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The growing global energy demand has prompted an increase in research into renewable energy
conversion technologies. Although lead-based perovskite solar cells (PSCs) offer high efficiency as well
as low manufacturing costs, the toxicity of the material is still a serious hurdle to their commercialization
and widespread adoption. Amid ongoing efforts to develop lead-free perovskites, over the last few
years, growing attention on mitigating the toxicity of lead by inhibiting the leakage of lead from PSCs
has been observed. This review discusses the potential replacement of lead from PSCs and explores
various approaches to mitigate lead leakage from PSCs. In addition, researchers expect that tin,
germanium, antimony, bismuth and their combination-based perovskites (PVSKs), as well as other PVSK
structures like halide double PVSKs, chalcogenide PVSKs, and metal-free organic perovskites, will be
alternatives to lead-based PVSKs for the development of effective lead-free PSCs. Moreover, along with
efforts to develop lead-free PSCs, researchers are also keen on supporting highly performing lead-based
PSCs by addressing the issue of lead contamination by means of exploring strategies for lead
confinement and lead recycling in Pb-based PSCs, since complete removal of lead from PSCs may
require rigorous research and significant time. Therefore, technologies that increase the public
acceptability of the present Pb-based PSCs require further development.

Received 6th January 2025,
Accepted 11th March 2025

DOI: 10.1039/d5ma00010f

rsc.li/materials-advances

30% of the total 29000 TW h of worldwide electricity output in
2022, in which the contribution of solar energy was 4.5%.>" In

1. Introduction

Photovoltaic technology is fascinating and has immense pro-
spects as solar energy is plentiful, free, and will never run out.
In comparison with limited fossil fuels, solar energy is naturally
renewable and eco-friendly, making it an appropriate energy
resource.”” Renewable energy sources produced approximately

2019, this contribution was only 1.6%.> Thus, photovoltaic
technology is gaining popularity due to its colossal prospects
for capturing solar energy. The photovoltaic industry compre-
hends several generations of solar cells (SCs) with their own set
of benefits and challenges.
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Fig. 1 Recent progress in emerging PV SCs. Data extracted from NREL (https://www.nrel.gov/).

Perovskite solar cells as third-generation SCs have emerged as a
front runner in the renewable energy arena owing to their impress-
ive efficiency, facile fabrication process and cost-effectiveness. In
addition, PVSKs have already proven to be an extraordinary
emerging material for SC applications, by raising their efficiency
from 3.81% at their first utilization in 2009 to their existing
record of 26.7% somewhat more than a decade later.®® However,
in most cases, highly efficient PSCs are composed of lead-based
PVSK materials. The attained power conversion efficiency (PCE)
of the PSCs supersedes that of other established thin-film-based
photovoltaics (PVs), including CIGS with 23.6%, CdTe with
23.1%, and Si-thin-film crystal with 21.2% (https://www.nrel.
gov). The trend of emerging PV SCs is depicted in Fig. 1.

In academia and industry, research communities have
involved themselves in the commercialization of PSCs. However,
their poor operating stability, module scalability, and the toxicity
of the materials, notably lead, raising legitimate environmental
concerns about their long-term ecological impact, are major
concerns hindering their practical commercialization and wide-
ranging application.'”"" Pb is a heavy metal lethal to both plants
and other living organisms.'® To be specific, high-performing
PSC compositions contain lead, a well-known neurotoxin.'* In
the presence of degradation factors, these PVSKs are easily
degraded. As a consequence, they dissolve into water to generate
toxic Pb>" ions. The lead element produced from PVSKs was
discovered to enter plants as well as other living organisms."®
Thus, they poisoned the food cycle more extensively as well as
causing risks to human health.

