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1. Introduction

Halide perovskites, in the form of thin films and colloidal nanocrystals, have

recently taken semiconductor optoelectronics research by storm, and have
emerged as promising candidates for high-performance solar cells,
light-emitting diodes (LEDs), lasers, photodetectors, and radiation detectors.
The impressive optical and optoelectronic properties, along with the rapid
increase in efficiencies of solar cells and LEDs, have greatly attracted
researchers across many disciplines. However, most advances made so far in
terms of preparation (colloidal nanocrystals and thin films), and the devices
with highest efficiencies are based on Pb-based halide perovskites, which
have raised concerns over their commercialization due to the toxicity of Pb.
This has triggered the search for lower-toxicity Pb-free halide perovskites and
has led to significant progress in the last few years. In this roadmap review,
researchers of different expertise have joined together to summarize the latest
progress, outstanding challenges, and future directions of Pb-free halide
perovskite thin films and nanocrystals, regarding their synthesis, optical
spectroscopy, and optoelectronic devices, to guide the researchers currently
working in this area as well as those that will join the field in the future.

Over the last decade, halide perovskites
(HPs) with a general formula ABX; (where
A = CH,NH,* (MA), HC(NH,),* (FA), or
Cs*; B = Pb** or Sn?*; X = Cl, Br or |)
have emerged at the forefront of materials
for high-performance optoelectronics.'-!
Although they have been known since
the late 19th century/®’l they have re-
gained broad attention after the demon-
stration of their potential as photoactive
materials for solar cells in 2009 and for
light emission in 2012 by Kojima et al.[18],
and subsequently for LEDs in 2014 by
Tan et al.®) The 2012 breakthroughs(!11]
in HP solar cells ignited research into
this field, which then spread into differ-
ent sub-areas of optoelectronics.>** Since
then, this class of materials, especially the
lead halide perovskites (LHPs), has been
greatly exploited in terms of their chemistry,

|. Lépez-Fernandez, Y. Liu, D. Gaur, L. Polavarapu
CINBIO

Universidade de Vigo

Materials Chemistry and Physics Group
Department of Physical Chemistry

Campus Universitario Lagoas Marcosende

Vigo 36310, Spain

E-mail: lakshmi@uvigo.es

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adfm.202307896

© 2023 The Authors. Advanced Functional Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution
and reproduction in any medium, provided the original work is properly
cited.

DOI: 10.1002/adfm.202307896

Adv. Funct. Mater. 2024, 34, 2307896 2307896 (1 of 62)

D. Valli, E. Debroye

Department of Chemistry

KU Leuven

Celestijnenlaan 200F, Leuven 3001, Belgium
C.-Y. Wang, M. Saliba

Institute for Photovoltaics (ipv)

University of Stuttgart

Pfaffenwaldring 47, 70569 Stuttgart, Germany
C.-Y. Wang, M. Saliba

Helmbholtz Young Investigator Group FRONTRUNNER
IEK5-Photovoltaik

Forschungszentrum |ilich

52425 Julich, Germany

S. Samanta, T. Debnath

Centre for Nanotechnology

Indian Institute of Technology Guwahati
Guwahati, Assam 781039, India

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH


http://www.afm-journal.de
mailto:lakshmi@uvigo.es
https://doi.org/10.1002/adfm.202307896
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202307896&domain=pdf&date_stamp=2023-10-27

ADVANCED
SCIENCE NEWS

FUNCTIONAL

www.advancedsciencenews.com

optical spectroscopy, and optoelectronic devices.[>12715] They have
received a great deal of attention from researchers working on
solar cells, LEDs, lasers, and X-ray detectors.[31216-20] The opti-
cal and electrical properties of LHPs, such as strong light ab-
sorption, tunable bandgap, long charge-carrier lifetime and dif-
fusion length, solution processability, and high defect tolerance
are ideal for optoelectronic devices. As a result of the intense ef-
forts of researchers across the globe, the power conversion ef-
ficiency (PCE) of LHP single-junction solar cells has increased
from 3.8% to over 25%,!*!1 while the efficiency of HP-silicon
tandem solar cells has surpassed 32%.2%] In parallel, there has
also been significant progress in HP LEDs, with external quan-
tum efficiencies (EQEs) surpassing 25% for both green and red
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colors.[2-5] Currently, perovskite solar cells and LEDs are being
intensively investigated to further improve their EQE and long-
term stability by device engineering and device encapsulation,
tuning the composition, and reducing the trap states through
passivation.[2#1518.2627]

Parallel to all this, we have also witnessed important develop-
ments in the field of colloidal HP nanocrystals (NCs) in terms of
shape and composition-controlled synthesis, self-assembly, un-
derstanding of their optical properties, and their applications
to optoelectronic devices.[2121819.28-30] Unlike bulk perovskites,
the optical properties of colloidal NCs are tunable not only
by their composition but also through quantum confinement
effects.[2192831] Most notably, the near-unity photoluminescence
quantum yield (PLQY) of LHP NCs makes them promising
sources for light-emitting applications including LEDs, lasers,
and single-photon generation.l?] In addition, they have also been
used in the fabrication of solar cells, even though their PCEs are
relatively low compared to that of bulk thin films (over 25% for
bulk thin films versus over 15% for colloidal NCs).l'823234] De.
spite great success, LHP NCs are currently undergoing further
advancements regarding their colloidal synthesis, screening of
ligands for improving the stability and PLQY, and efficiency of
the corresponding optoelectronic devices. Besides, recently there
has been an increasing interest in HP (bulk and NCs)-based X-
ray detectors, and significant advancements have been made in
the fabrication of high-sensitivity radiation detectors.!*=7]

Despite rapid progress in LHPs (thin films and NCs) with a
steep increase in efficiencies of the corresponding optoelectronic
devices, their toxicity and instability (long-term as well as oper-
ational) has been a major concern to advance the field in a way
similar to that of silicon-based devices.[***!] The instability issues
are being tackled by using 2D/3D perovskites and through sur-
face passivation as well as device encapsulation.24142] Still, the
lifetime of HP solar cells is far behind that of silicon-based solar
cell modules (25 years) and the operational stability of LEDs is
even worse, with some of the best-reported lifetimes being only
tens of hours.[*** These LHPs are very sensitive to heat, air,
light, moisture, and water, and their degradation releases com-
pounds such as PbI, that can have a very adverse impact on the
environment.*>*°! This is especially problematic when PbI, (or
other compounds containing heavy metal ions) dissolves in water
systems, leading to the accumulation of toxic metal ions, which
then can be up-taken by living organisms.[*’]

The ideal scenario would be the replacement of Pb with
nontoxic elements in halide perovskites without compromising
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Figure 1. Crystal structures of ABX; HPs (a), A,B'B"""X, DPs (b), and A,B!VX, vacancy-ordered perovskites (c). d) Periodic table highlighting the elements
that can replace Pb in LHPs. The elements that can occupy the B!, B"', B, and B" sites of the crystal structures shown in (a—c) are labeled with green,

blue, yellow, and red, respectively.

