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This review presents a comprehensive overview of recent advance-
ments in eco-friendly lead-free and low-lead perovskite solar cells. It
covers a range of systems, including Sn-based (organic-inorganic
hybrid, low-dimensional, and all-inorganic), Sn-Pb-based (single-
junction and tandem), other metal-based (Ge, Bi, Sb, etc.), and double
perovskite materials. The discussion emphasizes material design,
device performance, stability, and optimization strategies, while also
highlighting the limitations and future prospects of these perovskite
systems.
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ABSTRACT

Perovskite solar cells (PSCs) have attracted significant attention due to their rapid improvements in power conversion effi-
ciency (PCE). However, the environmental hazards of lead-containing perovskites have intensified the need for lead-free
alternatives. This review summarizes recent advances in lead-free and low-lead PSCs, focusing on material design,
performance optimization, and stability enhancement. We first examine tin (Sn)-based perovskites, the most extensively
studied lead-free system. Despite achieving PCEs up to 18%, their practical deployment is limited by Sn* oxidation, high
background carrier density, and restricted long-term stability. Tin-lead (Sn—Pb) mixed perovskites are then discussed as a
low-lead strategy that balances environmental safety with high performance, achieving certified efficiencies exceeding
24% for single-junction cells and over 28% in tandem devices. Other metal-based and double perovskites are also
reviewed, with attention to their electronic structure limitations and potential optimization strategies. Finally, we highlight
the key challenges and future directions. Commercialization remains constrained by issues including material stability,
bandgap tuning, and scalable fabrication. This review provides a comprehensive framework for guiding the development
of efficient, stable, and environmentally benign lead-free PSCs.
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1 Introduction

Amid the global push for sustainable energy solutions,
solar energy has gained significant attention as a clean and
renewable resource. Since the first report of organic-inor-
ganic hybrid perovskite solar cells (PSCs) in 2009" their
rapid improvements in power conversion efficiency (PCE)
have placed them at the forefront of photovoltaic research.
Over the past decade, PCE has increased from 3.8% to over
26%, highlighting their strong potential for practical appli-
cations that may rival conventional silicon-based solar
cells®. Perovskite materials generally follow the ABX,
formula, where A represents an organic or alkali metal
cation (e.g., CH;NH;* (MA*), HC(NH,)," (FA*), or Cs*), B
is a divalent metal cation (e.g., Pb*, Sn*, or Ge*'), and X is
a halide anion (e.g., CI-, Br-, or I) In this structure, the
A, B, and X ions must satisfy the tolerance factor ), typi-
cally ranging from 0.813 to 1.107, defined t = (r,+1y)/
V2(ry +1y), where 7y, rp, and ry denote the ionic radii of
A, B, and X, respectively. PSCs commonly rely on lead
(Pb)-based perovskites such as CH;NH;PbI;¢. However,
the widespread use of lead raises serious environmental

concerns throughout the device lifecycle. Lead leakage can
contaminate soil and water systems, posing risks to ecosys-
tems and human health®.

The preceding discussion highlights the urgent need to
develop environmentally friendly lead-free or low-lead
PSCs. These materials provide a promising approach to
addressing current challenges owing to their structural
diversity. For example, tin (Sn)-based perovskites such as
CsSnl; and MASnI; exhibit crystal structures similar to
those of their Pb-based counterparts!*-'? and possess theo-
retically favorable optoelectronic properties. The smaller
ionic radius of Cs* contributes to lattice stabilization,
thereby improving the structural stability of Sn-based
perovskites to some extent!>”. Furthermore, bandgap
tuning through halide ion substitution enables optimiza-
tion of light absorption under different illumination
conditions. For instance, introducing Br- ions into
CH,;NH,;Snl; increases the bandgap from approximately
1.3 eV to about 2.15 eV, which can improve PCE by
adjusting the absorption range within the visible
spectrum!"l. However, despite their promising theoretical
optoelectronic properties, pure Sn-based perovskites

Received: December 16, 2025 / Revised: February 20, 2026 / Accepted: March 9, 2026

*‘Address correspondence to Guibin Shen, guibin.shen@ntu.edu.sg; Xin Li, xin_li@hust.edu.cn; Junyou Yang, jyyang@mail.hust.edu.cn

D fF2 7w | Sci®pen


https://doi.org/10.26599/EMD.2026.9370089
mailto:guibin.shen@ntu.edu.sg
mailto:xin_li@hust.edu.cn
mailto:jyyang@mail.hust.edu.cn

https://doi.org/10.26599/EMD.2026.9370089

exhibit poor stability and limited charge-carrier mobility,
which hinder their practical application. Compared with
fully lead-free perovskites, controlled lead incorporation
(i.e., low-lead perovskites) has been shown to effectively
mitigate these limitations. In particular, Sn-Pb alloyed
perovskites exhibit strong potential for commercialization.
The introduction of an appropriate amount of lead can
partially compensate for the poor stability and low carrier
mobility of pure Sn-based perovskites!!. Moreover, opti-
mization of the Sn/Pb composition ratio can enhance PCE
while reducing environmental concerns associated with
high lead content!. In this context, Sn-Pb PSCs have
achieved power conversion efficiencies exceeding 20% and
demonstrated significantly improved stability through
precise tuning of the Sn/Pb ratio, together with interface
engineering and quantum dot doping. For example, one
study reported that encapsulated devices retained 90% of
their initial efficiency after 795 h under simulated one-sun
illumination"?, providing strong support for their poten-
tial industrial scalability.

Other metal-based perovskites also offer distinct advan-
tages. For example, Bi-based perovskites such as Cs;Bi,l,
exhibit excellent air stability and strong resistance to
degradation under humid conditions!”, making them
promising candidates for long-term outdoor applications
without complex encapsulation. In addition, recent first-
principles studies have examined a series of Cs,BBX,
double perovskites and explored their potential as lead-
free photovoltaic materials with favorable optoelectronic
propertiest®.. These materials exhibit tunable bandgaps
spanning the visible to near-infrared regions and rela-
tively low charge-carrier effective masses, which support
efficient charge transport and extraction.

Several previous reviews have examined specific aspects
of lead-free PSCs, often focusing on particular material
families such as Sn-based or double perovskites. However,
a comprehensive comparative analysis covering the full
spectrum of lead-free and low-lead systems, including Sn-
based, Sn-Pb hybrid, other metal-based, and double
perovskites, remains limited. This review summarizes the
development of these systems, discusses current research
bottlenecks, and highlights prospective directions with
realistic potential for large-scale commercialization. The
following sections review recent progress in lead-free
PSCs, with emphasis on Sn-based and Sn-Pb alloyed
perovskites, while briefly discussing other metal-based and
double perovskite systems in the final section.

2 Sn-based PSCs

Sn-based PSCs have emerged as a promising research
direction within the field of lead-free perovskites and have
attracted increasing attention in recent years. These mate-
rials share the same general chemical formula, ABX;!", as
their Pb-based counterparts. Owing to their unique mate-
rial properties, Sn-based perovskites provide a potential
strategy to mitigate the environmental concerns associ-
ated with conventional lead-containing PSCs. In addition,
organic-inorganic hybrid perovskites, low-dimensional Sn
halide perovskites, and all-inorganic Sn halide perovskites
exhibit diverse structural forms and offer several advan-
tages that have attracted significant research interest
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worldwide. This section presents an overview of recent
advances in Sn-based PSCs.

2.1 Sn-based organic-inorganic hybrid perovskite

Sn-based organic-inorganic hybrid perovskites represent a
major class of materials in lead-free PSCs, in which the A-
site is occupied by organic cations and the B-site is occu-
pied by Sn* ions. In 2014, Noel et al. reported the first
fully lead-free CH;NH,Snl; perovskite solar cell, achiev-
ing a maximum PCE of 6.4% by spin-coating the
perovskite precursor solution onto a mesoporous TiO,
layer”. CH;NH,Snl; adopts a tetragonal crystal phase
similar to that of the widely studied CH;NH,PbX;
perovskites (Fig. 1a), indicating that substitution of the
central metal cation does not significantly alter the overall
perovskite crystal framework. However, these materials
still suffer from short charge-carrier diffusion lengths and
poor stability, highlighting the need for further improve-
ment. Similarly, Hao et al. introduced Br~ ions to partially
substitute I~ in CH,;NH,Snl;, producing a series of
CH;NH,;Snl;_Br, (x = 0, 1, 2, 3) perovskites with tunable
bandgaps!'!. Figure 1b shows a representative cross-
sectional scanning electron microscopy (SEM) image of a
typical solar cell device. As shown in Fig. 1c, the absorp-
tion onset of CH;NH,Snl, ,Br, shifts from 954 nm
(1.30 eV for CH;NH,Snl;) to 577 nm (2.15 eV for
CH;NH;SnBr;), demonstrating significant tunability of the
optical properties of these perovskite photovoltaic materi-
als (illustrated in the right panel of Fig. 1b). The interme-
diate mixed-halide perovskites CH;NH;SnI,Br and
CH;NH,SnIBr, exhibit absorption onsets at 795 nm
(1.56 V) and 708 nm (1.75 eV), respectively.

The band alignment diagram indicates an increase in
the bandgap (E,) of CH;NH;Snl;_,Br, compounds, which
is attributed to an upward shift of the conduction band
with increasing Br/I ratio, while the valence band remains
nearly unchanged (Fig. 1d). This bandgap widening leads
to a higher open-circuit voltage (V,.) but a lower short-
circuit current density (J,.). Notably, the device based on
CH;NH,;SnIBr, achieved the highest PCE of 5.73%!". In
addition, solvent evaporation can adversely affect the
formation of uniform, pinhole-free MASnl; perovskite
films. Rapid solvent evaporation promotes the formation
of Snl, and methylammonium iodide (MAI) precursor
phases during film formation, which differs from the crys-
tallization behavior observed in the MAPDI; system!”.
This observation highlights the critical role of solvent engi-
neering in improving film quality. Four commonly used
high-polarity solvents—dimethyl sulfoxide (DMSO),
N,N-dimethylformamide (DMF), N-methyl-2-pyrrolidone
(NMP), and y-butyrolactone (GBL)—strongly influence
the crystallization behavior of MASnI; perovskite films
primarily through their Lewis base coordination with Sn*
and the resulting halide complexes. For example, DMSO
stabilizes the intermediate Snl,-3DMSO phase and facili-
tates the formation of highly uniform, pinhole-free
CH,;NH,;Snl; films, resulting in a record photocurrent
density of up to 21 mA cm? (Fig. le)™. Weiss et al.
employed a two-step fabrication process for CH;NH,;SnI,
light-absorbing layers, in which a tin iodide (Snl,) layer
deposited by physical vapor deposition reacts with a spin-
coated MAI solution®. The resulting films exhibited
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Figure 1 (a) Crystal structure of CH;NH;SnI;. Reproduced with permission from Ref. [10] ©2014, The Royal Society of Chemistry. (b)
Representative cross-sectional SEM image of a completed photovoltaic device based on CH;NH,Snl;. (c) Absorption spectra of
CH;NH,;Snl;_Br, perovskites. (d) Energy-level diagram of CH;NH;SnI;_Br, with TiO, and spiro-OMeTAD as the hole-transporting
material. Reproduced with permission from Ref. [11] ©2014, Springer Nature Limited. (e) Schematic illustration of CH;NH,Snl;
perovskite film formation from Snl, via the Snl,-3DMSO intermediate. Reproduced with permission from Ref. [19] ©2015, American
Chemical Society. (f) Schematic of the sequential evaporation fabrication process. Reproduced under the CC BY-NC 3.0 license from

Ref. [21] ©2016, The Royal Society of Chemistry.

complete surface coverage, with tin predominantly in the
Sn?* oxidation state, and showed improved environmental
stability. These results indicate that vapor-phase deposi-
tion is a promising approach for producing uniform and
compact CH;NH,Snl; films. Similarly, Jung et al. fabri-
cated planar MASnBr; PSCs using both co-evaporation
and sequential evaporation methods, achieving power
conversion efficiencies of 0.35% and 1.12%, respectively
(Fig. 1)1, Among the materials reported in the aforemen-
tioned studies, CH;NH,Snl; demonstrated the best device
performance, achieving a maximum PCE of 6.4%, higher
than that of CH;NH,;SnIBr, (5.73%) and CH;NH;SnBr;
(less than 2%). When combined with DMSO-based solvent
engineering, the photocurrent density reached up to
21 mA cm? indicating promising practical potential.
Although mixed-halide variants offer tunable optical prop-
erties, their current efficiency trade-offs make them less
competitive than CH;NH;Snl;.