Even at a low exposure level, it can cause serious harm to
neurological and renal systems, as well as leading to poor bone
calcification. The capacity of lead to substitute for Ca®" ions
in the enzyme protein kinase C impacts the neurological
system.'® Lead poisoning is caused largely by the capacity for
lead to make covalent bonds with the active position of the
thiol group of numerous enzymes, inhibiting the function of
many antioxidant enzymes.'® Therefore, in practical circum-
stances, the potential risk of lead leakage from broken PSCs

© 2025 The Author(s). Published by the Royal Society of Chemistry

should be seriously considered, along with other hazardous
elements like Cd and Hg. In this regard, scientific communities
have been expanding their efforts to reduce the toxicity in
PSCs.' ™

To overcome these challenges, researchers and industrial pio-
neers are actively working on a transition towards greener alter-
natives by balancing the need for expediting efficient energy
conversion with long-term stability and the imperative of sustain-
ability. This transition encompasses a multifaceted approach that
addresses various aspects of PVSK material engineering, advances in
the fabrication process and modification of cell design. One pivotal
feature of this transition involves exploration of toxic-element-free
PVSK frameworks. By replacing toxic elements, especially lead, with
isoelectronic elements such as Sn or Ge, the researcher’s goal is to
sustain the high performance of PSCs while mitigating potential
environmental hazards. This transition not only minimizes the
environmental impact of SC production, but also improves the
safety of the product, which aligns with worldwide efforts to
promote sustainable energy alternatives. Although this approach
allows greener alternatives, they do not perform as well as lead-
containing PVSKs. In addition, the lead becomes stable in the +2
oxidation state by losing its p-electrons from s*p**° The inert s-pair
is a more typical configuration in heavier materials like lead,
wherein relativistic contraction settles the s-orbitals.*" On the other
hand, Sn and Ge are more stable at a higher oxidation state (+4).
Indeed, any endeavors to develop lead-free PSCs by employing Sn or
Ge or mixing them in an ABX; structure have confirmed major
stability concerns, which are directly related to Sn or Ge oxidation
and the subsequent generation of Sn or Ge lattice vacancies.”
Fortunately, controlling the film morphology, compositional engi-
neering, reducing exposure to the atmosphere throughout device
preparation, additive engineering, or encapsulation of the device,
significantly inhibit the further oxidation of Sn*"/Ge******** In
Fig. 2, a comparison of toxic elements and the PCE of PSCs without
lead is demonstrated.”> "

Researchers have been initiating compositional engineering
by inserting various sized cations or anions on their respective
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Fig. 2 Attempt to produce eco-friendly PSCs. (a) Comparing the toxicity of various metals; redrawn with permission from ref. 42. (b) The progression in

efficiency of lead-free PSCs.

sites in ABX; to form a huge number of lead-free derivatives of
PVSK materials, including A,B'B*'Xs, A;B*",Xs, A,B*'X,
AB*",X,, A,B'B*'X;, and A;B*'Xs. Among them, A,B"B*'Xq,
called halide double perovskite (HDP), is more efficient and
more stable. However, the PCE of devices based on HDPs has
not yet reached a satisfactory level. Ongoing research on HDP-
based PSCs aims to improve their efficiency. Various research
groups suggest that chalcogenide or metal-free organic-based
PVSKs could be potential alternatives to lead-based PVSKs in
PSCs. This conclusion is supported by both theoretical and
experimental scrutiny of their mechanical properties, optoelec-
tronic characteristics, and thermodynamic features.

Although the replacement of lead by double halide or
chalcogenide or metal-free organic-based PVSKs shows promise
as a safer and more eco-friendly alternative to lead-based
PVSKs, they currently do not match the performance levels
achieved by lead-containing absorbers.>>*? Lead-based PVSKs
are known for their exceptional PCE and favorable optoelectro-
nic properties, which are challenging to replicate with alter-
native PVSK materials. Despite significant research and
progress, lead-free PVSKs involving Sn, Ge, double halide,
chalcogenide, etc. still face hurdles in reaching comparable
performance, limiting their immediate application in high-
performance photovoltaic devices. Since lead-based halide
PVSKs have been confirmed to be highly effective photovoltaic
materials in PSCs, it is important to consider how they can be
utilized without negatively impacting the environment or
human health. Some researchers are trying to mitigate the
leakage of lead from PSCs in parallel with efforts to produce
lead-free PSCs. Consequently, different attempts have been
made to lessen the toxicity risk of lead from PSC modules,
including an additive approach for complexation (or chelation),
modification to charge transporting layers, encapsulation by a
lead-capturing functionality, and lead management at the end
of life of PSCs.***’