performance. Several studies have tackled this issue and have
proposed different elements that could substitute the lead atoms
based on similarity in size, charge, chemical reactivity, proper-
ties, and structural tolerance.l**?] Figure 1 reports the struc-
ture of HPs, halide elpasolites (double perovskites (DPs)), and
vacancy-ordered perovskites with various possible elements in
the periodic table (see below). The elements that could fit in the
B-site (with different oxidation states) of each structure are la-
beled with the same colour, while the elements that have been
more frequently reported are highlighted in bold. Among them,
the elements in the same group as Pb (Group 14), which are
tin (Sn?*) and germanium (Ge?*), have been the first choices
(Figure 1). Especially Sn-based HPs have received significant at-
tention because of their properties that are indeed similar to those
of LHPs. However, the reported performances of Sn (or Ge)-
based optoelectronic devices are significantly poorer than those
of LHPs.I??] In addition, they exhibit low stability due to the rapid
oxidation of Sn?* and Ge?* to Sn** and Ge** under environ-
mental conditions. As a result, it has been extremely challeng-
ing to synthesize stable Sn (or Ge)-based HP thin films and NCs
with the same level of control achieved for LHPs.[2>>3] More-
over, there is a debate that Sn is even more toxic than Pb, al-
though this aspect needs to be investigated in more detail.[38]
Despite these issues, there has been some success in the size
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and shape-controlled synthesis of colloidal ASnX, perovskite
NCs,%*56] and significant advances have been made also in the
fabrication of Sn-based 2D perovskite thin films.[”%8] Ge-based
compounds are much less toxic, but their poor stability and per-
formance limit their use. Moreover, only certain Ge-perovskites
such as CsGel, exhibit suitable bandgap for solar cells.>>>°! An-
other possible replacement for Pb** ions is a combination of a
monovalent cation and a trivalent cation, resulting in the forma-
tion of DPs with the general formula A,B'B"X,.[217] As shown
with a color code in Figure 1, various combinations of DPs with
different B! and B! cations (B! (green) = Li, Na, K, Rb, Cs,
Ag; B (yellow) = Al, Ga, In, Sb, Bi) are theoretically possi-
ble according to the Goldschmidt’s tolerance factor.*8-51 Among
them, Cs,AgBiX, and Cs,(Ag/Na/K)(Bi/In)X, stand out as the
most extensively studied ones for their high stability, low tox-
icity and long charge carrier lifetime (comparable to those of
LHPs).[% There are also reports of DPs where the B! cation is
a lanthanide.[®1%2] Another interesting class of materials is that
of vacancy-ordered DPs, with formula A,B"VX, which can be
thought of as resulting from the substitution of B! and B! ions
by a B cation and a vacancy.[®*%* A, B,X, is another type of Pb-
free system that has been investigated, although, strictly speak-
ing, it does not belong to the perovskite family based on its crystal
structure.
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Table 1. Summary of synthesis methods used for THP NCs with various shapes.

Serial Composition Synthetic Method Shape of NCs Reference
Number

1. CsSnX; (X=Cl, Br, 1) HI Nanocubes [55]
2. FASnhl; HI Nanocubes [66]
3. CsSnls all Nanocubes + Nanosheets [56]

+ (R-NH;*),Cs, 1Sn, l3,,,) nanosheets
4. CsSnls HI Nanocubes [77]
5. Cs,Snlg HI Quantum Dots, Nanorods, [78]
Nanowires, Nanobelts,
Nanoplatelets
6. (OCTAm),SnBr, Facile aqueous acid-based 2D Layered Structure [75]
method
7. CsSnl, HI Nanoplatelets or Nanosheets [67]
8. L,[ASnX;] ,_;SnX,, where A =FA, and X = Cl, LARP Nanoplatelets [74]
Br, or |

9. CsSnX; (X=Br, ) CvD Nanowires [87]
10. CsSnX; (X=Cl, Br, 1) CvD Nanowires [82]
11. CsSnX; (X=Cl, Br, 1) HI Nanocubes [54]
12. PEA,SnX, (X =Br, I) LARP Nanoplatelets [76]
13. MASNBr3 I, HI Quantum Dots [73]
14. CsSnBr; HI Nanocages [84]
15. CsSnX; (X=Cl, Br, 1) Solvothermal nanorods [83]
16. Cs,SnBrg HI Hexagonal [68]
17. Cs,Snlg HI Quasi-spherical [79]
18. (4Tm),Snl, LARP - 771
19. FASnl, HI Nanocubes [69]
20. CsSnX; (X=Cl, Br, 1) HI Nanocubes [70]
21. Cs,Snlg Metal ion metathesis Nanoplatelets [80]

This review provides a discussion on the state-of-the-art of
Pb-free perovskite materials regarding their preparation, opti-
cal properties (linear and nonlinear), degradation mechanisms,
and their application to solar cells, LEDs, and X-ray detectors. In
terms of materials, we will discuss both colloidal NCs as well as
bulk thin films (2D layered and 3D). As a note of caution, while
we will discuss the synthesis of colloidal HP NCs, the discus-
sion on optoelectronic applications is mainly focussed on thin
films, powders, or single crystals. This is because the potential
of Pb-free colloidal HP NCs for optoelectronic devices is still
relatively unexplored owing to the instability of some compo-
sitions (for example the Sn**-based ones) and their low photo-
luminescence. On the other hand, the optical properties of Pb-
free HP NCs as well as thin films in terms of their absorption,
photoluminescence, charge carrier dynamics, spin relaxation dy-
namics, and charge transport properties will be briefly summa-
rized. The Pb-free HP that will be discussed here include ASnX,,
A,B'B!X, DPs, and vacancy-ordered A, BVX,. We will highlight
the research progress in these systems in terms of their fabri-
cation and efficiencies of the corresponding optoelectronic de-
vices along with the outstanding challenges. Finally, an outlook
of these Pb-free HP material systems and devices will be pre-
sented in terms of their synthesis/fabrication with improved sta-
bility and efficiency, having in mind the ultimate goal of their
translation from the laboratory to real-world applications.

Adv. Funct. Mater. 2024, 34, 2307896 2307896 (4 of 62)

2. Synthesis of PB-Free Perovskite Materials

2.1. Synthesis of Tin Halide Perovskite NCs

One of the outstanding challenges in the field of colloidal halide
perovskite NCs is to synthesize stable tin halide perovskite (THP)
NCs.[2l Despite the great progress in the shape-controlled syn-
thesis of LHP NCs, only a few reports have demonstrated to
date the synthesis of ASnX, counterparts (Table 1).[2545:65-67]
A wide range of approaches (such as the hot injection (HI),
ligand-assisted reprecipitation (LARP), hydrothermal, ultrason-
ication, and emulsion synthesis, etc.)!?! have been employed for
the preparation of LHP NCs. Among all, HI and LARP are the
most commonly adapted approaches for the synthesis of THP
NCs.[2465455,65-67] The THP NCs can be broadly classified into
three categories: i) ASnX; (A = Cs, FA, MA; X = Cl, Br, I) type
3D HPs, ii) A',SnX, (A" = organic ligands; X = C, Br, ) type
2D layered perovskites and iii) A,SnX, (A = Cs, FA, MA; X =Cl,
Br, I) type perovskites. In this section, we summarize the main
achievements in these directions, point out the key issues that
remain unresolved, and present our perspectives on future re-
search directions.

