tandems with a remarkable 

efficiency of 25.5%, high photovoltage of more than 2.1 V and long operational stability.   

Similar to Sn-HPSCs, only a few studies have been reported on carrier transport engineering.[246,247,264,265] 

The improvement in PCE of Sn–Pb HPSCs has been constrained by the selection of the HTL, particularly PEDOT: 

PSS. Recently, Wang et al. introduced a new alternative, polymer HTL, poly[(phenyl)imino[9-(2-ethylhexyl) 

carbazole]-2,7-diyl] (CzAn) in place of PEDOT: PSS.[247] Sn-Pb -HPSCs with the CzAn HTL demonstrated PCEs as 

high as 22.6% using MA-free Sn-Pb HP films prepared with doping optimization and surface passivation. This notable 

enhancement is primarily attributed to the preparation of MA-free Sn-Pb perovskite with doping and surface passivation 
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techniques, leading to improved crystallinity and reduced trap-state density. In the same line of thinking, Hayase and 

co-workers also explored the HTL engineering using 2-(9H-carbazol-9-yl) ethyl] phosphonic acid (2PACz) as hole 

selective monolayers in Pb-Sn-HPSCs. They demonstrated equivalent PCE (21.39%) to the control device based on the 

PEDOT: PSS, HTL (21.37%). After further effort on hole transport engineering with hybrid HTL, Sn-Pb -HPSCs with 

2PACz and small molecules methyl phosphonic acid (MPA) as the composite HTL, demonstrated a significant 

enhancement in PCE to 23.3% (Figure 9d).[246] Similarly, adopting a heterojunction structure, Zhou et al. demonstrated 

an ideal-bandgap Sn-Pb heterojunction HPSCs of excellent PCE of 24.27% using a near-infrared (NIR) polymer (Figure 

9e, f). The heterojunction structure showed well-watched interfacial band alignment with cascade-like energy which is 

effective for charge-extraction. The NIR polymer is not only benign for harvesting the NIR light response but also has 

a strong interaction with Pb/Sn atoms which mitigates the defects in HP bulk.[71] 

In the line of Pb-free mixed B-site HPSCs,[174,175] only a few works have been reported due to much lower 

efficiency compared to Sn-Pb-based HPSCs. For example, Sn-Ge-alloyed HPSCs have been reported with 5% GeI2 

incorporation which results in PCE of 7.9% with Pb-free B-site alloyed perovskite. It is found that the incorporation of 

GeI2 suppresses the Sn2+ oxidation and recombination centers within the Sn-Ge HP or at hetero-interfaces.[174] Since 

Sn2+ and Ge2+, both cations have facile oxidation during precursor preparation, film processing, and device operation, 

it needs extensive studies for controlling the material stability and film crystallization.   
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Figure 10. Tandem device applications: (a) Schematic illustration of Si/perovskite tandem device configurations. (b) 

PCE limit of the corresponding tandem device configurations with different bandgaps of the top cell obtained by 

detailed-balance calculations. The optimal Eg for the top cell is 1.73 eV (point 1) for a series configuration and 1.81 eV 

(point 2) for the module and 4-T configuration. The dotted line stands for the SQ limit of Si-PV. Reproduced with 

permission.[268] Copyright 2016, American Chemical Society. (c) Detailed balance efficiency limits for a 2-T 

monolithic tandem device (Under standard 1 sun illumination, assuming complete absorption of photons with energy 

higher than the Eg). (d) Under the same assumptions as in (c), with the exception that the thickness of the wide-Eg sub-

cell can be adjusted to allow for the transmission of some photons to the narrow-Eg sub-cell. Reproduced with 

permission.[269] Copyright 2017, American Chemical Society. (e) Schematic illustration of perovskite/perovskite 

tandem solar cell. 