In a nutshell, while lead-based PVSKs have demonstrated
significant potential in photovoltaic applications, their envir-
onmental and toxicological risks cannot be overlooked. This
study offers a comprehensive review on replacing lead-based
PVSKs with alternative materials or reducing lead leakage from
PSCs to develop more environmentally friendly and sustainable

2720 | Mater. Adv, 2025, 6, 2718-2752

PSCs. In addition, the review highlights the various approaches
being explored to address the environmental issues linked with
lead and emphasizes the importance of finding viable solutions
that maintain the high performance of PSCs while minimizing
their ecological impact. The essence of our review is depicted in
Fig. 3.

2. Material and structures of PSCs

It is indispensable to understand previous technologies to gain a
better comprehension of the functioning of PVSK-based photo-
voltaic cells. A conventional SC is mainly composed of two
semiconductor (junction) layers, where one layer comprises a p-
type semiconductor and the other comprises an n-type semicon-
ductor. This p—n-junction-based device produces a current when
subjected to solar irradiation.*® The photovoltaic industry compre-
hends various generations of SCs, making distinctions according
to the materials and technologies utilized in their manufacture,
each of which have their own set of benefits and challenges. First-
generation SCs, also known as wafer cells, involving monocrystal-
line and polycrystalline silicon, are excellent in terms of both PCE
and stability, but their manufacturing cost is high. In addition,
they need harsh production conditions, involving high vacuum
and high temperature.* Second-generation SCs, known as thin-
film SCs, including CdTe and CIGS, are less expensive, but their
PCE is moderate.”® Third-generation SCs, known as emerging
photovoltaics, including CZTS, DSSCs, PSCs, organic photovoltaics
and quantum dot SCs, are cost-efficient and high in PCE, but they
face stability issues.”’™* The configuration of various generations
of SCs is presented in Fig. 4(a).

Cell development is a fundamental element in determining
the overall role of SCs. The basic components of a PSC are a
transparent conductive oxide (TCO), an electron transport layer
(ETL), PVSK material, a hole transport layer (HTL), and a metal
electrode.”® PSCs are fabricated by employing layer-by-layer
deposition to make a stack of these basic components. PSCs
are labeled as having a conventional (n-i-p) arrangement or an
inverted (p-i-n) arrangement, depending on how the incident
light first enters.>® In addition, these two configurations can
also be classified as mesoscopic or planar PSCs. PSCs based on

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Structural configuration of various generations of SC. (b) Diagrams showing PSCs with: (i) n—i—p mesoscopic arrangement, (ii) n—i—p planar
arrangement, (iii) p—i—n planar arrangement, and (iv) p—i—n mesostructured arrangement.

a mesoscopic structure include a mesoporous layer, whereas
the planar structure comprises all-planar films. Moreover, PSCs
without ETL or HTL have also been confirmed. In a nutshell,
PSCs based on an n-i-p mesoscopic arrangement, n-i-p planar
arrangement, p-i-n planar arrangement, p-i-n mesoscopic
arrangement, ETL-free arrangement, HTL-free arrangement, or
both ETL-free and HTL-free arrangement can be fabricated.>*>’
Different types of PSCs are shown in Fig. 4(b).

© 2025 The Author(s). Published by the Royal Society of Chemistry

In 1839, German mineralogist Gustav Rose discovered CaTiO3,
which he called a PVSK in honor of Russian mineralogist Count
Lev Alekseyevich von Perovski.”® Later any stoichiometric ratio of
ABX; was termed a PVSK. In the ABX; stoichiometric configu-
ration, the symbol A suggests a monovalent organic or inorganic
cation or a mixture of both cations, B reveals a divalent cation
and X means a halide anion.” In addition, various cations and
anions with different valences can be combined in the ABX;

Mater. Adv,, 2025, 6, 2718-2752 | 2721
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The role of the Goldschmidt tolerance factor in performance.

formula. For example, chalcogenide, oxygen, carbon, or nitrogen
can be positioned at the X-site to form ABX; PVSKs, where the
valences of the A and B cations will be changed in such a way that
the structure attains charge neutrality. A cubic PVSK compound
consists of corner-sharing BXg octahedra that establish a 3D
system with A-site cations in the 12-fold coordinated (cuboctahe-
dral) vacancies to guarantee charge neutrality (shown in
Fig. 5(a)).°>°" On the other hand, a PVSK material might be
deemed a cubic close-packed AX; sublattice with divalent B-site
cations inside six-fold coordinated (octahedral) cavities.