ASnX; Type 3D Perovskite NCs. The synthesis of ASnX,-type
CsSnX, NCs via the HI route was first reported by Jellicoe et al.>*!
They synthesized the NCs by dissolving SnX, salts in tri-n-octyl
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Figure 2. a) Schematic of the synthesis of CsSnX; (X = Cl, Br, I) perovskite NCs via the HI route. b) Low-resolution transmission electron microscopy
(TEM) images of CsSnl; NCs with different Cs:Sn ratios. The insets show the histograms of particle size for the corresponding CsSnl; NCs. ¢) HRTEM
image and corresponding selected area electron diffraction pattern of the sample synthesized with a Cs:Sn ratio of 0.25:4.2. The panels a, b and c are
adapted with permission.[®3] Copyright 2021, American Chemical Society. d) Dark-field scanning transmission electron microscopy (STEM) images of
FASnl; NCs at two different magnifications. The figure is adapted with permission.[%¢] Copyright 2023, American Chemical Society. ) TEM image of
CsSnBr; nanocages. f) Corresponding schematic model of a nanocage structure. The panels e and f are adapted with permission.[?] Copyright 2017,

Tsinghua University Press and Springer-Verlag Berlin Heidelberg.

phosphine (TOP) followed by their injection into a Cs-oleate pre-
cursor solution containing oleic acid (OA) and oleylamine (OLA)
as ligands. However, the obtained NCs showed poor stability and
low PLQYs. Later, it was found that the change of capping lig-
ands can tune the morphology of CsSnl; from nanocubes to
nanoplatelets (NPls), though the PLQY is still low.*”] The sim-
ilarity between these two works is the use of Snl, as the source of
both Sn** and I, resulting in a Sn/I ratio of 1:2 in the reaction
medium. From the perspective of synthetic chemistry, a more
flexible approach that enables facile tuning of reactants (different
Sn/I ratios and ligands) is needed to suppress the formation of
detrimental structural defects (Sn and halide vacancies) causing
nonradiative charge-carrier recombination.[>>>6:66-71]

In a recent report, Liu et al. developed a theory-guided col-
loidal HI synthesis strategy to obtain high-quality CsSnI; NCs by
the rational fine-tuning of the reactant ratio in a wide range.!
Figure 2a shows the schematic of the synthesis of THP NCs
where Cs,CO; was initially loaded into a three-neck flask along
with octadecene (ODE), OA, and OLA and was then degassed
at 80 °C. Subsequently, a mixture of tin(II) 2-ethylhexanoate
(Sn(Oct),), trimethylsilyl iodide (TMSI), and TOP was swiftly in-
jected into the reaction flask at 180 °C, which led to a rapid salt
metathesis reaction and resulted in fast nucleation and growth
of CsSnl, NCs. It has been found that the relative amount of the
precursors plays a crucial role in governing the phase purity, size

Adv. Funct. Mater. 2024, 34, 2307896 2307896 (5 of 62)

distribution, and optical properties of NCs, and importantly, a Sn-
rich condition is required for the growth of THP NCs with a high
PLQY. All these experimental results are in good agreement with
the predictions based on density functional calculations (DFT)
and molecular dynamics simulations (MD). Figure 2b presents
low-resolution TEM images of the resulting NCs, indicating that
with the increase of the Sn amount (when going from a Cs:Sn ra-
tio of 0.25:3 to 0.25:4.8), the average size of cubic-shaped NCs in-
creases from 26 nm (for 0.25:3) to 37 nm (for 0.25:4.8). Figure 2c
shows the high-resolution TEM and corresponding selected area
electron diffraction pattern of the 0.25:4.2 sample, in which it is
possible to appreciate the single-crystalline nature of the NCs. It
is noted that the synthesis of CsSnl; NCs was carried outin an in-
ert atmosphere owing to their extreme sensitivity to air. In a sim-
ilar synthesis, Wang et al.”!] tried to investigate the role of sur-
factants on the growth kinetics of CsSnl; NCs and revealed the
formation of intermediate complexes between zwitterionic phos-
phatidylcholine and the precursors. It was found that the steric
hindrance of branched fatty acid side-chains of phosphatidyl-
choline can regulate the growth kinetics of CsSnXj;, enabling the
synthesis of CsSnX; NCs with a PLQY of 12%, which is among
the highest ever reported.l”!] Interestingly, Kang et al. found that
the use of stannous oxalate (SnC,0,), Cs,CO,, and NH,I as the
precursors of Sn, Cs, and I, respectively, yields CsSnl; NCs with
greatly enhanced stability yet having a low PLQY.”"! In light of
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these results, we envisage that simultaneously tuning the pre-
cursor ratio in a wide range (as discussed above) and using some
specific capping ligands, e.g., multifunctional ligands, that can
passivate the NCs’ surface might yield highly luminescent, highly
stable CsSnl; NCs.

It was also found that the type of precursors could affect the in-
situ colloidal stability of THP NCs and their final morphology. For
example, Wang et al. used tin(II) 2-ethylhexanoate (Sn(Oct),) and
MgBr,-6H,0 as the separate precursors for Sn and Br, respec-
tively, for the synthesis of CsSnBr; NCs by the HI approach.[7?l In
this particular case, a hollow nanocage morphology was achieved
via nanocubes self-assembly at >200 °C (Figures 2e, f). Notably,
the selection of tin precursor, i.e., Sn(Oct), in this case, is the key
factor for the self-assembly process via the oriented attachment
of the branched ethylhexanoate group. These nanocages feature
a superior stability againstmoisture, oxygen, and light at ambi-
ent conditions with respect to THP nanocubes. Nevertheless, it
should be noted that the shape-controlled synthesis of stable col-
loidal THP NCs is still in an early stage compared to that of LHP
NCs in terms of the rational control over the reactivity of reactants
used for the synthesis, understanding of reaction mechanisms
and reproducibility of the synthesis.’®*%] In this regard, Gahlot
et al. attempted to obtain stable, tunable, and monodisperse
CsSnl; NCs exhibiting well-defined excitonic peaks by an opti-
mized synthetic route.[>®] It was found that the presence of excess
Snl, precursor and the substoichiometric Sn:ligand ratio are the
keys to obtaining stable CsSnl; NCs. Furthermore, optical and
structural characterizations along with first-principle DFT calcu-
lations suggested the presence of 2D (R-NH;*), Snl, nanosheets,
where R = C;gH;;. Under specific synthetic conditions, stable
mixtures of 3D CsSnl; NCs and 2D (i.e., Ruddlesden—Popper (R-
NH;*)2Cs,_,Sn,I;,,; with n > 1) nanosheets can be obtained,
although their photophysical properties need to be investigated
in more details. Very recently, Zhang et al.l®! reported on the
mechanistic insight into the precursor chemistry of CsSnl; per-
ovskite NCs through a combination of various characterization
techniques. They identified that the active intermediate com-
plexes, polymeric alkanoate iodides that form via the reaction
of the iodide source with oligomers present in the tin (II) car-
boxylates, play a role in governing the reactivity of the tin-iodide
precursor, resulting in the variation in the size, size uniformity,
and PLQY of CsSnl; NCs.[%] The understanding of the reaction
mechanism in the synthesis of THP NCs would not only lead to
improved synthesis strategies, but also might offer guidelines for
fabricating high-quality polycrystalline films that can be used for
optoelectronic devices such as LEDs and photovoltaics, consider-
ing the similar defect formation mechanisms in both LHP NCs
and polycrystalline films.