 

6. Tandem Configuration -HPSCs 

Owing to the wider range of bandgap tunability of HPs (~1.18 - 2.3 eV), they have been used for tandem device 

configuration (TDC), both in all perovskite configurations and in hybrid with Si or CIGS cells.[32,239,270,271] Detailed-

balance calculations have shown that the limiting efficiency of a tandem device, considering an infinite number of 

subcells, can reach a demonstrated power conversion efficiency (PCE) of up to 69.9% under standard 1 sun 

illumination.[268,272] In a tandem device, PCE depends on how the subcells are connected. For example, the schematic 

depicted in Figure 10a displays a simple set of three configurations of perovskite/Si tandem devices. Ehrler and co-

worker calculated the limiting PCE of corresponding TDCs showing an optimal PCE of 45.1% for the series and 45.3% 

for the module and 4T configurations (Figure 10b).226 Because of the current matching issue, the series TDC has a 

narrow Eg window (1.57-2.04 eV) for the HP top cells for getting higher PCE than the SQ limit of Si- single junction 

PV while the other the two TDCs demonstrated PCE over the SQ limit of Si-PV with an Eg>1.2 eV. Perovskite/Si 

tandem solar cells fabricated with solution-processed perovskite on textured silicon wafers, have demonstrated 

promising device efficiency by tailoring the quality of the perovskite film.[273–275] Recently, De Wolf and coworkers 

achieved a remarkable record PCE of 33.7% for a perovskite/silicon tandem device which is the best result of all tandem 

configurations.[2]  

Indeed, all-perovskite tandem solar cells offer a compelling combination of low-cost solution processing and 

the potential for achieving high efficiency than Si-perovskite tandem solar cells.[276] Noting that the SQ limit of single-

junction perovskite PCE is up to 33%, it can be scaled up to PCE >45% by combining two perovskite sub-cells having 

narrow and wide Eg in tandem solar cell configuration. A contour plot of tandem device efficiency with varying Eg of 

front and back sub-cells is depicted in Figure 10c. Based on this calculation, we can achieve a PCE of 45.8% by 

matching an absorber layer with Eg ~0.95 eV (narrow Eg) with another absorber with Eg~1.6 eV (wide Eg), assuming 

all incident light is fully absorbed by each sub-cell.[33,269]  However, this narrow widow for high efficiency can be 

widened if the sub-cell thickness can be varied to allow non-complete absorption in the wide-Eg sub-cell.  If the 

absorber thickness is varied, a wide range of Eg can be used to reach theoretical PCEs>40% (Figure 10d). Combining 

a narrow Eg sub-cell of 0.9–1.3 eV and another sub-cell with a wide Eg of 1.4–1.8 eV could result in PCE ≥42%. 

Considering all perovskite TDC (for example, Figure 10e), the tandem solar cells can be obtained by pairing narrow Eg 
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Sn–Pb -based HP (~1.2 eV) and a wide Eg Pb-HP (~1.6-1.8) to achieve PCE ≥40%. By stacking multiple semiconductor 

layers, these cells can absorb a broader spectrum of solar radiation, leading to improved overall power conversion 

efficiency. Due to various hurdles faced with perovskite film growth and connecting carrier transport layer in tandem 

structures, the PCE of tandem devices with all perovskite configurations has not exceeded the Si/perovskite tandem 

device. However, recent reports have demonstrated significant progress on perovskite/perovskite tandem 

devices.[259,277–279] For example, Tan and co-workers have achieved a certified PCE of 26.4% in all-perovskite tandem 

HPSCs with improved grain surface passivation using multi-functional molecules (e.g., 4-trifluoromethyl-

phenylammonium halide) which exceeded the record PCE of the single-junction HPSCs.[280] Furthermore, the same 

group reported all-perovskite tandem HPSCs with 3D/2D bilayer perovskite heterojunction fabricated by adopting a 

hybrid evaporation/solution processing method.[281] This fabrication strategy scaled up to a record-high PCE of 28.5%, 

showing a competitive result to the Si/perovskite tandem solar cells. Despite rapid progress in single junction perovskite 

devices, the PCE of tandem device configuration is still far lower than the theoretical value and offers great promise. 

 

 

 

Figure 11. Schematic illustration of strategies for enhancement of device performance and stability of Pb, Sn, Sn/Pb-

based HPSCs. 