Moreover, monovalent and trivalent cations can be combined
to swap divalent ones from group IV, including Pb, Ge, Sn, to form
double PVSKs with the stoichiometric formula A,B'B*'X,, which
demonstrates an extended 3D structure similar to ABX; PVSKs.%?
This approach also revealed a large number of new halide PVSK
materials for prospective greener photovoltaic applications. There
are also various novel PVSK derivatives, including A;B**,Xo,
ABYXg, AB*,X,, A,B'B*'X;, and A,B'B*'X..**"® Unfortunately,
except for double halide A,B'B*'X;, all are lower-dimensional
materials. Generally, lower-dimensional materials possess poor
carrier transportation properties, high carrier effective masses,
and high exciton binding energies, which limit their applicability
in photovoltaics.

Sometimes the potential applicability of PVSK in photovoltaic
is determined by the Goldschmidt tolerance factor (GTF). GTF is
a dimensionless quantity that is utilized to forecast the geome-
trical distortion along with the phase stability of a PVSK material,
depending on the sizes of the anions and cations in ABX;. It is
defined as ¢ = (R + Rx)/V2(Rx + Rg), where Ry, Ry and Ry
are the effective ionic radius for A, B, and X atoms in ABX; or
mixed PVSK, respectively. This value should be in the range

2722 | Mater. Adv., 2025, 6, 2718-2752
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0.80 < t < 1.0 to uphold a stable photovoltaic 3D PVSK
structure.®® The GTF of a given ABX; structure not only aids as
a pointer for assessing its possibility of adopting a 3D configu-
ration but also aids as a projecting tool for defining whether it
will exhibit an ideal cubic phase with ¢ ~ 1 or deviate to
tetragonal by having 0.9 < ¢ < 1.0 or tilted to orthorhombic
phases by having 0.8 < ¢ < 0.9.°° In addition, a GTF of less than
0.8 or higher than 1 has a tendency to result in a non-
photovoltaic PVSK (as illustrated in Fig. 5(b)).”

On the other hand, as reported in recent studies, the accuracy
of GTF is often insufficient.”* Considering 576 ABX; PVSK materi-
als experimentally scrutinized under ambient circumstances and
reported in ref. 72-74, the GTF properly distinguishes between
non-PVSK and PVSK for only 74% of materials and performs
noticeably worse for compounds containing heavier halides (accu-
racy levels for chlorides: 51%, bromides: 56%, and iodides: 33%)
than for oxides (83% accuracy) or fluorides (83% accuracy). This
inadequacy in the generalization of halide PVSKs harshly limits
the applicability of GTF for the discovery of new materials. How-
ever, the prominent research group led by Christopher J. Bartel
presented a new tolerance factor defined by the following equa-
tion:”

R
T= & — HA | DA — L
Rg ln<ﬁ)

Rg

where n, signifies the oxidation state of A and R, Rg, and Rx
represent the ionic radius of ions A, B, and X, respectively. In
addition, R, > Rg by definition, and © < 4.18 imply a PVSK. By
adopting this formula for 7, a high accuracy with a percentage of
92 for the experimental set (94% for an arbitrarily chosen test set
of 116 materials) and relatively consistent performance for the
five studied anions have been observed with accuracy values of
92%, 92%, 90%, 93% and 91% for oxides, fluorides, chlorides,
bromides, and iodides, respectively. The preciseness and prob-
abilistic characteristics of 7, as well as its generalizability across
single and double PVSKs, offers novel physical insights into the
stability of the PVSK structure and can predict thousands of novel
double PVSK oxides and halides.