There are also a few reports on the synthesis of organic-
inorganic hybrid THP NCs. In 2021, Dai et al. reported the syn-
thesis of monodisperse FASnl, perovskite NCs by the LARP ap-
proach (Figure 3a). They found that FASnI; NCs of different
sizes can be readily synthesized by a swift injection of FA oleate
precursor into Snl, precursor under vigorous stirring at differ-
ent temperatures.®) The quantized energy levels are strongly
dependent on the size of the NCs as shown in Figure 3b,c. In-
terestingly, these quantum-confined NCs with separate energy
states slow down the relaxation of hot carriers by two orders
of magnitude compared to LHP NCs under the same excita-
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tion conditions. The observed build-up time of the ground-state
bleach at the band edge is two orders of magnitude slower in
FASnl, NCs than in LHP bulk and NCs, which the authors at-
tribute to a phonon bottleneck effect (see also the optical proper-
ties section of this review for more details).l®! Similarly, Dirin
et al. synthesized FASnI; NCs with good size distribution via
the HI approach.[®] They found that 10 nm FASnI; NCs exhibit
an unusually large band gap, which cannot be explained merely
by quantum confinement effects. The distortion of the lattice
through the split of I-sites was thus proposed (Figure 3d), con-
sidering that a reduction in the symmetry and bending of the
Sn—I-Sn bond can reduce the overlap of Sn and I 5p orbitals.
In addition, the HI approach has also been used for the syn-
thesis of MASnBr; I, and Cs,FA,  Snl; NCs.[®73] We point out
that all reported hybrid THP NCs exhibit extremely low PLQYs,
suggesting a high density of structural defects contributing to
nonradiative recombination. Future studies should be focused
on boosting their PLQYs, understanding the reaction mecha-
nism, as well as the unusual photophysical properties of THP
NCs.

A’,SnX,-type 2D layered Perovskites. In 2016, Weidman et al.
first reported the LARP synthesis of A’, SnX,-type 2D layered per-
ovskite NPls with L,[ASnX,],_, SnX, formula, where L represents
long-chain ligands such as butylammonium or octylammonium,
A is Cs, FA, or MA, and n is the number of octahedral units
cells (thickness) of the NPIs.[”# The layered NPIs were synthe-
sized by dissolving the respective precursor salts, i.e., AX, SnX,,
and LX in dimethylformamide (DMF) followed by mixing them
with toluene. The thickness of the NPLs can be tuned by vary-
ing the LX/SnX, /AX ratio. Here, the long-chain organic ligand
occupies the A-cations sites on the surface and thus hinders the
growth of NCs along one dimension (Figures 4a,b), leading to the
formation of layered NPIs. In contrast to 3D NCs, these 2D per-
ovskites exhibit a higher PLQY and stability against humidity. For
instance, Wang et al. synthesized 2D layered (OCTAm),SnBr,
crystals with near-unity PLQY by a facile aqueous acid-based syn-
thetic method.[”>! At first, stannous oxide powder was dissolved
in hydrobromic acid by sonication, followed by the addition of
aqueous H,PO, to prevent the oxidation of Sn (II). Octylamine
was then added to the above reaction mixture. The solution was
then heated to 80 °C for 30 min and then cooled at 4 °C to ob-
tain (OCTAm), SnBr, crystals. Figure 4c illustrates the typical 2D
(octylammonium), SnBr, layered perovskite, wherein SnBr, oc-
tahedral layers are separated by octylammonium ions. Figure 4d
presents the high-resolution TEM images along with the corre-
sponding FFT pattern that shows the interplanar spacing to be
20 A having a proper matching with the (100) plane. Interest-
ingly, the PLQY of the 2D layered perovskite sample remains un-
changed even after 240 days of storage under ambient air and
humidity

In addition, layered NPls can be obtained by replacing
the A-site cation with larger organic cations such as 2-
phenylethan-1-aminium (PEA = C¢H;(CH,), NH;*)7¢ and 2-
(3”,4'-dimethyl-[2,2":5",2":5",2"'-quaterthiophen]—5-yl) ethan-1-
ammonium (4Tm).””) Both, PEA,SnX, and (4Tm),Snl, layered
NPIs with high PLQYs can be synthesized via the LARP ap-
proach. Figure 4e shows the schematic illustration of well-aligned
(left) and disordered (right) 2D PEA,SnX, (X = Cl, Br, I) NPIs,
while Figure 4f presents a schematic model of the (4Tm),Snl,
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Figure 3. a) TEM image of FASnl; NCs (scale bar, 500 nm). b,c) Quantized energy levels in ~12.1 nm and ~8.5 nm FASnl; NCs, assuming an ideal
quantum box model. Reproduced with permission.[6°] Copyright 2021, Springer Nature Limited. d) Schematic of archetypal cubic structure (left) and
cubic structure with I-site disorder (right). Reproduced with permission.[®] Copyright 2023, American Chemical Society.

crystal. It is noted that thin-film field-effect transistors made
using (4Tm),Snl, showed enhanced hole mobility up to 2.32 cm?
V=1 71 with a dramatically improved stability over the previous
benchmark material (PEA),Snl,.””) These 2D layered THPs have
also been exploited for LEDs, while the NC-based LEDs face se-
vere challenges regarding their stability (discussed in the section
of Sn-based LEDs).

Vacancy-ordered A,SnX, type double perovskite. The vacancy-
ordered A,SnX, DPs are typically prepared by the HI ap-
proach. Wang et al. synthesized Cs,SnI; NCs of different shapes
by injecting Cs-oleate into a reaction mixture of Snl,, ODE,
OA, and OLA.”®] Figure 5a depicts a sketch of their synthe-
sis route of Cs,Snl, DPs along with a photograph of the as-
prepared samples under UV light. Under their reaction condi-
tions, they observed the initial formation of Cs,Snl; quantum
dots which evolved by time into nanorods, then to nanowires
(NWs), and finally nanobelts and NPls. Besides, other mor-
phologies of Cs,Snl; NCs such as ligand-free quasi-spheres
of different sizes (Figure 5b,c)’®) and NPls were also previ-
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ously reported.® The size of the quasi-spherical Cs,Snl, NCs
is controllable by the reaction temperature of the HI synthe-
sis, and the various optical properties (photoinduced absorp-
tion (PIA), absorption maximum, transient absorption bleach
(TA bleach), PL, and diffuse reflectance (DR)) of the NCs are
strongly dependent on their average diameter, as illustrated in
Figure 5b.[7!