When the smaller methylammonium cation (MA*) in
MASnI; is replaced by the larger formamidinium cation
(FA"), the resulting FASnI; material exhibits a bandgap of
1.41 eV (Fig. 2a), which is slightly larger than that of
MASnI; and slightly smaller than that of FAPbI,
(1.47 eV)=. Experimental studies by Dang et al. reported
that FASnl; possesses a remarkably low trap density
(~10" cm)24, which contributes to improved resistance to
moisture and oxygen and thus enhances ambient stability
compared with MASnI;***!. Koh et al. reported the first
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FASnI;-based solar cell incorporating SnF,, achieving a
PCE of 2.1%". X-ray photoelectron spectroscopy (XPS)
analysis indicated the presence of only Sn*, with no
detectable Sn* signal. This result suggests that the Sn in
the perovskite films remained predominantly in the unoxi-
dized Sn** state, which is beneficial for device performance
(Fig. 2b). An additional observation was that the color of
the FASnl; precursor solution changed from yellow to
orange after being left overnight. The addition of SnF, (10,
20, 30, or 40 mol%) improved solution stability, as the
mixed solutions retained their yellow color after overnight
storage. XPS analysis was performed on pure FASnl; films
and FASnI; films containing 20% SnF, prepared from
solutions stored overnight, as shown in Fig. 2c. However,
higher concentrations of SnF, led to significant phase
segregation within the perovskite film, ultimately reduc-
ing device performance (Figs. 2d-2f). To address this
issue, Lee et al. introduced pyrazine into the precursor
solution (DMF/DMSO) and fabricated high-quality
FASnI, films with excellent surface coverage and uniform
morphology?®!. In this process, the nitrogen atoms in
pyrazine coordinate with Sn*, which helps suppress phase
separation and passivate Sn vacancies. This strategy
produced dense, pinhole-free FASnI; layers and yielded a
PCE of 4.8%". Subsequently, Liao et al. reported efficient
planar inverted FASnl; solar cells prepared through
solvent engineering, achieving a PCE of 6.22%"". Building
on these advances, Ke et al. incorporated ethylenediamine
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Figure 2 (a) Tauc plot of the FASnI; film showing the absorption onset, with the inset displaying an image of the FASnI; film. (b) XPS
spectra of FASnI;:20%SnF, and pure FASnl; films deposited from precursor solutions stored overnight under glovebox conditions,
where the latter shows a pronounced Sn* signal. (c) Photographs showing the color change of the FASnI; precursor solution without
SnF, addition. Top-view FESEM images of FASnI; (d) and FASnI;:20%SnF, (e) perovskite films deposited on a mesoporous TiO, layer.
(f) Enlarged view of the nanoplatelet-like structure observed on the surface of FASnI;:30%SnF,. Reproduced with permission from Ref.
[22] ©2015, The Royal Society of Chemistry. (g) High-resolution X-ray photoelectron spectra (Sn 3d) of the surface of E1Gx films with
x =0, 10, 20, and 30 (EyGx denotes GA,FA,_, , Snl;  EDAI). Reproduced with permission from Ref. [33] ©2018, WILEY-VCH Verlag

GmbH & Co. KGaA, Weinheim.

(en) cations into Sn-based perovskites, where en acts as an
additional A-site component within the FASnl; frame-
work, forming a mixed perovskite {en}FASnI;*. This
modification enabled bandgap tuning from 1.3 to 1.9 eV,
and resulted in a PCE of 6.63% for the device containing
10% en compared with pristine FASnI;.

In addition to the strategies discussed above, mixed-
cation metal halide perovskites have been widely employed
in Pb-based PSCs and have inspired similar approaches for
Sn-based systems®. For example, Liu et al. demon-
strated that MA and Cs can function as mixed A-site
cations in Sn-based perovskites!. However, unoptimized
MA,4Csy,Snl; solar cells achieved a PCE of only 0.33%.
Subsequently, Zhao et al. reported a 3D Sn-based
perovskite incorporating mixed MA and FA cations®?,
demonstrating that the FA-to-MA ratio significantly influ-
ences the material’s optical properties and bandgap. The
combined use of FA and MA improved film morphology
and reduced charge-carrier recombination, resulting in a
maximum PCE of 8.12% for FA,,;MA(,Snl; with
10 mol% SnF,. Beyond commonly used cations such as
MA, FA, and Cs, researchers have also explored the incor-
poration of other organic cations. For example, Jokar et al.
introduced varying amounts of the guanidinium cation
(GA) into the FASnI; perovskite structure, together with
1% ethylenediammonium diiodide (EDAI,) as an additive

(&) 22w | Sci@pen

(Fig. 2g)*!. The optimal performance was achieved at a
precursor ratio of guanidinium iodide (GAI) to formami-
dinium iodide (FAI) of 20:80, yielding an initial PCE of
8.5%, which increased to 9.6% after 2000 h of storage in a
glovebox. To date, the highest efficiencies in Sn-based
PSCs have generally been reported for mixed-cation
systemst. Wang et al. further improved device perfor-
mance by introducing a novel additive, 5-mercapto-1-
methyltetrazole tin salt (SnT,). This additive modulated
the bulk energy levels of the perovskite, with the valence
and conduction bands shifting downward by 0.11 and
0.07 eV, respectively, thereby improving energy-level
alignment with the charge-transport layers while simulta-
neously passivating iodine and tin vacancies. As a result,
SnT, promoted grain growth (from an average of 284 to
417 nm) and reduced film roughness, leading to a PCE of
15.33%"4.

Although Sn-based organic-inorganic hybrid perovs-
kites such as CH;NH,Snl; exhibit promising optoelec-
tronic properties and offer a potential alternative to Pb-
based perovskites, significant challenges remain. Poor
stability and limited charge-carrier mobility continue to
hinder their practical application. While strategies such as
halide substitution and solvent engineering have led to
some improvements, further optimization is required to
overcome instability and limited device efficiency. Future
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research is expected to focus on improving film quality,
enhancing material stability, and optimizing interface
engineering to increase device efficiency and reliability for
large-scale commercialization.

2.2 Low-dimensional Sn halide perovskite

The development of Sn-based organic-inorganic hybrid
perovskites has shown significant potential for addressing
the toxicity concerns associated with Pb-based materials.
However, these materials still face several limitations. An
alternative strategy involves low-dimensional Sn halide
perovskites, which may improve the stability and perfor-
mance of Sn-based perovskite devices. Low-dimensional
Sn halide perovskites generally refer to two-dimensional
(2D) or quasi-2D structures that exhibit distinct structural
and electronic characteristics compared with their 3D
counterparts. Studies have shown that the incorporation of
larger spacer cations can significantly enhance the stabil-
ity of Sn-based perovskites**.. In particular, bulky organic
ammonium cations such as phenylethylammonium (PEA),
butylammonium (BA), 2-hydroxyethylammonium (HEA),
and guanidinium (GA) have been reported to suppress
moisture ingress at the edges of layered Pb-based
perovskites, thereby improving the stability of films and
devices. These large organic cations typically act as spacer
layers between perovskite slabs, resulting in the formation
of layered perovskite structures®!. This strategy can read-
ily lead to the formation of low-dimensional (quasi-2D)
and mixed-dimensional (2D/3D) perovskite structures, as

n=3

2D Perovskite
(A)m(A)n-1BrnXanes

4ﬁ%¢~$iii

Large organic spacer A'

QSmaII orgamc ca(lon A 4
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illustrated in Fig. 3a. In general, 2D perovskites can be
described by the formula (A"),,(A),_B,Xs,,1, where A’
represents a bulky organic spacer cation. Depending on its
valence, monovalent (m = 2) or divalent (m = 1) cations
can be inserted between the anionic layers of the
perovskite sheets®””. Layered 2D halide Pb-based
perovskites were first reported for PSC applications in
2014. For example, Smith et al. fabricated 2D layered
perovskites using PEA and MA cations as the absorber
layer, achieving a PCE of 4.73% with a high open-circuit
voltage of 1.18 V and excellent moisture resistance in
(PEA),(MA),[PbsI,] PSCs®. The promising performance
of these 2D halide Pb-based perovskites has stimulated
further investigation of analogous 2D Sn-based systems.
For instance, Cao et al. demonstrated that 2D Sn-based
perovskite (BA),(MA),_Sn,l;,,, solar cells exhibit
improved performance and stability compared with their
3D counterparts®.

Liao et al. reported the incorporation of mixed FA and
PEA cations in low-dimensional Sn-based perovskites,
where PEA functions as an organic spacer. As the PEAI
content increases, the perovskite film evolves from a 3D
structure to a mixed 2D/3D phase and eventually to a pure
2D structure (Fig. 3b). These low-dimensional Sn
perovskites, protected by PEA spacer layers, exhibit signif-
icantly improved stability in ambient air compared with
their 3D counterparts. Furthermore, the orientation of
perovskite domains can be controlled by adjusting the
PEA ratio. A highly vertically oriented perovskite film was

3D Perovskite

ABX,4 b PEAI %
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80 /O I\‘.\1 ‘.\, J..\

- 28 LY
100% *oandansie:
-5 )

AL
EOBREE

FA*
4 Szt I
o PEA*

Figure 3 (a) Schematic illustration of the structural evolution from 2D to 3D perovskites.Reproduced with permission from Ref. [37]
©2019, American Chemical Society. (b) Crystal structures of FASnl;, (PEA),Snl,, and mixed FA-PEA Sn perovskites. Reproduced with
permission from Ref. [39] ©2017, American Chemical Society. (c—e) Crystal orientation, dimensionality, and phase distribution of 2D
perovskite films using different spacer cations: (c) BA, (d) OA, and (e) DA. Reproduced with permission from Ref. [40] ©2020, Ameri-
can Chemical Society. Schematic illustration of moisture and oxygen diffusion in 3D (f) and 2D (g) Sn-based perovskites. Adapted with
permission from Ref. [36] ©2024, The Royal Society of Chemistry and the Chinese Chemical Society.