Another essential quantity is recognized as the octahedral
factor, denoted by u, that assesses the formability of BXg
octahedra along with the stability of the PVSK compounds.
This factor is shaped by the ratio of Ry and Ry. To facilitate the
formation of BXg octahedra, u should be within the limits
0.414 < p < 0.732.7° Although some researchers agree on a
lower limit, they have reported a higher upper limit of 0.895 for
halide perovskites.”> Preserving the 3D configuration is essen-
tial for easing charge transportation within the system, which
ensures the efficient accumulation of photogenerated charges.””

3. Approaches to greenness

As the emphasis on sustainability grows, the development of
PSCs with a greener footprint is gaining momentum. Scientific
communities are gradually prioritizing the development of

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Strategies for addressing lead-related issues in perovskite materials.

non-toxic, earth-abundant materials to swap for lead and other
hazardous substances usually used in PSCs. This movement
aims to improve the environmental friendliness of solar tech-
nology while retaining high efficiency and reliability. Innovations
are also being directed towards improving the life cycle and
recyclability of PSCs, reducing their negative environmental
impact. By advancing towards greener PVSK formulations and
manufacturing processes, the scientific community is making
significant strides towards realizing SCs that are not only effective
and economical but also environmentally sustainable, contribut-
ing to the broader goal of reducing toxic footprints and promot-
ing clean energy. Fig. 6 illustrates the approaches that are being
used by the scientific community to address the issue of lead for
sustainable energy by means of PSCs.

3.1 Lead-free perovskites

In particular, lead-based PSCs have demonstrated remarkable
PCE:s that are comparable to those of conventional SCs, especially
silicon SCs. Efficiency improvements in Pb-based PSCs have been
astounding; in recent years, laboratory-scale devices have
achieved efficiency levels beyond 26.7%.>”® However, lead toxi-
city, stability (particularly when exposed to heat and moisture),
and the scalability of manufacturing procedures are among the
concerns for Pb-based PSCs. The inevitable Pb poisoning of an
ecosystem can be accelerated by extreme weather conditions like
heavy rain, high temperature, or intense sunlight. This could

IXelat s 65 6p*

Post-Transition Metal,

Fig. 7

© 2025 The Author(s). Published by the Royal Society of Chemistry

cause harm to wildlife and the environment. Along with stability,
the toxicity of Pb-based PSCs is the main concern to overcome to
make them eco-friendly and efficient alternatives as a renewable
source of energy.”” The Pb toxicity from PSCs is mainly due to
Pbl, and PbBr, and between these two, Pbl, is more toxic than
PbBr,.%° Research showed that a one square meter MAPbI; PSC
module on a rooftop possibly decomposed 0.9 g of Pbl, due to
heavy rainfall.®* This amount of Pbl, must be diluted with
20000 L of water to obtain a safe concentration of lead, while
4-10 L of water would be available for every square meter of PSC
surface that receives intense rainfall each hour.®? Therefore, it is
essential to take the initiative to reduce/stop the use of lead in
PSCs. Fig. 7 shows how toxic lead relocates to aquatic water
from Pb-based PSCs.

3.1.1 Replacement of lead from ABX;. In the past few years,
there has been a growing interest in replacing the toxic lead
from ABX; PVSK with other elements, including tin, germa-
nium, copper, antimony, or bismuth, although Pb is relatively
inexpensive. This substitution aims to enhance environmental
safety and enhance the suitability of PVSKs for photovoltaic
applications and crystal formation.®* Among these alternatives,
Sn-based PVSKs are appealing due to their superior charge
mobility, long carrier lifetime and smaller optical bandgaps,
close to the Shockley-Queisser limit.** These properties make
them ideal for use in single-junction SCs and all types of PVSK
tandem SCs. Additionally, tin is naturally abundant and does

Illustration of lead migration from Pb-based PSCs into aquatic environments, highlighting the environmental contamination pathway.