7. Summary and Outlook 
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Halide perovskite-based solar cells have attracted significant attention due to their startling progress in PCEs compared 

to other PV technologies. In the cloud of HPSCs reports, this review discusses research on the fundamental of HPs and 

various methods for advancing the efficiency and stability. The most effective methods for the improvement in device 

efficiency and stability of Pb-HPSCs are summarized in Figure 11. Despite the startling progress of Pb-based HPSCs, 

it has imposed a barrier to the commercial application due to their intrinsic instability and toxicity of Pb. Therefore, 

research on HPSCs focuses on resolving instability and toxicity issues without compromising device performance 

approaching the theoretical limit. Benefiting from a rich understanding of Pb-HPSCs, Sn, and Sn-Pb mixed-HPSCs 

have also achieved significant improvement in device performance and stability by adopting similar techniques for 

material engineering via multifunctional molecular additive and interface passivation/modulation strategies for the 

device fabrication due to similarities in the electronic properties of Pb and Sn.  

As for Pb-HPSCs, the device stability and efficiency have been tailored with chemical engineering and 

interfacial passivation/modulation, but the lead toxicity issue remains to be addressed. Although Sn-HP derivatives are 

the most promising candidates, their device efficiency is almost half of Pb-HSPCs due to facile oxidation and faster 

crystal growth dynamics. These notorious issues of Sn-perovskites have been tried to resolve by introducing reducing 

agents and multifunctional reactive antioxidative additives. Great efforts must be made to inhibit the oxidation of Sn2+ 

by chemical engineering or structural regulation in future research. Noting the optical bandgap, it is expected to get a 

competitive device PCE with Sn-HP having stable Sn2+ oxidation. Benefiting from the progress in Pb or Sn- HPSCs, 

Sn-Pb- based HPSCs have demonstrated a competitive PCE to Pb-HSPCs, but device stability is still not as good as 

Pb-HP. If the problem of Sn oxidation can be overcome, it will lead to a giant leap forward and higher efficiencies than 

Pb-HPSCs. 

Regarding Pb-HPSCs, operational device stability should be the primary focus without compromising device 

efficiency. Despite encapsulation of the device, the intrinsic instability of perovskite bulk and its interface is a big 

challenge to be resolved. Extensive insight into strain engineering via bulk or interface modulation using 

multifunctional molecular additives could be a way to stabilize the perovskite. Interface passivation using stable lower-

dimension materials could be crucial in keeping the perovskite bulk intact. Since ion migration and defects in HP play 

an indelible role, a deeper insight into defect physics and its quenching engineering could give practical ways towards 

highly efficient and stable Pb-HPSCs. 

For Sn-HPSCs, compared to Pb-counterparts, the figures of merit (VOC, short circuit current (JSC), and Fill 

factor) are much lower. Typical devices have VOC (<1 V) with a voltage deficit > 0.45V. Likewise, despite the absorber 

layer with optical bandgap (1.2 -1.4 eV) achieving a JSC as high as ~40 mA/cm2 is possible, the values of reported JSC 

are < 25 mA/cm2 for Sn-HPSCs, which is less than 60% of the theoretical value. These parameters could have been 

limited by defective Sn-HP bulk due to Sn2+ oxidation, and less-optimal carrier transport layer. To minimize the VOC 

loss, firstly, the nonradiative trap density should be controlled by inhibiting oxidation of Sn-HP using a strong reducing 

agent in the precursor solution, multifunctional additive, and interfacial passivation with 2D/3D hybrid composite. 

Secondly, interfacial band alignment with self-assembled monolayer or functional fullerene derivates with suitable 

HOMO and LUMO levels could help for increasing the built-in potential and energy mismatch. Thirdly, the limited 
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thickness of reported Sn-HP films (200-250 nm) is not thick enough for optical absorption. So, getting thicker Sn-HP 

film with high optoelectronic quality is important for obtaining a higher JSC close to the theoretical limit.  

Furthermore, the knowledge in Pb and Sn- HPSCs can be used to further enhancement of the device efficiency 

and stability of mixed Sn/Pb-based HPSCs. The tandem device with perovskite subcells can be further improved by 

optimizing the stack layer quality and interconnecting transport layer engineering. Thus, addressing these issues with 

extensive insight into material chemistry and defect physics, the HPSCs technology will be a reliable and cost-effective 

new-generation PV technology in the near future. 
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