TS it

| Sci®pen

9370089 (5 of 24) (&



https://doi.org/10.26599/EMD.2026.9370089

obtained with 20% PEA incorporation, which not only
improved stability but also facilitated charge transport.
Consequently, FASnI; PSCs containing 20% PEA achieved
a maximum PCE of 594% with enhanced device
stability®!. Recently, Li et al. investigated the influence of
alkyl chain length on the crystal growth of 2D Sn-based
perovskites by introducing different alkylammonium
spacer cations—butylammonium (BA), octylammonium
(OA), and dodecylammonium (DA)—to fabricate 2D Sn
perovskite films!“. Their results indicate that shorter alkyl
chains promote vertical crystal growth, which suppresses
Sn* oxidation and improves charge transport. In contrast,
longer alkyl chains favor horizontal crystal growth, which
adversely affects device performance, as illustrated in
Figs. 3c-3e. Consequently, PSCs based on BA achieved the
highest PCE of 4.04% with minimal hysteresis*!.

Recently, Li et al. introduced PEACI to synthesize 2D Sn-
based perovskites and investigated the effect of annealing
temperature on crystal orientation within the perovskite
films!®!. Their results showed that the proportion of the
low-n 2D phase decreases with increasing annealing
temperature (100 °C), while vertically oriented high-n 2D
crystals become dominant. This vertical orientation is
advantageous for charge transport. Similarly, Yu et al.
significantly improved the performance of Sn-based PSCs
by introducing a 2D/3D heterostructure, achieving an effi-
ciency of 9.1%!“. In this approach, 4-fluorophenylethy-
lammonium bromide (FPEABr) partially replaced FAI in
FASnI; to form a heterostructure in which 2D phases
encapsulate the 3D grains and are located at surfaces and
grain boundaries. This structure effectively suppressed Sn**
oxidation, reducing the Sn* content from 15.8% to 7.8%,
and decreased defect density, with trap density reduced
from 6.20 x 10" cm™ to 3.32 x 10" cm~. Consequently, the
optimized 2D/3D film improved energy-level alignment
and carrier extraction efficiency, increasing device perfor-
mance from 9.38% to 14.81%. In 2025, Chen et al. intro-
duced spatially isomeric fulleropyrrolidines (PPF2, PPF3,
and PPF4) as additives in Sn-based PSCs to regulate the
crystallization process. By varying the spatial distance
between the pyridine groups, these fulleropyrrolidines
effectively control the colloid size in the perovskite precur-
sor solution, thereby slowing the crystallization process
and enabling the formation of high-quality films with
reduced defect density and lower exciton binding energy.
The device incorporating PPF4 achieved a certified effi-
ciency of 16.05%, surpassing the 16% efficiency threshold
for Sn-based PSCs for the first time. Recently, Li et al.
developed a strategy to enhance the performance and
stability of inverted Sn-based PSCs by introducing a
molecular film at the buried interface to optimize the hole
transport layer (HTL)®!. Based on (E)-(2-(4’,5-bis(4-
(bis(4-methoxyphenyl)amino)phenyl)-[2,2’-bithiophen]-5-
yl)-1-cyanovinyl)phosphonic acid (MBP), this interfacial
layer improves hole extraction and film quality. As a
result, the device achieved a record PCE of 17.89% (certi-
fied 17.71%) for small-area devices and 14.40% for large-
area (1 cm?) devices, representing the highest reported efti-
ciency in this field. The enhanced stability of 2D Sn-based
perovskites can be attributed to both increased crystallo-
graphic rigidity and the physical barrier effect provided by
hydrophobic organic spacer layers. These bulky organic

Sci@pen

layers form alternating inorganic-organic stacking struc-
tures that effectively inhibit the diffusion of oxygen and
moisture toward the Sn*-containing octahedral frame-
work (Figs. 3f and 3g). By restricting the penetration of
external oxidants into the lattice, the oxidation of Sn* to
Sn* can be significantly suppressed.

Low-dimensional Sn halide perovskites, including 2D
and quasi-2D structures, provide a promising pathway for
improving the stability of Sn-based perovskites. These
materials exhibit enhanced resistance to moisture ingress
and improved structural stability, making them attractive
candidates for long-term applications. Consequently, they
have become an increasingly common focus in the devel-
opment of Sn-based perovskite materials. Looking ahead,
optimizing the dimensional structure of perovskites may
enable the simultaneous improvement of stability and effi-
ciency while facilitating better charge-carrier transport. In
addition, further investigations into the mechanisms asso-
ciated with different organic spacer cations would provide
valuable insights for the rational design of high-perfor-
mance Sn-based perovskite solar cells.

2.3 Sn-based all-inorganic halide perovskite

Cesium tin halides, particularly CsSnl;, have recently
attracted significant attention due to the suitability of the
Cs* ion for forming a stable 3D perovskite structure, as
predicted by the tolerance factor (f). In this context,
CsSnX; (where X = I, Br) are inorganic Sn-based
perovskites that exhibit optical and electronic properties
comparable to those of FASnI; and MASnI;. Notably, the
fully inorganic perovskite CsSnl; demonstrates improved
thermal stability compared with mixed organic-inorganic
Sn halide perovskites'. Scaife et al. first reported the char-
acterization of halide Sn-based perovskites, including the
fully inorganic CsSnX; compounds, in 19749, Subse-
quently, Chen et al. demonstrated the use of CsSnl; as a
solar cell absorber layer®®. In their study, a simple layered
Schottky solar cell structure consisting of indium tin oxide
(ITO)/CsSnl;/Au/Ti on a glass substrate was fabricated,
achieving a PCE of 0.9% (Fig. 4a). Later, Kumar et al.
reported CsSnl;-based PSCs with a mesoporous device
architecture!®.. However, pure CsSnl; may not be suitable
as a solar cell absorber due to its high carrier concentra-
tion arising from intrinsic Sn vacancies. To improve device
performance, the incorporation of SnF, into CsSnl; has
been widely employed to suppress the formation of Sn
vacancies and increase film resistance. In this regard,
CsSnl; PSCs containing 20% SnF, exhibit a broad absorp-
tion range extending to approximately 950 nm, achieving a
PCE of 2.02% and a J,. of up to 22.7 mA cm- (Figs. 4b and
4¢). In addition, the bandgap of CsSnX; can be tuned from
1.3 eV for CsSnl; to 1.7 eV for CsSnBr; (Fig. 4d)tosi,
Correspondingly, the crystal structure transitions from an
orthorhombic structure in CsSnl; to a cubic structure in
CsSnBr; (Figs. 4d and 4e).

CsSnl;, CsSnBr;, and their mixed-halide variants are
promising candidates for solar cell applications due to
their favorable thermal and ambient stability. Notably,
increasing the annealing temperature can significantly
enlarge the grain size of CsSnl; films (Fig. 4f)"*. This
controlled grain growth, combined with optimized energy
band alignment at device interfaces, facilitates more effi-
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Figure 4 (a) Device structure of a Schottky solar cell based on CsSnl; perovskite. Reproduced with permission from Ref. [48] ©2012,
American Institute of Physics. (b) J-V curves of photovoltaic devices demonstrating the effectiveness of SnF, incorporation. (c) Repre-
sentative incident photon-to-current efficiency (IPCE) spectra of 20% SnF,-CsSnl; devices, showing a photocurrent response extending
into the infrared region (~950 nm). Reproduced with permission from Ref. [49] ©2014, WILEY -VCH Verlag GmbH & Co. KGaA,
Weinheim. Bandgap variation (d) and XRD patterns (e) of CsSnl;_,Br, (x = 1, 2, 3). Reproduced with permission from Ref. [51] ©2015,
American Chemical Society. (f) SEM images of B-y-CsSnl, films treated at different temperatures for 2 min. Reproduced with permis-
sion from Ref. [52] ©2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (g) '"H NMR spectra of CBZ, CsSnl;, and CsSnl;:CBZ
samples in DMSO-d6 solution. Reproduced with permission from Ref. [55] ©2023, Wiley-VCH GmbH.

cient electron and hole extraction. As a result, CsSnl;-
based PSCs have achieved a record-high PCE of 3.31%
with a V. of 0.52 V, highlighting the importance of
microstructure engineering and rational device design for
high-performance lead-free CsSnl; solar cells. Recently,
Marshall et al. reported the successful incorporation of
SnCl, additives into CsSnl;-based PSCs, achieving a best-
performing device with a PCE of 3.56%**. In addition, Yin
et al. proposed the use of thiourea derivatives as surface
passivation agents to enhance the optoelectronic proper-
ties of CsSnl; perovskite films®!. In this approach, Sn*-
related defects present at both the surface and within the
perovskite grains are effectively passivated, thereby reduc-
ing defect density and improving device performance. The
resulting all-inorganic CsSnl; solar cells exhibited a PCE of
8.20% with improved stability, and the performance and
stability of inorganic CsSnl; PSCs were further enhanced
by introducing the bifunctional additive carbazole
(CBZ)"*. The -NH, and -CO functional groups of CBZ
coordinate with Sn* to form five-membered ring struc-
tures (Fig. 4g), which delay crystallization and promote the
formation of pinhole-free films, reducing the surface
roughness from 43 to 16 nm. Moreover, a two-step anneal-
ing process (80 °C for pre-crystallization and 150 °C for
reduction) effectively removes uncoordinated CBZ and
reduces Sn* to Sn* at elevated temperatures, decreasing

9370089 (7 of 24)

the Sn*/Sn* ratio from 0.85 to 0.20. After optimization,
the device achieved a PCE of 11.21% (certified PCE of
10.90%) with a V. of 0.73 V and a J. of 21.38 mA cm2,
However, the intrinsic instability of Sn*, which readily
oxidizes to Sn*, results in p-type self-doping in CsSnl;
perovskites®>?. To address interfacial losses, Yu et al
introduced tetramethylcyclobutadiene-Cy, (TMCB) as a
novel electron-transport layer (ETL) for CsSnl;-based
PSCs®. By optimizing the energy-level alignment between
the ETL and the perovskite layer, TMCB significantly
reduces voltage losses and nonradiative recombination at
the interface. Consequently, the CsSnl;-based device
incorporating TMCB achieved a record PCE of 14.95%
with a high V.. of 0.81 V, representing the highest
reported efficiency for CsSnl; solar cells.

Compared with the previously discussed materials, all-
inorganic Sn-based perovskites exhibit considerable appli-
cation potential owing to their superior thermal stability
and enhanced resistance to moisture. However, challenges
such as limited charge-carrier mobility and the oxidation
of Sn** remain critical issues that restrict their efficiency
and long-term stability. Despite recent advances, includ-
ing surface passivation and the incorporation of SnF, addi-
tives, the relatively lower performance of these materials
compared with their Pb-based counterparts indicates that
further strategies are required. These may include grain
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size engineering and improved control over the crystalliza-
tion process.