Mater. Adv,, 2025, 6, 2718-2752 | 2723
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not pose environmental or health risks. The first Pb-free
inorganic halide (CsSnlI;-based) PSC was reported in 2012 with
an efficiency of 0.9%, and the first hybrid PSC using MASnI;
was reported in 2014 with a PCE of 6%.%>%” Recently, Sn-based
PVSKs have undergone comprehensive investigation for achiev-
ing high efficiency and confirmed a PCE reaching 15.38%,
which is smaller than for lead-based PSCs (26.7%).”>>%%%°

However, Sn-based PSCs cannot be equally effective as Pb-
PSCs because of their high V. losses. The large V,. losses are
ascribed to augmented carrier recombination owing to defects
triggered through the oxidation of Sn>* to Sn**, which acceler-
ates the background carrier density.’® The rapid crystallization
of Sn-based PVSKs can compromise the quality of the PVSK film
by resulting in small grain sizes and pinhole formation within
the film. As a consequence, charge recombination occurs at
grain boundaries and interfaces, leading to poor performance of
the devices.”*

Conversely, germanium (Ge), a group-14 element like Pb and
Sn, has emerged as a promising alternative to lead. Ge is a strong
candidate for use in PSCs due to its relatively large electronega-
tivity and heightened covalent nature compared to Pb.°> Despite
extensive theoretical studies highlighting the prospect of
germanium-based PVSKs for SC applications, experimental
investigations have been limited. This is primarily owing to the
unstable nature of germanium in oxidation state +2.°* In 2015,
Stoumpos and his team produced an AGel; PVSK compound and
explained its structural, electrical and optical characteristics.”*
The bands of these AGel; PVSKs were observed from 1.6 to 2.8 eV
(1.6ev,1.9eV,2.2eV,2.5eV, 2.7 eV, 2.5 eV and 2.8 eV for CsGel;,
CH;NH;Gel;, HC(NH,),Gel;, CH;C(NH,),Gel;, C(NH,);Gels,
(CH;);NHGel;, and (CHj3),C(H)NH;Gel,, respectively), which are
larger than certain Pb-based PVSKs. The large bandgap may be
attributed to higher orbital energies in Ge 4s states and Ge>'-
induced structural distortion of [Gels] octahedra because of the
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three short and long Ge-I bonds instead of the regular [Gelg]
octahedral structure. Currently, the PCE of Ge-based PSCs is
lower than 5%, hindered by factors such as smaller ionic radius,
limited solubility in polar solvents, and relatively large bandgap
(over 1.6 eV).”>” One strategy to enhance the efficiency of PSCs
involves the mixing of tin and germanium, a method that has
shown promising results in the literature.*°® Incorporating Ge is
believed to improve the stability of the PVSK compound while
reducing trap density. C. H. Ng et al. reported a similar trend,
obtaining the highest PCE for Sn-Ge-based PSCs at 7.9%.%°
However, it is important to note that the PCE of Sn-Ge-based
PSCs remained much lower than that of their Pb-based counter-
parts, primarily due to their lower V,. and J,.. This discrepancy is
likely to be due to insufficient absorption in the UV range and
challenges related to aligning energy levels at the ETL and PVSK
interface, as noted in previous studies.**'® Some notable
research on Sn, Ge and their combination-based PSCs have been
tabulated in Table 1.

On the other hand, bismuth (Bi)- and antimony (Sb)-based
PVSKs have been explored as Pb-free PVSK compounds. Bi-based
PVSKs are an excellent example of materials that offer low toxicity,
stability in atmospheric conditions, and significant tenability."*°
Similarly, Sb-based PVSKs, though containing a heavy metal, also
exhibit relatively low toxicity. In 2015, Park et al. first utilized a
straightforward one-step spin-coating method to develop Cs;Bi,lo,
MA;Bil,, and MA;Biyls_,Cl."*" Among these compounds,
Cs;3Bixly demonstrated the highest performance, achieving an
efficiency of 1.09% in a mesoscopic configuration. In comparison,
MA;Bi,I, and MA;Bi,l, ,Cl, had significantly lower efficiencies of
0.12% and 0.003%, respectively. The researchers recognized the
very low efficiency of MA;Bi,Is_,Cl, in the presence of amorphous
BiCl;. Additionally, the first inverted device using MA;Bi,l, was
reported, but due to its large bandgap of 2.9 eV, its efficiency
remained very low at approximately 0.1%. Another piece of

Table 1 Reported work on Sn, Ge and their combination-based PSCs and the corresponding photovoltaic parameters