We point out that other methods such as chemical vapor de-
position (CVD) and solvothermal reaction were also used for the
synthesis of tin-based nanostructures such as CsSnX; NWs and
NCs.[B1-83] Although some efforts have been devoted to the syn-
thesis of THP NCs (as discussed above), we should note that the
stability and photophysical properties (e.g., PLQYs) of THP NCs
are inferior to their Pb-based counterparts. Future studies should
focus on developing more rational synthetic approaches to allow
effective suppression of detrimental structural defects in THP
NCs, and boosting their stability in harsh environments. This
might be achieved by ligand engineering or by forming THPs
in porous matrices such as TiO, and SiO,.
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Figure 4. 2D layered Sn-based perovskite NPIs: a,b) Schematic illustration of 2D L,[ASnl;],_;Snl4 NPIs for n = 1 and 2, respectively, and corresponding
TEM image of the NPIs for n = 1 and 2 (right side). Reproduced with permission.[”4] Copyright 2016, American Chemical Society. c,d) Schematic of
the crystal structure and HRTEM image of (OCTAm),SnBr, NCs, respectively. Reproduced under the terms of CC BY-NC 3.0.7°! Copyright 2019, The
Authors, published by The Royal Society of Chemistry. e) Schematic illustration of well-aligned (left) and disordered (right) 2D PEA,SnX, (X = Cl, Br,
1) NPls. Reproduced with permission.[7¢] f) Schematic of 2D (4Tm),Snl, crystal structure. Reproduced with permission.[”’] Copyright 2019, American

Chemical Society.

2.2. Synthesis of Double Perovskite NCs

In the last few years, various DP materials featuring interest-
ing optical properties have been synthesized at the nanoscale,
comprising Cs,AgBiX, (X = Cl, By, I), Cs,AgInCl, Cs,NaInCl,,
Cs,NaBiCly, and Cs,AgSbX, NCs (X = Cl, Br).[?] Their broadband
and largely Stokes-shifted luminescence, in particular, holds
great potential for a variety of applications complementary to
those of the narrow-band emitting LHP NCs, e.g., for single-
component white LEDs, transparent luminescent solar concen-
trators, X-ray scintillators, remote thermometry and beyond.®]

2.2.1. Synthesis

The stoichiometries of inorganic DP NCs comprise a mini-
mum of three different metal cation species, which can be as
high as six in the case of doped/alloyed systems (e.g., Bi-doped
Cs,Ag; ,,Na,K InClg NCs).[**¢] From an experimental stand-
point, they require the use of flexible colloidal synthesis proce-
dures. In this regard, the early approaches developed for the syn-
thesis of LHP NCs, dating back to 2015, were based on the use of
metal halide salts (e.g., PbX,) as both the metal cation and halide
precursors that were reacted with Cs-carboxylates. Such a synthe-
sis scheme, however, was not easily extendable to quaternary or
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quinary NC compounds, just like the DPs.[3*8738] Early reports
on the synthesis of DP NCs appeared only in 2018, after Imran
et al.®1 and Creutz et al. (Figure 6a).°"! developed new HI syn-
thesis procedures that relied on benzoyl or silyl halides as halide
precursors. In those approaches, the halide precursors were in-
jected in a reaction mixture prepared by mixing the metal cation
precursors (e.g., acetates, oxides, and carbonates) and surfactants
at the desired temperature, triggering the formation of the NCs.
It should be emphasized that side reactions, which could occur
prior to the injection of the halide precursor (e.g., reduction of
Ag* to Ag®)®%], should be carefully monitored to achieve con-
trol over the quality of the final DP NCs. The halide composition
of the DP NCs is easily tunable by treating them with respec-
tive silyl halides (Figure 6b). The DP NCs typically have a cubic
shape with a high degree of monodispersity (Figure 6c). Later,
it was shown that the DP NCs can be synthesized by injection
of Cs-oleate into a metal and halide precursor mixture at high
temperature,l®!) similar to the HI synthesis of LHP NCs.

2.2.2. Compositional Engineering
Most of the quaternary DP systems feature a weak PL emis-

sion or even no PL emission owing either to an indirect
band gap (Cs,AgBiX,, Cs,AgSbX,) or to a direct band gap
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Figure 5. a) Schematic illustration for the controlled synthesis of perovskite Cs,Snlg NCs of different shapes (left panel) and photograph of the as-
prepared Cs,Snlg samples under UV light (right panel). Reproduced with permission.[8] Copyright 2016, American Chemical Society. b,c) Scheme of
ligand-free Cs,Snlg NCs of different sizes and the effect of size on the band gap of the NCs (b), and the corresponding TEM image (c). Reproduced with

permission.[”°] Copyright 2017, American Chemical Society.

characterized by a parity-forbidden transition (Cs,AgInCl;) or
by a parity-allowed transition with a weak oscillator strength
(Cs,NaInX, and Cs,NaBiX,).['”*2] Unsurprisingly, a variety of
compositional engineering strategies have therefore been devel-
oped to enhance the PL of these DP compounds and ultimately
disclose their full potential.l?!

Doping: The introduction of Bi** dopants in Cs,AgInCl; NCs
yields an orange PL emission with a PLQY of up to ~11%,/*]
further boosted to ~26% by the introduction of Ce** as co-
dopants.® Similarly, the use of Sb** dopants in Cs,NaInCl,
and Cs,KInCl; NCs induces a bright PL emission, respectively
in the blue and green regions, with QY values of ~15—18%.%
The broad and largely Stokes shifted PL emission of both Bi**
doped and Sb** doped DP NCs is ascribed to the formation of
self-trapped excitons (STEs) favored by the localization of the
carriers—at the [BiCl;] and [SbCl,] octahedra, respectively—and
by the softness of the DP lattice. The introduction of Mn?*
dopants in both Cs,AgBiCl, and Cs,AgInCl; NCs also gives rise
to a broad orange PL emission with QY values as high as ~16%
attributed, in this case, to “T, — °A, atomic-like d-d transi-
tions at the Mn?* centers (Figure 6d, e).°*%] Interestingly, Sb**-
Mn?* co-doped Cs,NaInCl, NCs exhibit a tunable dual-emission
covering the white-light spectrum with the orange-red PL com-
ponent likely originating from an energy transfer process be-

Adv. Funct. Mater. 2024, 34, 2307896 2307896 (9 of 62)

tween the STEs and Mn?* dopants.[®! The use of lanthanide
dopants (Ln**) in Cs,AgInCl; or Cs,AgBiX, (X = Cl, Br) NCs in-
stead confers them a near-infrared PL emission (1000 nm with
Yb3+[9699.100101 and ~1537 nm with Er**9101)) resulting from
atomic-like ff transitions characteristic of the Ln3* centers.
Alloying:  Alternative strategies to increase the PL emission of
DP compounds involve the synthesis of quinary systems by em-
ploying a combination of B! and B" ions (or B! and B™" ions).
Provided that both A,B'B"X, and A,B"B"X, (or A,B'B™X, and
A,B'BX,) DPs have the same crystal structure with small lat-
tice parameters mismatch, allowing them to mix into solid so-
lutions at any ratio, this approach is referred to as alloying. For
instance, the use of both In** and Bi** ions leads to the forma-
tion of alloyed Cs,Ag(In,Bi,_,)Cl, NCs, whose band gap can be
tuned from indirect (x = 0, 0.25, 0.5) to direct (x = 0.75 and
0.9).1102103] Ag 3 result, the intermediate Cs,Ag(In, ,Bi, ;)Cl, com-
position displays a dual-color PL emission reaching a QY of 36%
in the violet region.'®! Similarly, the combination of Bi** and
Sb** ions in alloyed Cs,Ag(Bi,Sb,_,)X, (X = Cl, Br) also induces
indirect-to-direct band gap transitions and boosts the intensity
of their blue PL emission.!'1%] On the other hand, alloying of
Na* and Ag* ions confers to Cs,(Ag,Na,_,)BiCl, NCs a largely
Stokes-shifted PL emission centered in the red region with a
maximum PLQY of ~3% attained for the Cs,(Ag,sNa o5)BiClg
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Figure 6. a,b) Synthesis of Cs,AgBiXg NCs and halide composition tuning by adding TMSX (X = Br or 1). ¢) TEM image of Cs,AgBiBrg NCs. Reproduced
with permission.[?°l Copyright 2018, American Chemical Society. d) Schematic of hot-injection synthesis of Cs,AgInCl NCs and Mn2*-doped Cs,AgInCl,
NCs. e) Absorption, PL, and excitation (PLE) spectra of 1.5% Mn?*-doped Cs,AgInClg NCs. Reproduced with permission.[®’] Copyright 2018, American