To address the complex oxidation processes in Sn-based
perovskites, researchers have explored various strategies,
including additive engineering, surface passivation, and
the fabrication of low-dimensional perovskites. These
approaches can effectively suppress Sn* oxidation and
reduce trap defects, thereby improving the operational
stability and performance of Sn-based PSCs. One widely
adopted strategy is the incorporation of antioxidant addi-
tives. For example, the addition of SnF, to SnX, (where
X = F, Cl) systems can effectively inhibit the oxidation of
Sn** to Sn*, thereby reducing the background carrier
density. In addition to inorganic additives, hydrazine
and other organic additives have also been reported to
suppress Sn oxidation in SnX, and their derivatives. In
particular, hydrazine and its derivative, hydrazinium dihy-
drochloride, can suppress the formation of Sn* impurities,
thereby passivating defect states and reducing hysteresis in
Sn-based PSCs"®. Furthermore, while antioxidant addi-
tives primarily suppress the oxidation of Sn* in Sn-based
PSCs, surface passivation strategies mitigate the detrimen-
tal effects of defects at grain boundaries and at the inter-
faces between the perovskite layer and charge-transport
layers (CTLs)®". In this context, the development of low-
dimensional perovskites has also proven effective in
enhancing the stability and performance of Sn-based
perovskites!“-*. Recent advancements in interface engi-
neering for high-efficiency Pb-based PSCs have demon-
strated that strategies such as interface dipole modulation,

energy-level alignment, and molecular passivation play
critical roles in suppressing nonradiative recombination.
Although these studies primarily focus on Pb-based
systems, the underlying principles, including interfacial
modification, the construction of electron-transport
bridges, and the optimization of energy-level alignment,
are also applicable to lead-free PSCs. Therefore, integrat-
ing these well-established interfacial engineering strategies
into Sn-based and other lead-free systems may provide an
effective pathway for further enhancing device perfor-
mance®®. For a comprehensive comparison, the photo-
voltaic performance parameters of representative Sn-based
PSCs are summarized in Table 1 . Despite the increasing
research efforts in this field, the efficiency of Sn-based
PSCs remains significantly lower than that of their Pb-
based counterparts, and these devices continue to suffer
from poor ambient stability.

3 Sn-Pb-based PSCs

3.1 Sn-Pb-based single-junction cells

Although the development of completely lead-free
perovskites remains the ultimate goal, low-lead Sn-Pb
hybrid perovskites represent an important intermediate
strategy for balancing environmental concerns with high
device performance and stability. The moderate incorpo-
ration of Pb has proven effective in addressing several
challenges associated with pure Sn-based perovskites. On
the one hand, Pb incorporation compensates for the poor

Table 1 Performance summary of representative Sn-based PSCs

Type Device structure Voe V) Je(mAcm?) FF (%) PCE (%) Ref.
FTO/c-TiO,/mp-TiO,/MASnl;/spiro-OMeTAD/Au 0.88 16.8 42 6.4 10
FTO/c-TiO,/mp-TiO,/MASnIBr,/spiro-OMeTAD/Au 0.82 12.3 57 5.73 11
FTO/c-TiO,/mp-TiO,/MASnl;/spiro-OMeTAD/Au 0.32 21.4 46 3.15 19

FTO/c-TiO,/MASnBr;/P3HT/Au 0.41 2 41 0.35 21

FTO/c-TiO,/MASnBr;/P3HT/Au 0.498 4.27 49.1 1.12 21

Sn-based organic-inorganic FTO/c-TiO,/mp-TiO/FASnI,/spiro-OMeTAD/Au 0238 2445 36 21 2

hybrid perovskite

ITO/PEDOT:PSS/FASnI;/Cy/BCP/Ag 0.465 22.07 60.67 6.22 27
FTO/c-TiO,/mp-TiO,/{en}MASnI;/PTAA/Au 0.429 24.28 63.72 6.63 28
ITO/PEDOT:PSS/(FA)75(MA)5SnI;/Cyo/BCP/Ag 0.61 21.2 62.7 8.12 32
ITO/PEDOT:PSS/GA,FAsSnl;+1%EDAIL/Cg/BCP/Ag 0.619 21.2 72.9 9.6 33
FTO/PEDOT:PSS/(Cs) 02(FAgsDEA 1 )095)006EDAg 01 SnI;/Coo/ BCP/AG  0.8426 24.72 736 1533 34
ITO/NiO,/(PEA),(FA),_,Sn,l;,.,/PCBM/Al 0.59 14.44 69 5.94 39
FTO/c-TiO,/mp-TiO,/(BA),(FA),_,Sn,I;,,,/PTAA/Au 0.42 23.98 40 4.04 40

Low-dimensional Sn ITO/NIO,/(PEA),(FA), ,Sn,1,,1/Ce/BCP/Ag 0.59 22.03 69 91 42
halide perovskite ITO/PEDOT:PSS/(FPEA),(FA),_,Sn,L,,,/ICBA/BCP/Al 0.84 24.91 71 1481 43
ITO/PEDOT:PSS/PEA, ,5F Ay 45SnL;/CooBB/PCBM/BCP/Ag 0.86 26.17 7135 1605 44

ITO/NiO,/MBP/PEA, ,FA,,SnL,/ICBA/BCP/Ag 0.99 22.48 80.66 17.89 45
FTO/c-TiO,/mp-TiO,/CsSnl;/spiro-OMeTAD/Au 0.24 22.7 37 2.02 49

ITO/NiO,/CsSnl;/PCBM/Al 0.52 10.21 62.5 3.31 52

) ) ITO/CsSnl;/PCBM/BCP/AlL 0.5 9.89 68 3.65 53

Snﬁ’:hs;j ;ilr'(‘)’i‘s’lrdg;mc ITO/PEDOT:PSS/CsSnl,/Cq,/BCP/Cu 0.63 19.7 66.1 82 54
ITO/NiO,/CsSnl;:CBZ /ZnO/PCBM/Ag 0.73 21.38 71.99 10.9 55

ITO/PTAA/CsSnl,Br /ICBA/BCP/Ag 0.75 22.2 71.29 11.87 56

ITO/PEDOT:PSS/CsSnl;/TMCB/BCP/Ag 0.81 24.95 0.74 14.95 57

({27 mm | Sci@pen

9370089 (8 of 24)


https://doi.org/10.26599/EMD.2026.9370089

Energy Mater. Devices 2026, 4(1), 9370089

stability and low carrier mobility of pure Sn-based
perovskites; on the other hand, optimizing the composi-
tional ratio enables high photovoltaic performance while
minimizing lead content. This approach therefore allows
high device efficiency while reducing lead-related environ-
mental concerns. In this context, Sn-Pb-based PSCs,
particularly CH,NH,Sn,Pb,_I;, have demonstrated
extended light absorption compared with pure Pb-based
systems. For example, CH;NH;Sn, sPb, sI; exhibits a maxi-
mum absorption wavelength of up to 1060 nm as a result
of significant bandgap tuning achieved by incorporating
Sn into CH;NH,PbI, (Fig. 5a)¢).  Similarly,
CH,NH;Sn,Pb,_I; perovskites display unusual bandgap
behavior in which the bandgap decreases with increasing
Sn content (Fig. 5b). A pronounced bandgap bowing effect
has been observed in these mixed Sn-Pb perovskites, devi-
ating from Vegard’s law!®. Consequently, the bandgap can
be tuned within the range of approximately 1.2-1.6 eV
(Fig. 5¢), making these materials attractive light absorbers
approaching the Shockley-Queisser efficiency limit for
single-junction solar cells®!. However, many early devices
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employed TiO, as the ETL, which requires high-tempera-
ture annealing during fabrication. This processing require-
ment imposes strict substrate limitations and restricts the
development of low-temperature fabrication techniques.
To address these challenges, inverted (p-i-n) device
architectures have been widely explored for PSCs incorpo-
rating Sn-Pb alloy perovskites. For example, Zuo et al.
prepared mixed MAPb,_ Sn I;(Cl) perovskites using MAI,
PbCl,, and SnCl, precursors, achieving a PCE exceeding
10% for the first time in Sn-Pb mixed PSCs (Fig. 5d)*. In
this system, DMSO acts as a coordinating solvent that
regulates the crystallization of mixed Sn-Pb perovskites®.
The strong coordination interaction between DMSO and
metal iodides slows the reaction between MAI and
Snl,/Pbl,, thereby promoting improved crystallinity.
Furthermore, DMSO improves film quality and device
performance by mitigating the uneven distribution of Sn
within the alloyed perovskite films. As a result, a planar
inverted device architecture based on these optimized
films achieved a PCE of 15.2%*\. Zong et al. introduced a
Lewis adduct additive, SnF,-3FACI, which enables a

1.7 .

367 369 D27 363 C M
381 a

o =

- Z

z e

% g 3

= 2} —

b = aQ

ac} g ©

g o) V]

475 4T3

495 492

502 11 = " g'm

0 02 04 06 08 1
xin CH,NH,Sn, Pb,

‘Bis-Salt
PCBM

Perovskite

PEDOT:PSS

() = CH:NH:"
O =Pp*
=sn®
®-=r
Q=cr

IBHP N

Gréins

1

X
Snk,*3FACI?”

1 —0%
| —1.25%
—25%
{ —5%
—10%
1 —20% /L

Intensity (a.u.)

140 141 142

20(degree)

138 13.9

Figure 5 (a) IPCE spectra of PSCs based on CH;NH;Sn,;Pby;I; and CH;NH;Pbl;. (b) Energy-level diagram of CH;NH,Sn Pb, I,
perovskites. Reproduced with permission from Ref. [61] ©2014, American Chemical Society. (c) Experimental and calculated bandgap
evolution of CH;NH,Sn,_,Pb.I; solid solutions as a function of composition x. Reproduced with permission from Ref. [62] ©2015,
American Chemical Society. (d) Cross-sectional SEM image of a planar heterojunction solar cell and the crystal structure of
MAPb,_,Sn,X. Reproduced with permission from Ref. [64] ©2014, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Schematic
illustration of grain-boundary functionalization in IBHP thin films mediated by Lewis adducts. Reproduced with permission from Ref.
[66] ©2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (f) XRD patterns showing that the (110) peak shifts toward higher 26
values with increasing Cs content in (Cs,FA,_,Snl;),s(MAPbI;), 5. Reproduced with permission from Ref. [69] ©2019, American Chemi-

cal Society.
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continuous distribution of SnF, along the grain bound-
aries of Sn-Pb perovskites, thereby improving their physi-
cal properties'®. In this system, Lewis acid-base interac-
tions between SnF, and FACI form a coordination
complex that becomes unstable at elevated temperatures.
The subsequent release of the FACI byproduct results in a
uniform redistribution of SnF, along the grain boundaries
of the alloyed perovskite films (Fig. 5e). Furthermore, the
Sn-rich grain boundaries suppress the formation of Sn
vacancies, thereby enhancing the chemical stability of the
Sn-Pb mixed perovskite films. As a result, device perfor-
mance improved from 12.9% to 15.8%, accompanied by
enhanced environmental stability.