Device PCE (%) FF (%) Jse (MA cm™?) Voe (V) Year (ref.)
ITO/CsSnl;/Au/Ti 0.9 22 4.80 0.42 2012%°
FTO/c-TiO,&m-TiO,/MASNI,/Spiro-OMeTAD/Au 6.4 42 16.8 0.88 20141
ITO/PEDOT:PSS/FASNI;/Ceo/BCP/Ag 6.22 60 22.07 0.47 2016'%?
ITO/PEDOT:PSS/FAy 75MA, 555n15/Cgo/BCP/Ag 8.12 63 21.20 0.61 2017'%
ITO/PEDOT:PSS/FASnI; (PEAI)/Cgo/BCP/Ag 9.00 71 24.1 0.53 2018
ITO/PEDOT:PSS/FA, 75MAg 555N.05G€0.0515/PCBM/Cgo/Ag 4.48 55 19.50 0.42 2018°°
FTO/TiO,/CsGel;/Spiro-OMeTAD/Ag 4.94 51 18.78 51 2018'%°
FTO/PEDOT:PSS/FA, 0sEDA, 01Sn15/Cg0/BCP/Ag/Au 10.18 73 23.09 0.60 20197
FTO/PEDOT:PSS/FAg 75MAg 255N0.05G€0.0513/PCBM/Cg0/BCP/Ag/Au 7.9 — — — 2019%°
ITO/PEDOT:PSS/FASNI;/Cg/BCP/Ag 11.4 64 23.5 0.76 20208
ITO/PEDOT:PSS/FASNI;/Ceo/BCP/Ag 11.78 72 22.37 0.73 2020'%°
ITO/PEDOT:PSS/PEA, 15FA 5Sn1;/ICBA/BCP/Ag 12.4 75 17.4 0.94 2020
FTO/PEDOT:PSS/Ge doped FAq ogEDA, ¢1SnI;(EA, ;)/Ceo/BCP/Ag/Au 13.24 78 20.32 0.84 2020
ITO/PEDOT:PSS/FASnI;(FPEABr)/ICBA/BCP/Al 14.8 71 24.9 0.84 20212
ITO/PEDOT:PSS/FASNI;/Cqo/BCP/Ag 13.4 72 23.02 0.81 2021'"
ITO/PEDOT:PSS/PEA, FA, oSnI;/ICBA/BCP/Ag 14.81 70.76 24.91 0.84 2021
ITO/PEDOT:PSS/PEA, 15FA, 5Sn1;/ICBA/BCP/Ag 14.63 771 20.6 0.91 2021*°
ITO/PEDOT:PSS/FAy 75MA, 555n13/Cgo/BCP/Ag 14.7 76.7 24.9 0.77 2022'1°
ITO/PEDOT:PSS/PEA, 15FA, 35Sn1;/DCBA(Trasn3)/BCP/Ag 14.58 75.7 21.39 0.90 20237
ITO/PEDOT:PSS/PEA, 15FA, g5Sn1;/ICBA/BCP/Ag 14.6 78.6 20.6 0.905 20238
ITO/PEDOT:PSS/FASnI;-BrDS/ICBA/Cg,/BCP/Cu 14.98 79.5 23.86 0.79 20240
ITO/PEDOT:PSS/PEA, 15FA, 55Sn1;/PCBM/BCP/Ag 15.38 72.37 24.81 0.856 2024%
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research conducted by I. Turkevych et al. reported the fabrication
of PSCs using a stable Ag;Bil; PVSK with a rudorffite formation.'*>
A device with the configuration FTO/c&m-TiO,/Ag;Bils/PTAA/Au
achieved a PCE of 4.3%. Jin Huang and his research team
developed a PSC by adopting the structure FTO/TiO,/CsBiSCl,/
Spiro-OMeTAD/Au."* In this research, they overcame the chal-
lenge of the poor solubility of Bi,S; by incorporating DMA, leading
to the preparation of a well-soluble DMABIS, intermediate. Control
experiments were conducted to determine the optimal annealing
temperature, duration, and precursor stoichiometric ratio for
PVSK films. As a consequence, they prepared a film of CsBiSCl,
with the highest quality and crystallinity using a precursor solution
with a molar ratio of CsCl to DMABIS, of 4:1 after annealing at
220 °C for 1 h and 20 min. Measurements of the optical properties
confirmed the successful synthesis of CsBiSCl, PVSK crystals with
a bandgap of 2.012 eV. Tests of electrical properties showed that
the device, built with a conventional structure, achieved a PCE of
10.38%. Additionally, the CsBiSCl, PSC demonstrated excellent
stability in ambient air, retaining 97% of its original efficiency after
150 days, with only a 3% reduction. This makes it one of the most
stable devices among inorganic Bi-based PSCs currently available.
This research offers new perspectives for the future development
of environmentally friendly and commercially stable lead-free
PSCs. The research group led by Seok was the pioneer in fabricat-
ing PSCs with MASbSI, PVSK structures as light absorbers."** The
formation of MASDSI, involved a sequential reaction of Sb,Ss, Sbl;,
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and methylammonium iodide, followed by moderate annealing in
an argon environment. PSCs made with MASbSI, achieved a PCE
of 3.08%. The low PCE of antimony chalcogenide-based SCs is due
to the self-trapping of photoexcited carriers caused by distortions
in the Sb,S; lattice. Some notable work on Bi and Sb based PSCs
has been tabulated in Table 2.