Chemical Society.

composition.['%1%] In this case, the PL emission is ascribed to
the radiative recombination of trapped excitons localized in spa-
tially connected BiCl;—AgCl, octahedra and favored by the bene-
ficial shielding effect of the Na-rich DP matrix.

Doping and Alloying:  In analogy with what has been observed
in the bulk, the simultaneous doping and alloying of DP com-
pounds represent the most valuable approach to boost their
PLQYs at the nanoscale.”2%71%] As a matter of fact, the introduc-
tion of Mn?* dopants in alloyed Cs,Ag(In,Bi,_,)Cl; NCs, while
suppressing the STE emission from the DP matrix, promotes
a pure Mn?*-related orange PL emission with a PLQY as high
as 44.6% for the Cs,Ag(In, Bi,;)Cl; stoichiometry.'%! Interest-
ingly, the use of Bi** dopants in alloyed Cs, (Ag,Na,_,)InCl; NCs
also yields bright orange PL emission with PLQY values reaching
22% without the use of Mn?* dopants.!'1% Here, both the doping
with Bi** ions and the alloying of Na* sites with Ag* ions are es-
sential to achieve a PL emission, as the latter stems, again, from
the radiative recombination of trapped excitons localized in prox-
imal BiCl;—AgCl, pairs of octahedra. Crucially, the introduction
of small amounts of K* ions into Bi**-doped Cs,(Ag,Na,_,)InCl,
NCs results in a more favorable inter-ligand packing (probably
owing to a slight increase in the lattice parameters) therefore
boosting the PLQY up to 67% with the Cs, (Ag ,oNa, 53K o;)InClg
stoichiometry.[8]

2.2.3. Dimensional Engineering
Another approach to tune the optical properties of DP NCs (and

in general of semiconductor NCs) is to regulate their size in or-
der to access quantum confinement effects (e.g., going from 3D
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to 2D and OD systems).[2*!] However, the control over the di-
mensionality of DPs is relatively limited. In fact, for thin film
DPs, the dimensionality is controllable from 3D and 2D us-
ing organic spacer molecules, and that enables switching from
an indirect bandgap of Cs,AgBiBr; into a direct one.'3] A few
attempts have also been made to obtain DP NPls with con-
trol over thickness.*I111114 For example, Cs,AgBiX, (X = Cl,
Br, I) DP NPIs with some control over their thickness have
been synthesized by temperature-controlled hot-injection synthe-
sis (Figures 7a-c).'1] However, the NPIs exhibit absorption and
PL features that are similar to those of bulk Cs,AgBiBr, DPs
(Figure 7b). The reaction yields monolayer NPls at room temper-
ature, and they exhibit blue-shifted emission, likely due to direct
bandgap exciton recombination.''™) However, the Cs,AgBiBr,
NPIs were found to be weakly luminescent. Interestingly, the 2D
Cs,Agln Bi, ,Cl; (0 <x < 1) DP NPIs with a relatively high PLQY
of 40% have been synthesized and their application to electrically
driven LEDs was demonstrated (Figure 7d—f), though the EQE is
only ~0.01%, which is far lower than that of LHPs.[12]

2.2.4. Surface Engineering

Unfortunately, DP NCs often have much lower PLQYs com-
pared to their bulk counterparts. This difference is commonly
ascribed to an incomplete surface passivation of colloidal NCs
after the synthesis and/or washing which leads to the presence
of under-coordinated ions at their surface and can, in turn, re-
sult in the emergence of mid-gap electronic states.['*>17] In con-
trast to the “defect tolerant” LHP systems, DP systems are par-
ticularly prone to the formation of these so-called surface trap
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Figure 7. a) Schematic of the synthesis of Cs,AgBiBrg DP NPIs. (b,c) UV-vis absorption and PL spectra (b) and corresponding TEM image (c) of
Cs,AgBiBrg DP NPIs. Reproduced with permission.['""] Copyright 2021, American Chemical Society. DP NPI LEDs: d) Schematic of device architecture
of DP-NPI LEDs; e) cross-sectional scanning electron microscopy (SEM) image of the device; and f) electroluminescence (EL) spectra of the device.

Reproduced with permission.['12] Copyright 2023, Wiley-VCH GmbH.

states.'8] For example, the lower PL QY values observed in
Sb*+-doped Cs,NaInCl,; and Cs,KInCl; NCs (~15—18%) com-
pared to those of the bulk materials (%90%) are attributed to
an efficient hole trapping in mid-gap trap states that origi-
nates from the under-coordinated surface Cl sites. These traps
compete with the emissive SbCl; centers for charge-carrier
localization.®! Similarly, the ultrafast component of the PL de-
cay curves recorded in all Cs, (Ag,Na,_,)BiCl; NC samples, which
renders a fraction of the NCs non-emissive or dark at cryo-
genic temperature, is consistent with the rapid dissociation of
trapped charge-carriers (located at the BiCl,—AgCl, centers) by
non-radiative electron trapping at under-coordinated surface Bi
sites.191 Analogously, the ultrafast trapping of holes revealed
in Bi**-doped Cs,(Ag,Na;_,)InCl, NCs is ascribed to mid-gap
trap states originating from under-coordinated surface ClI sites,
which prevent their localization at the emissive BiCl,—AgCl,
centers.[?’]

To mitigate this issue and to narrow the gap between bulk and
nano-sized DP materials in terms of PLQYs, a few surface en-
gineering strategies have recently been explored. In particular,
by systematically varying the hydrocarbon chain length of both
alkylamines and carboxylic acids employed as surfactants in the
synthesis of Bi**-doped Cs,(Ag,Na,_,)InCl; NCs, it is possible
to raise the PLQY from 22% with the standard combination of
oleylamine and oleic acid (see above) up to 37% with the opti-
mal combination of decylamine and dodecanoic acid.*’) Interest-
ingly, by employing GeCl, as the CI precursor for the synthesis
of Bi**-doped Cs, (Ag,Na,_,)InCl; NCs, the PLQY further rise up
to 60%, most likely owing to the formation of NCs with Cl-rich
surfaces, i.e., exhibiting a low density of under-coordinated Cl
surface sites.['%]
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2.2.5. Future Challenges and Outlooks

Overall, considering the huge array of potentially compatible B!
and B™ cations, only a few (complex) DP systems have been ex-
perimentally investigated to date, especially at the nanoscale. For
instance, the combination of doping and alloying approaches,
which gives optimal results in terms of PL efficiency, has been
reported only in two cases. Moreover, co-doping approaches, in-
volving two substituent ions, have not been yet fully exploited
to achieve bright and tunable PL emission in DP NCs. There-
fore, we believe that the development of increasingly sophisti-
cated compositional engineering strategies will represent an in-
teresting research direction in the field. A few reports demon-
strated the potential of 2D DP NPIs for photocatalytic and LEDs,
but they haven’t been explored as much as the 2D LHP NPIs.