A recent study reported the fabrication of Sn—Pb binary
PSCs via a galvanic displacement reaction (GDR)“. In this
approach, Sn metal powder was introduced into a pure Pb-
based perovskite precursor solution, generating an Sn-Pb
binary precursor through the reaction: Sn(s) + Pb** — Sn*
+ Pb(s). XRD patterns and PL spectra confirmed the
formation of MAPb,_,Sn I; films, and the corresponding
inverted device based on MAPb, ,Sn, (I; achieved a PCE of
15.85%. Another study reported a PCE of 18.21% for
devices based on (FAPb, (Sn, ;) ss(MAPb, (Sn, ,Brs) 15",
highlighting the potential of the GDR strategy for fabricat-
ing mixed-metal PSCs. Similarly, Lin et al. synthesized
narrow-bandgap Sn-Pb perovskites using the same GDR
method. In this system, metallic Sn powder suppresses
the oxidation of Sn* through the reaction Sn + Sn* —
28n*. As a result, device efficiency increased from 18.3%
to 21.1%, representing one of the highest efficiencies
reported for Sn-Pb mixed PSCs. In addition, Kapil et al.
incorporated Cs into the lattice of (FASnl;),s(MAPDIL;), 5
to reduce lattice strain and enhance intrinsic stability. This
effect was evidenced by lattice shrinkage resulting from
Cs* incorporation (Fig. 5f)!*). Similarly, thermally stimu-
lated current measurements revealed that the incorpora-
tion of Cs* reduced the densities of both shallow and deep
trap states. Furthermore, fluorine-doped tin oxide (FTO)
glass was used instead of conventional ITO because FTO
exhibits higher infrared transmittance, thereby enhancing
the current density at wavelengths above 800 nm. Hu et al.
recently developed a fully inorganic Sn-Pb mixed
perovskite solar cell with a bandgap of 1.38 eV based on
CsPby¢Sng 15, The stability of the CsPb,eSng,I; films
was further improved by introducing SnF, as an antioxi-
dant to passivate grain boundaries’®. In addition, (4-
aminomethyl)piperidinium diiodide ((4AMP)I,) was

employed to passivate surface defects and form a
hydrophobic layer, resulting in a champion device PCE of
13.37%.

The limitations associated with film defects and effi-
ciency bottlenecks were mitigated by introducing the non-
covalent additive p-phenylenediamine (PPD), which regu-
lates the asynchronous crystallization kinetics of Sn and
Pb". Density functional theory (DFT) and ab initio
molecular dynamics calculations indicate that the stereo-
chemically active lone-pair electrons of Sn* limit its coor-
dination capability. PPD selectively interacts with Sn*
through cation-n interactions, thereby suppressing rapid
crystallization and promoting more uniform crystalliza-
tion of Sn-Pb perovskite films. The resulting single-junc-
tion device achieved a certified efficiency of 24.13% (with a
laboratory record of 24.5%), representing one of the
highest efficiencies reported for Sn-Pb systems. Notably,
the device retained 90% of its initial efficiency after 795 h
of continuous light exposure under encapsulated condi-
tions”!. These studies collectively demonstrate that opti-
mizing the Sn/Pb ratio through additive engineering in
Sn-Pb-based single-junction PSCs can significantly
enhance both efficiency and stability. The device struc-
tures and performance metrics of representative Sn-Pb
single-junction PSCs are summarized in Table 2 . Such
advances provide strong momentum toward the commer-
cialization of lead-reduced PSCs and establish a solid
foundation for the development of efficient Sn—-Pb-based
tandem solar cells.

3.2 Sn-Pb-based perovskite tandem cells

The design of Sn-Pb-based perovskite tandem solar cells is
based on the principles of spectral matching and multi-
junction synergy, aiming to surpass the efficiency limits of
single-junction devices. In the solar spectrum, photon
energies span a broad range, whereas single-junction cells
absorb photons only within a limited energy window
defined by their bandgap. As a result, photons with ener-
gies higher than the bandgap lose their excess energy as
heat through thermalization, while photons with energies
below the bandgap remain unabsorbed. Tandem solar cells
address this limitation by stacking subcells with different
bandgaps, enabling complementary absorption across the
solar spectrum and thereby broadening the spectral
response range'. Typically, a tandem device consists of a
wide-bandgap top cell and a narrow-bandgap bottom

Table 2 Performance of Sn-Pb-based PSCs

Type Device structure Voe (V) Jo(mAcm?) FF(%) PCE (%) Ref.
FTO/c-TiO,/mp-TiO,/CH,NH,Sn, sPb, sI,/P3HT/Au 0.42 20.04 50 418 61

ITO/PEDOT:PSS/MAPD 4551, ,5I5(Cl)/PCBM/Bis-Cyy/Ag 0.77 19.5 67 10.1 63
ITO/PEDOT:PSS/MAPby ;551 ,515/Ceo/ZrAcac/Ag 0.8 262 73 15.2 65
ITO/PEDOT:PSS/(FAPbI;),,(CsSnl;), 3/Cgo/ BCP/Ag 0.74 25.89 81 15.8 66

Sn—Pb-based ITO/PEDOT:PSS/FA,5sMAg15Pbo ¢So4(IossBro1s)s/ PCBM/Bis-Cey/Ag  0.87 26.45 79 18.21 67
single-junction cell ITO/PEDOT:PSS/MA,sFA ;Pby sSngs15/Cep/ BCP/Cu 0.83 31.4 81 211 68
FTO/PEDOT:PSS/Cs 05F Ag 7sMAg 5900 sPby sI,/PCBM/Coo/BCP/Ag  0.81 33.14 76 204 69
ITO/NiO,/CsPb¢Sn, I/4AMPL/PCBM/BCP/Ag 0.77 25.87 67 1337 70

FTO/PEDOT:PSS/Rby 0,Cs0 2F A 76Pbo 50 51/ Ceo/ BCP/Cu 0.895 33.55 81.59 245 71

FTO/PEDOT:PSS/Rby 4Cs0.2FAg76PbosSng s5/Cep/ BCP/Cu 0.88 32.13 8145 2386 72
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cell’. The wide-bandgap top cell absorbs high-energy
photons, promoting electrons from the valence band to the
conduction band. Meanwhile, lower-energy photons that
pass through the top cell are subsequently absorbed by the
narrow-bandgap bottom cell, generating additional charge
carriers. Figure 6a illustrates this concept. By combining
subcells with different bandgaps, tandem architectures
improve photon utilization and enhance the overall PCE
of the device. Consequently, a high-performance narrow-
bandgap PSC is essential for all-perovskite tandem solar
cells. Two main tandem architectures are commonly
employed: two-terminal (2T) and four-terminal (4T)
configurations (Figs. 6b and 6¢). In the 2T architecture, the
second subcell is monolithically fabricated on top of the
first. In contrast, the 4T architecture consists of two inde-
pendently fabricated subcells on separate substrates that
are subsequently stacked and operated independently. In a
2T tandem device, the subcells are connected through a
tunnel junction or recombination layer and share two
external electrical contacts. At least one of these contacts
must be semi-transparent to allow light to enter the device.
By contrast, the 4T configuration connects each subcell
independently to the external circuit, requiring four
contacts per tandem device, three of which must be semi-
transparent to enable light transmission to both subcells.
Because semi-transparent contacts can absorb a portion of
incident photons, the smaller number of such contacts in
the 2T configuration provides a slight advantage in overall
efficiency. However, 2T devices are more challenging to
fabricate. This challenge is particularly significant for solu-
tion-processed tandem cells, where the solvent used to
deposit the upper subcell may damage the underlying
layers. Notably, most commercially deployed tandem solar
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cells adopt a monolithically interconnected 2T architec-
turel™.

Eperon et al. introduced Cs to improve the perfor-
mance of mixed Sn-Pb PSCs”™. An efficiency of 14.8% was
achieved for FA,5Cs;,55n,5Pby 515, attributed to improved
light absorption and film properties resulting from the
incorporation of 25% Cs. When integrated with a wide-
bandgap top cell, the tandem device reached a PCE of
17.0%, highlighting the critical role of the interconnection
layer (ICL) in determining tandem device performance.
The ICL not only protects the bottom cell during the fabri-
cation of the top cell but also enables efficient charge
recombination and extraction between the two subcells.
Similarly, Palmstrom et al. introduced a thin layer of
polyethyleneimine ethoxylated (PEIE) as a nucleation layer
to improve the coverage of atomic layer deposition (ALD)-
grown aluminum-doped zinc oxide (AZO)". In this
architecture, a dimethylammonium (DMA)-FA-cesium A-
site alloyed perovskite (FA¢Cs,;DMA, Pbl, Br,,), with a
bandgap of 1.7 eV, served as the wide-bandgap top cell
material. A two-terminal monolithic tandem device
combining the narrow-bandgap FA,;5Cs,550,5Pbg 515
perovskite bottom cell with a Cg/PEIE/AZO/sputtered
indium zinc oxide/PEDOT:PSS interconnection layer
achieved a PCE of 23.1% on a rigid substrate (Fig. 6d).
Moreover, fabrication on a flexible polyethylene naphtha-
late substrate yielded a high efficiency of 21.3%, demon-
strating excellent mechanical flexibility and bending stabil-
ity”s. Lin et al. subsequently constructed a monolithic all-
perovskite tandem device (Fig. 6e) following the success-
ful development of a narrow-bandgap Sn-Pb PSC with a
PCE of 21.1% using the GDR method®*!.

Excellent current matching was achieved, with inte-
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Figure 6 (a) Schematic illustration of tandem solar cells, where higher-energy photons are absorbed by the wider-bandgap semicon-
ductor (blue) and lower-energy photons are absorbed by the narrower-bandgap semiconductor (red). Architectures of two-terminal (2T,
b) and four-terminal (4T, ¢) tandem solar cells. Reproduced with permission from Ref. [73] ©2017, Macmillan Publishers Limited. (d)
Cross-sectional SEM images of all-perovskite laminated solar cells. Reproduced with permission from Ref. [76] ©2019, Elsevier Inc. (e)
Device structure of a series-connected solar cell. (f) External quantum efficiency spectrum of the best-performing small-area series cell,
showing integrated J,. values of 15.7 and 15.5 mA cm™ for the front and rear subcells, respectively. Reproduced with permission from
Ref. [68] ©2019, The Author(s), under exclusive licence to Springer Nature Limited.
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grated current densities of approximately 15.7 and 15.5
mA cm? for the wide- and narrow-bandgap subcells,
respectively. This resulted in a certified PCE of approxi-
mately 24.8% for the small-area device (0.049 cm?) and
22.1% for the large-area device (1.05 cm?), as shown in Fig.
6f1). Recently, 2-aminoethanesulfonic acid (taurine) was
proposed as an interfacial bridge to enhance HTL-free low-
bandgap PSCs". This modification improved the opto-
electronic properties of the perovskite absorber near the
buried contact. Compared with conventional PEDOT:PSS
HTLs, taurine-modified ITO substrates exhibited lower
optical losses, improved energy-level alignment, and
enhanced charge-transfer capability, resulting in increased
open-circuit voltage and short-circuit current density.
Another study reported a surface reconstruction strategy
employing 1,4-butanediamine as a surface-polishing agent
and ethylenediammonium diiodide (EDAIL,) to suppress
Sn-related defects and passivate surface organic-cation and
halide vacancies, thereby minimizing nonradiative recom-
bination losses. This strategy enabled the formation of
high-quality Sn-Pb mixed perovskite films with surfaces
approaching ideal stoichiometry, achieving PCEs of
22.65% and 23.32% for Sn-Pb PSCs with bandgaps of 1.32
and 1.25 eV, respectively. In summary, various strategies,
including additive engineering and compositional tuning,
have been developed to enable high-performance mixed
Sn-Pb  PSCs. Yuan et al. introduced tris(2-
carboxyethyl)phosphine (TCEP) as a multifunctional
redox shuttle in Sn-Pb mixed perovskite precursors”.
This additive provides a suitable redox potential to acceler-
ate the self-healing reaction between oxidized tetravalent
tin (Sn*) and photogenerated zero-valent lead (Pb°),
thereby suppressing defect formation. In addition, TCEP
coordinates with divalent tin (Sn*), regulating the crystal-
lization kinetics of the perovskite and promoting the
formation of high-quality films with reduced trap-state
density. The resulting single-junction Sn-Pb mixed PSC
achieved an optimal PCE of 23.86%. When integrated into
a monolithic all-perovskite tandem device, the TCEP-
treated narrow-bandgap subcell enabled a record tandem
PCE of 28.86%. Currently, numerous devices have
achieved efficiencies exceeding 20% while replacing more
than 50% of lead with tin, indicating significant potential
for reducing the toxicity of PSCs while maintaining high
performance.