3.1.2 Halide double perovskites. Initiating compositional
engineering by various sized cations or anions on their respec-
tive sites in ABX; can form a huge number of derivatives of
PVSK materials. However, among them all, A,B"B*'Xg, called
HDP, is more efficient and stable.”*"'** Due to there being
more alternative elements for each ionic position and the stable
structure of HDPs, a lot of HDP structures are possible. After
the first synthesis of Cs,AgBiBrs in 2016, more than 300 HDPs
have been synthesized. However, not all HDPs are appropriate
for SCs, but they can be used in other photovoltaic devices as
well for their different optoelectronic properties. The transition
from toxic, unstable, lead-based PVSKs to non-toxic, stable,
lead-free double halide alternatives and the increasing research
interest in lead-free HDPs are highlighted in Fig. 8.

The feasibility of HDPs in photovoltaic applications was first
experimentally demonstrated in 2017 using Cs,AgBiBrs HDPs,
obtaining a PCE of 2.43%."** Because of its comparatively broad
and indirect bandgap, Cs,AgBiBrs SCs have a Shockley-Queisser
maximum efficiency of less than 8%."** A higher simulated PCE
of 11.17% can be attained, according to Islam et al., by adjusting

Table 2 Reported work on Bi- and Sb-based PSCs and their photovoltaic parameters

Device PCE (%) FF (%) Jse (mA ecm™?) Voe (V) Year (ref.)
FTO/c&m-Ti0,/Cs;Bi,lo/Spiro-OMeTAD/Ag 1.09 60 2.15 0.85 2015
FTO/c&m-TiO,/MA;Bi,ls/Spiro-OMeTAD/Au 0.259 48 0.83 0.56 2016'%°
FTO/c&m-TiO,/Ag;Bils/PTAA/Au 4.3 64 10.7 0.63 201722
FTO/c&m-Ti0,/MASbSI,/PCPDTBT/PEDOT:PSS/Au 3.08 59 8.12 0.65 2018'%*
FTO/c-Ti0,/Cs;Bi,lo/Cul/Au 3.20 64 5.78 0.86 2018'2¢
FTO/c&m-TiO,/AgBil,/PTAA/Au 2.20 62 5.24 0.67 20187
FTO/c&m-TiO,/Ag,Bils/PTAA/Au 2.60 62 6.04 0.69
FTO/c&m-TiO,/MA;Bi,lo/P3HT/Au 3.17 78 4.02 1.01 201828
FTO/c&m-Ti0,/Cs;Bi,lo-Ag;Bi,I, BHJ/PDBD-T/Au 3.59 60 7.65 0.78 2020'*°
FTO/c&m-TiO,/Bil; co-doped Sb,SI;/PCPDTBT:PCBM/PEDOT:PSS/Au 7.05 63 21.5 0.52 2021%°
FTO/Ti0,/CsBiSCl,/Spiro-OMeTAD/Au 10.38 0.58 16.73 1.07 2024
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