While our knowledge of the ligand shell of Pb-based perovskite
NCs is reaching maturity, we know much less about the surface
passivation of DP NCs, which seems to play a crucial role in the
formation of detrimental surface trap states. In this context, lig-
and shell engineering via direct synthesis or post-synthesis lig-
and exchange would help to improve the PLQY of DP NCs and
represent another important research direction. Alternative ap-
proaches to get rid of surface traps rely on the growth of a (thick)
shell of a wider band gap material onto the (photo)active NC
core. These have been vastly exploited in I[I-VI and IV-VI metal
chalcogenides but not yet in DP NCs.

3. Optical Properties and Charge Carrier Dynamics

The optical properties of HPs are strongly dependent on the
[BX,]*~ octahedral network. For instance, replacing Pb with Sn
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Table 2. Comparison of ultrafast processes, mobility and diffusion length of charge-carriers in Pb-based versus Pb-free perovskites.

Perovskite Material Cooling Spin Relaxation Trapping Recombination Mobility [cm? V=T s71] Diffusion length
CsPbCl; NCs 290 fs(139] 1.6 nsl13 12.7 nsl139] 301157-160]
CsPbBry NCs 310-390 fsl1251311 1.9 -3 psl126.161] 45 ps!140] 2 nsl140] 45000162 9.2 uml162]
CsPbl; NCs 560 — 580 6-32ps 215 psl140] >2 nsl140] 11801631 1-1.5 uml164]

£5[125,140,141] (~50K)[132761] 32

psl126]
MAPbBr; NCs 2701131 6 psl6 57— 971163 0.7~ 10 pml 168l
MAPbI; NCs 400 fs!142] 7 pst®71,10 ps 5.6 ns(142] 30 — 701158-160] 0.7~ 10 pml 18]
(77K)1167]

FAPbBr; NCs 210 fsl131 14[168,169] 6.25 pml 1701
2D-Layered Perovskites 200-700 fs!171] 7 pst172l 15 ps!173] >150 psl173] 6— 1101741 <1-2.4 yml170173]
Cs,AgBiBrg NCs 250 - 800 40 psl1761, 4.7 and 100 ns!7¢] 0.370177] 0.11-0.23 uml177.178]

£5[132,135,176] 49 ps“”]
FASnl; NCs 14.3 psl®?] 22017%]
CsSnBr3 NCs 18 ps! 14l
CsMnBr3 NCs 50 ps and 400 605 psl131]

ps[151]

Cs;Bijlg 1 ps and 30 ps! 3¢ >3 nsl136] 4.6 - 6130131] 62 — 143 pml 18l

results in a decrease of their bandgap and thus leads to a red-
shifted emission. In contrast, Bi-based DPs are very weakly emis-
sive due to their indirect bandgap nature. Therefore, under-
standing the optical properties and hot-carrier dynamics is crit-
ical for the design of suitable materials for high-efficiency op-
toelectronic devices. In the last few decades, the charge car-
rier dynamics of various semiconductors have been signifi-
cantly explored. For example, the extraction of hot carriers
prior to their relaxation could help to overcome the Shockley—
Queisser limit in a single junction solar cell.'?) The major-
ity of the works on hot carrier dynamics in different semi-
conductors have been focused on relaxation, extraction, and
multiplication,'?7123] and the early works on hot carrier dy-
namics of Pb-based chalcogenides!?! have been used as a
basis for later studies on Pb-halide perovskites.['?*! Halide-
dependent hot carrier relaxation has been studied in Pb-halide
perovskites via ultrafast TA and PL (e.g., streak camera imaging,
up-conversion) techniques.!'?>126] The hot carrier relaxation is of-
ten found to be phonon-mediated in LHPs, leading to the evolu-
tion of both small and large polarons.['27-13%] Moreover, strong
cation-dependent carrier relaxation has also been reported.!'!]
While significant advances have been made in understanding
the charge carrier dynamics of LHPs, Pb-free perovskites are
comparatively much less explored in this direction. This sec-
tion briefly discusses the current understanding of the opti-
cal properties and charge carrier relaxation of THPs as well as
DPs. Table 2 summarizes the time scales for hot carrier cooling,
spin relaxation, trapping, recombination, charge-carrier mobil-
ity, and diffusion length for Pb-free systems in comparison with
LHPs.

Among all Pb-free perovskites, Bi-based Cs,AgBiX, DP NCs (X
= Cl, By, I) have gained significant attention due to their chemical
stability and interesting optoelectronic properties.[2103:132:133.40]
Figure 8a shows the absorption and PL spectra of a Cs,AgBiBr,
thin film at room temperature (295 K) and a cryogenic temper-
ature (4 K).'*] The absorption spectrum at room temperature
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shows a strong peak at ~2.8 eV, which becomes a little narrower
at 4 K without any spectral shift. Besides, a large Stokes shift
in the PL spectra is observed both at room temperature (295
K) and at cryogenic temperatures (4 K), without any apprecia-
ble difference in their PL maxima. Unlike Pb-perovskites, Bi-
based DPs exhibit very weak PL, with a PLQY of less than 1%.
Generally, the sharp and intense feature in the absorption spec-
trum of Cs,AgBiX, DPs is attributed to bound excitons, while
the broad and large Stokes-shifted PL has been assigned to self-
trapped emission or phonon-assisted indirect bandgap emission
(Figure 8D).[40132134135] The strong exciton resonance in the ab-
sorption spectrum and large Stokes-shifted PL have significant
consequences on the charge carrier dynamics, which will be dis-
cussed in the later part of this section. Similar to Pb-perovskites,
the optical properties of ASnX; NCs are tunable by their halide
composition as well as their dimensions. Figure 8c,d reports the
absorption and PL spectra of FASnI; NCs grown at different reac-
tion temperatures (from 25 to 125 °C) which correspond to a size
range of 7.3 to 12. 1 nm.[®] A wide tunability of the optical spec-
tra, from 650 to 750 nm, is clearly evident for this size range. The
size of the NCs has an important consequence on their charge
carrier dynamics, as revealed later on in this section.