Although Sn-Pb-based PSCs show significant potential
to balance environmental considerations with high perfor-
mance, their practical application still faces several chal-
lenges. First, Sn** readily oxidizes to Sn* in air, leading to
material degradation and performance loss. This is a
common issue in Sn-based perovskites and a key factor
limiting their long-term stability. Second, differences in
the crystallization kinetics of Sn and Pb can lead to film
inhomogeneity and increased defect density, which
adversely affect carrier transport and device efficiency.
Finally, most high-efficiency devices currently rely on
complex additive engineering and precise interface
control, which require further simplification and opti-
mization for large-scale manufacturing.

Looking ahead, Sn-Pb-based perovskites represent a
promising “low-lead” technological pathway. Advances in
efficient antioxidant strategies, optimization of crystalliza-
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tion processes, and the development of stable low-dimen-
sional/3D composite structures are expected to signifi-
cantly enhance environmental stability while further
improving device efficiency. In addition, the tunable
bandgap of these materials makes them ideal candidates
for narrow-bandgap bottom cells in all-perovskite tandem
solar cells, which could potentially surpass the efficiency
limit of single-junction devices predicted by the
Shockley-Queisser limit. By systematically addressing key
challenges at both the material and device levels, Sn-Pb
hybrid perovskites are expected to play a central role in
next-generation thin-film photovoltaic technologies that
combine high efficiency, reduced toxicity, and commer-
cial viability.

4 Other metal-based PSCs

41 AB*X; perovskites

In addition to the widely studied Sn- and Pb-based
systems, other lead-free perovskite alternatives have
attracted increasing interest. These materials involve
replacing B-site Sn* and Pb* with other metal cations
through divalent, trivalent, or tetravalent substitutions.
For example, the tolerance factors (f) of MAGeX; materi-
als that fully replace Pb are approximately 1.005 for
MAGeCl;, 0.988 for MAGeBr;, and 0.965 for MAGels, all
of which fall within the ideal structural range for
perovskite formation”. However, these materials face
challenges similar to those of Sn-based perovskites, includ-
ing susceptibility to oxidation and difficulties in control-
ling film morphology. Bandgap tuning can also be
achieved by varying the A-site cations. For instance,
CsGel;, MAGel;, and FAGel; exhibit bandgaps of 1.63,
2.0, and 2.35 eV, respectively (Figs. 7a and 7b)t. To date,
many studies on Ge-based PSCs have relied on device
simulations using tools such as SCAPS and theoretical
investigations based on DFT calculations®® ), whereas
relatively limited work has focused on experimental
devices. For example, the CsGel; solar cell reported by
Krishnamoorthy et al. exhibited a low PCE of 0.2%, which
was attributed to poor film quality and unoptimized
charge-transport layers, as shown in Fig. 7ct. This
remains far below the theoretical maximum efficiency of
27.9%. Introducing Br- into methylammonium germa-
nium iodide perovskites improved device performance,
yielding a peak PCE of 0.57% for MAGel, ,Br,;-based
devices. However, efficiency dropped to 0.21% within a
few hours after fabrication®’, highlighting severe stability
issues in Ge-based PSCs. The self-doping mechanisms in
Sn- and Ge-based perovskites differ in both origin and
impact. In Sn-based systems, Sn* oxidation to Sn* gener-
ates Sn vacancies, inducing strong p-type self-doping that
increases background hole density and enhances nonra-
diative recombination. In contrast, Ge* is inherently more
unstable, leading to rapid oxidation and the formation of
deep defects. As a result, self-doping in Ge-based
perovskites is more pronounced and associated with
deeper trap states, further limiting carrier lifetime and
device efficiency. Beyond oxidation and poor film quality,
the broader application of Ge-based perovskites is
constrained by the high cost and low natural abundance of
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Figure 7 (a) Optical absorption spectra of CsGels;, MAGel;, and FAGel; compared with CsSnl;. (b) Schematic of the corresponding
energy levels. (c) J-V curves of devices fabricated with different germanium halide perovskites. Reproduced with permission from Ref.
[80] ©2015, The Royal Society of Chemistry. (d) Calculated band structures along the M-I'-Z path for MACal;, MABal;, MASrI;, and
MAPDI;. Energy scale labels apply only to CB and VB, not to the bandgap except for MAPbI;. Reproduced with permission from Ref.
[86] ©2016, American Physical Society. (e—j) Ball-and-stick models and band structures of hypothetical perovskites: CsMgl; (e, f),

CH;NH;Mgl; (g, h), and CH(NH,),Mgl; (i, j). Reproduced with permission from Ref. [87] ©2016, American Chemical Society.

germanium relative to lead and tin, posing an additional
barrier to commercialization.

Despite significant progress, improving device stability
remains a key focus for future research. Alkaline earth
metals (Mg, Ca, Sr, Ba), along with certain transition
metals such as Cu, have been considered as potential
replacements for Pb, offering the possibility of maintain-
ing stable perovskite structures compared with Group 14
elements like Sn and Ge. These divalent metals are abun-
dant and represent promising Pb alternatives®*. For
example, the ionic radii of Mg*, Ca*, Sr*, and Ba* are
approximately 0.072, 0.100, 0.118, and 0.135 nm, respec-
tively. As the B-site ionic radius increases, the work func-
tion decreases, reducing electronegativity and widening
the bandgap. Reported bandgaps of MACal;, MASrI;, and
MABal; are 2.95, 3.6, and 3.3 eV, respectively (Fig. 7d).
These materials exhibit large bandgaps and high hygro-
scopicity, limiting their suitability as light absorbers. By
contrast, FAMgl;, MAMgl,, and CsMgl; have more favor-
able bandgaps of approximately 0.9, 1.5, and 1.7 eV,
respectively, making them better candidates for photo-
voltaic applications (molecular models and bandgap struc-
tures are shown in Figs. 7e and 7j)to*,

42 A;B*)X, perovskites

While Sn and Ge are the primary candidates to replace Pb
in PSCs, other B-site alternatives, including trivalent (B*)
and tetravalent (B*) cations, also show promise. Trivalent
cations such as Bi** and Sb** possess lone-pair electrons
that influence the stoichiometry of the A;B,X, structure,
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often creating cation vacancies®*!. Compared to conven-
tional ABX; perovskites, A;B,X, materials exhibit more
complex crystal structures with diverse atomic arrange-
ments in their unit cells. These compounds typically adopt
dimerized or layered configurations characterized by
isolated [Bi,]Io]*- bioctahedra, whereas the layered variants
resemble vacancy-ordered perovskites. For example, in
Cs;Bi,ly, [Bilg]>" octahedra share faces to form [Bi,ly]*
units, resulting in a zero-dimensional (0D) molecular salt
structure®.. By contrast, Cs;Sb,ly, Rb;Sb,ly, and Rb;Bi,l,
adopt 2D layered structures with corner-sharing [Bil¢]*
octahedra (Figs. 8a-8c). Notably, the crystals in Cs;Bi,I
and MA;Bi,], lack corner-sharing octahedra while main-
taining a stable perovskite stoichiometry™. The 6s* lone
pair of Bi*, isoelectronic with Pb*, further motivates inter-
est in the crystal chemistry of bismuth-based halides"!. For
example, Park et al. investigated three bismuth
halides—Cs;Bi,Is, MA;Bi,lo, and MA;Bi,I,_,Cl,—as light-
absorbing materials in solar cells®”. The optical bandgaps
of these compounds are 2.2, 2.1, and 2.4 eV, respectively
(Figs. 8d). Their absorption coefficients (~1 x 10° cm™ at
450 nm) are comparable to MAPbI; (~2 x 10° cm™ at 450
nm). MA,Bi,I,_,Cl, particles are surrounded by a more gel-
like matrix (Fig. 8¢), while MA;Bi,], forms interconnected
thin layers approximately 50 nm thick (Fig. 8f). SEM
images of Cs;Bi,I; (Fig. 8g) show hexagonal flakes,
suggesting preferential crystal growth along the ¢ axis.
Compared to MA;BL,I,Cl, the MA;Bi,I, perovskite
exhibits lower exciton and bandgap energies, likely due to
the markedly different morphologies observed in SEM
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Figure 8 (a—c) Crystal structures of Cs;Bi,lo, Cs;Sb,lo, and Rb;Sb,I, observed along the ¢ and b axes.Reproduced with permission from
Ref. [88] ©2017, American Chemical Society. (d) Tauc plots of MA;Bi,I,Cl,, MA;Bi,ly, and Cs;Bi,I, thin films. (e-g) SEM top-view
images of the surface morphologies of the three bismuth-based materials: MA;Bi,I,Cl, (e), MA;Bi,l, (f), and Cs;Bi, I, (g). (h) Valence
band spectra measured by XPS using AlKa for Cs;Bi,l,, MA;Bi,l,, and MA;Bi,I,Cl, (red, orange, and brown dotted lines, respectively),
compared with MAPDI; (blue). Intensities at the valence band peaks are normalized for comparison. (i) Schematic illustrating the energy-
level alignment between the Fermi level and valence/conduction bands, combining valence band positions from XPS and optical
bandgaps from Tauc plots. Reproduced with permission from Ref. [92] ©2015, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

images. The interconnected layer structure of MA;Bi,I,
may facilitate the formation of lower-energy excitons, in
contrast to the more particle-like morphology of
MA;Bi,I,Cl,. All three materials were analyzed using AlKa
XPS. Figure 8h shows the valence band spectra of
MA;Bi,l,, MA;BiL,ICl,, and Cs;Bi,], compared with the
commonly used MAPDI; perovskite. The valence band
edges of the bismuth-based materials exhibit similar bind-
ing energies relative to the Fermi level, with MA;Bi,I; and
MA;Bi,1,Cl, spectra nearly overlapping. By contrast, the
linear fit of the MAPbI; valence band intersects at a lower
binding energy. Combining the optical bandgaps with the
valence band positions obtained from XPS allows
construction of the schematic band diagram shown in
Fig. 8i. A solar cell using Cs;Bi,l, as the light absorber
achieved a PCE of approximately 1.09% and an open-
circuit voltage of 0.85 V. Although this represented the
highest reported efficiency for these materials at the time,
it remains considerably lower than that of Pb-based
perovskite devices.

MA;Bi,l, has attracted increasing attention due to its
closer similarity to lead perovskites compared to Cs-based
bismuth halides. Lyu et al. reported its use as a light
absorber in solar cells, achieving a PCE of approximately
0.19% as a Pb-free alternative™. Subsequent optimiza-
tions in device architecture improved the efficiency of
MA;Bi,Is-based cells to 0.42%"Y. Buonassisi et al. synthe-
sized phase-pure MA;Bi,], via solution processing
combined with a vapor-assisted technique to refine film

727w | Sci®pen

morphology, as shown in Fig. 9a®l. The resulting films
demonstrated superior environmental stability relative to
MAPDI; maintaining their appearance after 13 days in
ambient air at room temperature (Fig. 9b). Furthermore,
Hu et al. reported the first bulk heterojunction (BHJ)
bismuth-based perovskite solar cell, featuring an active
layer composed of in situ phase-separated Cs;Bi,l; and
Ag;Bi,l; components (Fig. 9¢), achieving a record PCE of
~3.6% and a notable open-circuit voltage of 0.89 V. The
Cs;Bi,l,-Ag;Bi, Iy BHJ device also exhibited excellent ther-
mal stability, maintaining ~90% of its initial PCE after
450 h at 85 °C in a glovebox. Recently, a new class of lead-
free perovskites incorporating potassium iodide (KI) into
the precursor solution was investigated®”. KI incorpora-
tion reduced the bandgap, enhanced material stability, and
significantly improved photovoltaic performance. A PSC
based on 2 vol.% KI-doped Cs;Bi,], achieved the highest
PCE among Bi-based devices (2.81%) with a V. of 1.01 V
(Fig. 9d). Furthermore, these devices demonstrated
remarkable moisture stability, retaining 98% of their initial
PCE after 90 days (Fig. 9e).

Analogous to bismuth-based perovskites, antimony can
form various structures by combining different organic or
inorganic cations with halides. Saparov et al. investigated
the lead-free layered perovskite Cs;Sb,l,, which exhibited
grain sizes exceeding 1 pum and an optical bandgap of
2.05 eV, However, Cs;Sb,l, devices achieved a PCE
below 1%, highlighting the need for further optimization
due to its relatively wide bandgap, lower exciton binding
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Figure 9 (a) Schematic of the solution-assisted fabrication process for MA;Bi,I, films. (b) Photographs showing the appearance of
MA;Bi,]; and MAPbI; films in ambient air over time. Reproduced with permission from Ref. [95] ©2016, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. (c) Device structure of the FTO/c-TiO,/mp-TiO,/BH]J bismuth-based perovskite/PDBD-T/Au solar cell.
Reproduced with permission from Ref. [96] ©2019 Elsevier Ltd. (d) J-V curves and corresponding device parameters for K-0, K-2, K-4,
K-6, K-8, and K-10 devices. (e) Normalized PCE of the K-2 device as a function of storage time in ambient air (0-90 days). Reproduced
under the CC BY 4.0 license from Ref. [17] ©2022, The Authors. (f) Cubic crystal structure of AgBi,I,, showing the positions of silver,
bismuth, and iodide atoms. Reproduced with permission from Ref. [99] ©2016, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

energy, and limited exciton diffusion length. To address
these limitations, Kim et al. developed a solution-process-
ing route for a pure cubic-phase iodobismuthate absorber,
AgBi,I,, by spin-coating silver and bismuth precursors
dissolved in n-butylamine, followed by annealing under
nitrogen (Fig. 9f)®. This approach incorporates monova-
lent Ag* ions in place of alkali metal cations within the
iodobismuthate framework, yielding a novel absorber
material. Increasing the annealing temperature from 90 °C
to 150 °C produced denser and more uniform crystalline
films. Films annealed at 150 °C exhibited strong light
absorption across 350-750 nm, achieving a PCE of 1.22%.
Additionally, the use of antisolvents has proven effective
for controlling nucleation and enhancing film quality. For
example, green benzyl ether was employed as an antisol-
vent, yielding films with high crystallinity, dense surface
morphology, and superior light absorption. The resulting
champion device, fabricated with a low-cost carbon elec-
trode, achieved a PCE of 2.07%'", representing one of the
highest reported efficiencies for inorganic Sb-based PSCs.

4.3 A,B*X, perovskites

Beyond trivalent cations, perovskites incorporating
tetravalent cations have been explored. These materials
generally follow the formula A,B*X,, with representative B-
site cations including Te*, Ti*, and Sn*!*l. Many of these
structures are classified as double perovskites, where B* is
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paired with a vacancy. Most research has focused on their
intrinsic optoelectronic properties, with relatively few
studies investigating device applications. Inorganic
tellurium-based perovskites, A,Tel, (A = K, Rb, Cs, TI),
have attracted attention due to their low bandgaps of
1.38-1.52 eV, For instance, Cs,Telg adopts a vacancy-
ordered cubic double perovskite structure (A,B'B"X;), with
Te* occupying the B' site and a vacancy at the B" site.
Similarly, Cs,PdBrg exhibits a vacancy-ordered double
perovskite structure, featuring a bandgap of 1.6 eV, black
single-crystal morphology, and excellent structural and
moisture stability, as shown in Figs. 10a and 10b!"*.
Although Sn*-based perovskites are intrinsically unsta-
ble in air, Sn*-based perovskites have attracted renewed
interest as solution-processable, air-stable, and non-toxic
alternatives. A prominent example is Cs,Snlg, which
combines a narrow direct bandgap with a high absorption
coefficient while overcoming the stability limitations of
Sn*-based counterparts*+'*. Unlike the air-sensitive
CsSnl;, Cs,Snlg contains Sn in the +4 oxidation state,
providing enhanced stability under both ambient and
moist conditions. Figure 10c illustrates a two-step solid-
state deposition method for converting CsSnl; into
Cs,Snl; thin films. Notably, Cs,Snlg adopts the same crys-
tal structure as Cs,PdBrg (Fig. 10b). The bandgap of
Cs,Snl; thin films ranges from 1.3 to 1.6 eV depending on
the processing method and can be further tuned from 1.3
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Figure 10 (a) Optical microscope image of a Cs,PdBr, single crystal. (b) 3D crystal structure of Cs,PdBr, showing the unit cell. Repro-
duced with permission from Ref. [103] ©2017, American Chemical Society. (c) Schematic of Cs,Snl film growth from CsSnl; via a two-
step deposition method based on solid-state reaction, with the perovskite crystal structures of Cs,Snlg and CsSnl; also shown. Repro-
duced with permission from Ref. [105] ©2016 Elsevier B.V. (d) Absorption spectra and photoluminescence (PL) analysis of various
Cs,Snl,_Br, compositions prepared using the two-step solution process. (¢) J-V characteristic curves of a series of “sandwich”-type cells
with varying compositions of Cs,Snl¢_,Br,, with the inset showing the IPCE values for Cs,Snly (black) and Cs,SnBr,], (green). (f) Stabil-
ity curves for 50 d for Cs,Snl, (black) and the Cs,SnBr,I, (green)-based solar cells. Reproduced with permission from Ref. [106] ©2017,

The Royal Society of Chemistry.

to 2.9 eV through halide mixing in Cs,SnX, (X =
I/Br)tosiosl - Figure 10d shows that Cs,SnBrg exhibits a
bandgap of 2.9 eV, significantly higher than that of Cs,Snl
(1.3 eV). Increasing Br content in Cs,SnBr,I_, films shifts
their color from dark brown to brown/red and ultimately
to light yellow, reflecting the widening bandgap. Owing to
its narrow bandgap, Cs,Snl, is a promising light absorber
for solar cells and can be prepared via a two-step solution
process!* or derived from CsSnl; through controlled air
oxidation!"!. Solar cells based on Cs,Snl; and Cs,Snl,_,Br,
absorbers have achieved PCEs of 0.96% and 2.025%,
respectively (Fig. 10e). Among these, Cs,Snl,Br, shows the
best performance, with markedly enhanced stability
compared to Cs,Snlg (Fig. 10f). Despite the diverse substi-
tution strategies available in other metal-based lead-free
perovskites, significant challenges remain in achieving
high efficiency and long-term stability.

Other metal-based PSCs represent a critical pathway
toward fully lead-free solar cells, offering opportunities for
material diversification and structural innovation.
However, their development faces significant challenges.
These materials generally exhibit low power conversion
efficiencies, often below 4%, limiting their competitive-
ness with Pb-based or Sn-Pb hybrid systems. Ge-based
perovskites, despite having suitable bandgaps, suffer from

(&) 22w | Sci@pen

facile Ge* oxidation and difficulties in achieving high-
quality thin films. Bi- and Sb-based A;B,X,; compounds
typically have wide bandgaps (>2 eV), restricted light
absorption ranges, and high exciton binding energies or
indirect bandgaps, which impede efficient charge genera-
tion and extraction. Similarly, double perovskites
(A,B*X,) are constrained by low carrier mobility, weak
light absorption, and forbidden electronic transitions.
Beyond their wide bandgaps and low carrier mobility, the
limited performance of other metal-based perovskites
stems largely from their intrinsic electronic structures. In
Bi- and Sb-based low-dimensional (0D/2D) systems,
strong structural confinement produces highly localized
electronic states and large carrier effective masses, which
severely hinder charge transport'”. Unlike Pb- and Sn-
based perovskites, which exhibit defect tolerance due to
antibonding valence band maxima and strong spin-orbit
coupling, Bi/Sb-based systems generally lack this feature,
leading to deep trap states and pronounced nonradiative
recombination"®. Additionally, these materials require
systematic optimization of environmental stability, interfa-
cial compatibility, and reproducible fabrication methods.
Despite their currently low efficiency, other metal-based
perovskites offer notable advantages in environmental
compatibility, structural stability, and bandgap tunability.
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They are particularly suited for specialized optoelectronic
applications, such as low-light energy harvesting and radi-
ation detection. A summary of the photovoltaic perfor-
mance of other metal-based PSCs is presented in Table 3 .
Future research should explore novel B-site cation combi-
nations and structural designs using theoretical modeling
and high-throughput screening. Approaches such as
mixed-valence states, dimensional engineering, and
heterostructure formation can optimize band structures,
enhance light absorption, and improve charge transport.
Additionally, advancements in interface engineering,
defect passivation, and low-temperature, green synthesis
methods are expected to significantly boost performance
and practical applicability. In the long term, these materi-
als could enable flexible and wearable photovoltaics, as
well as environmentally compatible integrated optoelec-
tronic devices, providing an important complement to
fully lead-free perovskite photovoltaic technologies.

5 Pb-free double perovskites

5.1 Group 14/14 mixed-cation double perovskites

While single- or simple mixed-B-site perovskites (e.g., Sn,
Ge, Bi, Sb) have shown promise as lead-free alternatives,
they remain limited by stability and performance chal-
lenges. To overcome these issues and eliminate lead toxic-
ity, research has increasingly focused on double perovskite
systems, which offer enhanced structural diversity and
design flexibility. In these structures, the two Pb* ions of
conventional perovskites are replaced either by two diva-
lent cations (B”* and B"*) or by a monovalent (B"*) and a
trivalent cation (B™*), forming the A,BB"X, double
perovskite framework. Representative examples include
CsGey5SnysI; and Cs,AgBiBr,, corresponding to Group
14/14 and Group 11/15 mixed-cation double perovskites,
respectively'®!, and are among the most widely studied
members of this class. The Group 14/14 double perovskite
family is exemplified by the CsGe,_,SnJ; system, a
promising lead-free perovskite alternative. First-principles
calculations by Zhou et al. revealed that for x = 0.25 and
0.75, defect states are deep within the bandgap and highly
localized. In contrast, at x = 0.5, singly occupied defect
states become more delocalized and energetically shal-

lower, as illustrated in Figs. 11a-11c. In this analysis, one
defect state occupied by a single electron is denoted occl,
while a second state occupied by two electrons is denoted
occ2. This trend is attributed to variations in orbital
hybridization between the defective Ge atom and its
neighboring cations. At x = 0.5, weaker hybridization
raises the energy of the occl state!'®. For x = 0.25 and 0.75,
the deep-level occl states primarily arise from the bond-
ing interactions between Gep, 4p orbitals and the p orbitals
of adjacent Geyyn/Snyy atoms, as shown by partial charge
densities (Fig. 11d) and crystal orbital Hamilton popula-
tion (COHP) analysis (Figs. 1la and 11c). In general,
stronger orbital hybridization corresponds to lower-energy
bonding states (Fig. 1le). For CsGe,_Sn,I;, the average
bond length between Gep and neighboring Geyn/Snny
atoms is larger at x = 0.5 than at x = 0.25 and 0.75
(Fig. 11d), indicating weaker hybridization and a corre-
spondingly higher-energy occl state in CsGe,sSng;sl;.
These results underscore the critical role of compositional
alloying in modulating defect-state characteristics. Specifi-
cally, the CsGey;sSn;I; composition effectively mitigates
the detrimental effects of Snl and Gel antisite defects,
highlighting alloy engineering as a promising strategy to
enhance material properties and advance high-perfor-
mance, lead-free perovskite devices.

5.2 Group 11/15 mixed-cation double perovskite

Among Group 11/15 mixed-cation double perovskites,
Cs,AgBiBrg has emerged as a leading candidate. For
instance, Cs,AgBiBrs solar cells processed under high-
temperature annealing exhibited energy levels as shown in
Fig. 12a and achieved a PCE of 2.43% with a V. of
0.98 VUi, High-quality Cs,AgBiBr, films were also fabri-
cated via a low-pressure-assisted solution process under
ambient conditions (Figs. 12b and 12c), yielding planar
heterojunction solar cells with a maximum PCE of
1.44%"2. Moreover, the efficiency and stability of Bi-
halide double PSCs were enhanced through synergistic
interface engineering of the ETL/HTL!“. Specifically,
modifying the TiO, ETL with a hydrophobic C, inter-
layer and replacing the lithium-doped small-molecule
HTL with an undoped conjugated polymer improved
perovskite surface quality and optimized energy-level
alignment at the contacts (Fig. 12d). Consequently, the

Table 3 Key photovoltaic performance metrics of representative other metal-based PSCs

Type Device structure Voe (V) Jo(mAcm?)  FF(%) PCE (%) Ref.
FTO/c-TiO,/mp-TiO,/CsGel,/spiro-OMeTAD/Au 0.074 5.7 27 0.11 79

AB*X; perovskite FTO/c-TiO,/mp-TiO,/MAGels/spiro-OMeTAD/Au 0.15 4.0 30 0.2 79
ITO/PEDOT:PSS/MAGel, ;Br 3/PC,)BM/Ag 0.46 2.43 51 0.57 83
FTO/c-TiO,/mp-TiO,/Cs;Bi,ly/spiro-OMeTAD/Ag 0.85 2.15 60 1.09 91
FTO/c-TiO,/mp-TiO,/(CH,NH,),Bi,I,/P3HT/Au 0.354 1.157 46.4 0.19 92
FTO/c-TiO,/mp-TiO,/(CH,NH,),Bi,Iy/spiro-OMeTAD/MoO,/Ag  0.67 1 62.48 0.42 93

A;B*,X, perovskite FTO/c-TiO,/mp-TiO,/Cs;Bi,ly-Ag;Bi,l,/PDBD-T/Au 0.78 7.65 60.12 3.59 95
FTO/c-TiO,/mp-TiO,/Cs;Bi,I,/C 1.01 3.6 77 2.81 96
FTO/c-TiO,/mp-TiO,/AgBi,I,/P3HT/Au 0.56 33 67.41 1.22 98

FTO/Nb,0,/Cs;Sb,ClI,_/P3HT/C 0.84 447 55.13 2.07 99

A,B*X, perovskite FTO/c-TiO,/mp-TiO,/Cs,Snl/P3HT/Ag 0.51 541 35 0.96 104
FTO/c-TiO,/mp-Ti0,/Cs,Snl,Br,/Cs,Snl/LPAH/FTO 0.563 6.225 57.7 2.025 105
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nearest neighboring Ge atom. (d) Local structures and partial charge densities surrounding Gey, are highlighted by circles (top panel).
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orbital hybridization strength influences the energy of hybrid orbitals. Reproduced with permission from Ref. [109] ©2021, The Royal
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optimized Cs,AgBiBr, devices exhibited reduced trap
densities, suppressed charge recombination, and enhanced
charge extraction, resulting in a 69% efficiency improve-
ment and a PCE of 1.57% compared to the control. Zhang
et al. applied a hydrogenation treatment (Fig. 12e¢) to tune
the bandgap of Cs,AgBiBr, films from 2.18 to 1.64 eV
(Fig. 12f). The hydrogenated films achieved a PCE of
6.37%!"%, representing the highest efficiency reported for
double PSCs to date, while maintaining good environmen-
tal stability. Subsequent analyses confirmed that atomic
hydrogen doping modifies the valence and conduction
band positions and enhances both carrier mobility and
lifetime (Fig. 12g). Recently, Mo-doped Cs,AgBiBr, lead-
free halide double perovskite films, prepared via a sol-gel
method, demonstrated enlarged grain size and a reduced
bandgap of 1.86 eV. Solar cells based on these films
achieved a J,. of 5.59 mA cm?, a fill factor of 0.755, V. of
0.936 V, and a PCE of 3.95%!"9. Although double
perovskites offer promise for lead-free applications
through multi-metal synergistic strategies, their inher-
ently wide bandgaps and parity-forbidden transitions
result in poor light absorption. Consequently, reported
double perovskite devices exhibit low J, values, limiting
their potential for high-efficiency performance. The
performance of representative Pb-free double perovskite
solar cells is summarized in Table 4 .

Despite their unique advantages in structural diversity
and environmental stability, lead-free double perovskites
face significant bottlenecks in photovoltaic applications.
Their performance is fundamentally limited by intrinsic
material properties, particularly their wide bandgaps and
parity-forbidden optical transitions, which lead to weak
light absorption and low short-circuit current densities.
Consequently, certified PCEs for double PSCs remain in
the single-digit range (~6%-7%), far below those of Pb-
based and Sn-Pb hybrid systems. Nevertheless, double
perovskites remain promising candidates for fully lead-
free, high-performance photovoltaics due to their highly
designable structures, tunable compositions, and excellent
air and thermal stability. With interdisciplinary
approaches and precise control over their properties, these
materials hold potential for breakthroughs in targeted
applications, paving the way toward stable, fully lead-free
perovskite optoelectronic devices.

6 Conclusion

Lead-free PSCs have emerged as a promising, environ-
mentally friendly, and cost-effective photovoltaic technol-
ogy, demonstrating significant advances in material
design, device performance, and sustainability. This review
has summarized recent progress in Sn-based, hybrid
Sn-Pb, and fully lead-free PSCs, highlighting both their

potential and remaining challenges. While Pb-based
perovskites continue to dominate due to their high effi-
ciency, concerns over toxicity and environmental impact
have accelerated the development of lead-free alternatives.
Among these, Sn-based perovskites are particularly
promising for their environmental benefits; however, their
practical adoption is limited by poor stability, Sn** oxida-
tion, and suboptimal charge transport. Parallel efforts in
lead-free double perovskites offer a viable route to non-
toxic, structurally stable materials. Although the efficien-
cies of these systems remain below those of Pb-based
PSCs, advances in defect passivation, bandgap tuning, and
interface engineering are progressively addressing these
limitations, paving the way for the commercialization of
high-performance, environmentally benign perovskite
photovoltaics.

Despite  these advancements, commercialization
remains constrained by several critical challenges. Notably,
the high efficiency and stability milestones cited in this
review, such as 17.89% for Sn-based devices and 28.86%
for tandem cells, were achieved primarily under opti-
mized laboratory conditions. These conditions typically
involved small device areas (<0.1 cm?), fabrication in inert
atmospheres, and stability testing in controlled environ-
ments, including nitrogen-filled chambers or encapsu-
lated cells under continuous illumination. While these
results are scientifically significant and underscore the
potential of lead-free perovskites, they do not fully repre-
sent performance under real-world operating conditions.
Achieving long-term operational stability remains a major
challenge, as current lead-free devices often degrade
within hundreds of hours under light exposure or humid
environments, falling far short of the ~25-year lifespan
required for grid-scale deployment. The trade-off between
stability and efficiency remains pronounced: while low-
dimensional structures improve moisture resistance, they
often hinder charge transport and reduce overall device
performance. Scalable manufacturing further complicates
this issue, as laboratory-scale spin-coating methods are
difficult to adapt to industrial processes such as roll-to-roll
or slot-die coating. Reportedly, efficiency declines by over
8% in absolute terms when scaling from small-area cells (<
0.1 cm?) to large-area modules (>100 cm?). Additionally,
even in low-lead Sn-Pb systems, potential lead leakage
remains a concern, as the release of lead ions from
damaged modules poses environmental risks, highlighting
the need for robust encapsulation strategies.

Realizing the full potential of environmentally friendly,
cost-effective lead-free PSCs requires a multi-pronged
approach. Materials engineering is critical for enhancing
stability, efficiency, and scalability, while innovations in
device architecture are essential to improve charge collec-
tion and suppress recombination losses. Strategies such as

Table 4 Performances of Pb-free double perovskites

Type Device structure Voo (V) Jic (MA cm™) FF (%) PCE (%) Ref.
FTO/c-TiO,/mp-TiO,/Cs,AgBiBr¢/spiro-OMeTAD/Au 0.98 3.93 63 243 111
ITO/SnO,/Cs,AgBiBr/P3HT/Au 1.04 1.78 78 1.44 112

Pb-free double perovskite FTO/Ti0O,/Cg/Cs,AgBiBr/PCDTFBT/Au 1.01 2.25 69.3 1.57 113
ITO/Sn0O,/Cs,AgBiBry/spiro-OMeTAD/Au 0.92 114 60.93 6.37 114
FTO/TiO,/Cs,AgBiBr,/spiro-OMeTAD/Au 0.936 5.59 75.5 3.95 115
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additive incorporation, compositional tuning, and surface
modification are expected to significantly boost perfor-
mance. Robust encapsulation and packaging are also
crucial to protect devices from moisture and oxygen,
prolong operational lifespan, and minimize environmen-
tal risks from metal ion release. Advances in low-cost
manufacturing, including roll-to-roll processing, will facil-
itate large-scale production and commercialization.
Beyond terrestrial applications, lead-free PSCs are promis-
ing for space photovoltaics due to their lightweight nature
and tunable bandgaps; assessing radiation tolerance and
environmental stability could open new opportunities in
extraterrestrial environments. Future research should
prioritize intrinsically oxidation-resistant compositions,
effective defect management, and scalable deposition tech-
niques compatible with large-area modules. Addressing
these challenges is essential to translate laboratory-scale
efficiency gains into practical, commercially viable photo-
voltaic technologies.

Integrating lead-free perovskites into tandem solar cells
offers a promising pathway to enhance efficiency and
narrow the performance gap with Pb-based perovskites.
Over the long term, such devices are expected to provide
cost-effective, high-performance solar energy solutions
while prioritizing sustainable and non-toxic materials,
ultimately supporting global carbon neutrality objectives.
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