To understand the marked differences in the optical proper-
ties of Cs,AgBiX; DPs from those of Pb-based perovskites, the
charge carrier dynamics of these materials have been investigated
using several ultrafast optical spectroscopic techniques, such as
TA, time-resolved PL imaging, and terahertz pump-probe.[24]
For instance, Dey et al. studied the charge carrier dynamics of
Cs,AgBiX; NCs using ultrafast pump-probe and time-resolved
PL spectroscopy. The high energy PL peak was attributed to di-
rect band gap emission caused by the formation of a direct bound
exciton, while the commonly observed low energy PL with a
large Stokes shift was assigned to the indirect transition.[3?] The
time-resolved PL emission spectra acquired with above-bandgap
excitation revealed that the PL spectra continuously redshifted
from 430 nm in the first 10 ps and finally settled at 650 nm
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Figure 8. a) Steady-state absorption and PL spectra of a Cs,AgBiBrg thin film at 4 K and 295 K. b) Schematic illustration of optical transitions in indirect
bandgap Cs,AgBiBrg semiconductor, and a typical phonon induced transition (Egd and Egi refers to direct and indirect bandgap, respectively). Steady
State absorption (c) and PL (d) spectra of FASnl; NCs prepared at different growth temperatures, corresponding to NCs of different sizes. The inset of
(d) is a photograph of the corresponding colloidal suspensions. Figures are reproduced with permission.[#] (a),[133] (b), and [%°] (c,d). Copyright 2021,
American Chemical Society, Reproduced under the terms of CC BY-NC 4.0.1"33] Copyright 2021, The Authors, published by American Association for the

Advancement of Science and Copyright 2021, Springer Nature.

(Figures 9a,b). The authors attributed the 1 eV redshift within
the first 10 ps to the electron scattering from the X-point to the
minimum of the conduction band, thus the direct bound exci-
ton becomes indirect, as shown in Figure 9d. The faster PL de-
cay (~3 ps) at 450 nm is consistent with the large binding en-
ergy of the direct bound exciton (Figure 9b). In contrast, due to
the transfer of direct to indirect bound exciton via electron in-
tervalley scattering, the effective mass of the electron is reduced,
leading to smaller exciton binding energy and slower PL decay
at the red region of the spectrum (Figure 9b). Furthermore, fem-
tosecond TA spectra in the first 3 ps evidence a low energy bleach
at 430 nm due to the direct bound exciton as well as a high en-
ergy bleach due to higher lying energy states (Figure 9c). The
bleach at 430 nm has a finite rise of ~320 fs due to the hole-
trapping process, inducing the formation of the bound exciton,
while the higher energetic bleach has a pulse-width limited rise
(Figure 9d).

As discussed previously, the optical properties of DPs are
tunable by partially replacing Bi with In or by partially re-
placing Ag with Na. In this regard, Luo et al. demonstrated
an increase in PLQY of Cs,AgInCl, DPs by partly replacing
Ag with Na.®?l The increase in PLQY is assigned to the re-
duction in the electronic dimensionality of the semiconduc-
tor by the breakdown of dark transition. Similarly, and as al-
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ready mentioned, Yang et al. demonstrated the tunability of
the indirect bandgap of DPs into direct bandgap by partially
replacing Bi with In, by forming Cs,Agln Bi, Cl, DPs. Both
the direct and indirect bandgap DP NCs were investigated by
TA as well as DFT calculations (Figure 9e,f).1% While the
early time TA spectra of Cs,AgBiCl; and Cs,Agln Bi; Cl, NCs
are very similar, the later time spectra show an enhancement
of the induced absorption signal in the below-bandgap re-
gion of In-alloyed DPs. In contrast, pure Bi-based DPs show
bleaching at a longer time delay in the sub-bandgap states
(>450 nm). Accordingly, the transition is referred to as indi-
rect bandgap transition in the presence of high-density trap
states. The presence of a strong induced absorption signal and
the absence of sub-bandgap bleaching signal in In-incorporated
DPs suggest a direct bandgap transition with negligible trap
states.

A further detailed time-resolved investigation of Cs,AgBiBr,
DPs has been carried out by considering stronger self-trapping
of free carriers through deformation potential caused by Froh-
lich coupling.!33] By the combined study of transient reflection
(TR), time-resolved terahertz spectroscopy (TRTS) (Figure 9g),
and DFT calculations it was shown that ultrafast self-trapping
in Cs,AgBiBr, DPs causes the formation of highly localized po-
larons within a few picoseconds, leading to enhancement in
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Figure 9. a) Time-resolved PL spectra of Cs,AgBiBrg DP NCs, b) corresponding PL decay transients at different wavelengths upon 375 nm laser excitation,
and c) TA spectra of the same sample upon 330 nm pump excitation (linear absorption spectrum is also shown on the top for comparison). d) Schematic
illustration showing ultrafast hole trapping and electron intervalley scattering, thereby direct to indirect bound exciton formation in Cs,AgBiBrg NCs.
e) TA spectra Cs,Aglng 75Big 25Clg at indicated time delays upon 320 nm pump excitation. f) Band structure of the Cs,Aglng 75Bij 55 Clg showing direct
bandgap character upon In incorporation. g) Terahertz transmission kinetics of Cs,AgBiBrg polycrystalline sample under different pump fluences in
time-resolved terahertz spectroscopy (TRTS) measurements. h) Generalized energetic schematic of DP for carrier self-trapping in ultrafast timescale.
i) Temperature-dependent effective charge carrier mobilities for the delocalized (green) and localized (blue) states. Reproduced with permission.!132]
(a=d),['%1 (e,f),113%] (g,h), and rl"34] (i). Copyright 2020 and 2018 American Chemical Society; Reproduced under the terms of CC BY-NC 4.0.[133] Copyright
2021, The Authors, published by American Association for the Advancement of Science.

the radiative recombination. The self-trapping in Cs,AgBiBr,
DPs with a decay time of 4.7 ps is in contrast to the typically
observed subpicosecond Frohlich polaron formation time in Pb-
based perovskites. The observed sub-picosecond (0.25 ps) com-
ponent of the direct exciton relaxation is consistent with the
period of a typical longitudinal optical (LO)-phonon vibration.
Therefore, the fast decay is attributed to the hot carrier relax-
ation via LO-phonons and the formation of a Frohlich polaron.
The slower component of the relaxation, which is an order of
magnitude slower (4.7 ps), is translated to a phonon energy of
~1 meV, typical for an acoustic phonon frequency. Therefore, the
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slow component is attributed to the electron—acoustic phonon
coupling and ultrafast self-trapping of the carriers by the acous-
tic phonons (Figure 9h). These results are consistent with the
TRTS measurements (Figure 9g), which probe the photocon-
ductivity of the material and thus are insensitive to the charge-
neutral exciton. This further supports the argument of carrier-
phonon interaction, although due to the limited time-resolution
(=1 ps) the sub-picosecond electron-LO-phonon coupling can
not be resolved in this case. Furthermore, the Herz group per-
formed cryogenic THz photoconductivity measurements on sev-
eral DPs to reveal strong carrier-lattice interaction, leading to
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Figure 10. TA spectra of FASnl; NCs under a) 1.97 eV and b) 3.1 eV pump excitation. Low and high energy bleach transients for FASnl; NCs of sizes
c) 12.1 nm and d) 8.5 nm under 3.1 eV excitation. e) Singular-value decomposition component spectra obtained from TA measurements of pure
FASnl;, FASnl; +SnF, and FASnl; +SnF, EDAI,, respectively. TA spectra of CsSnBr; NCs with f) co- and g) counter-circular pump-probe polarization

configurations (Apymp

=640 nm). h) Normalized TA kinetics of the low energy bleach (640 nm, B1) with co- (green) and counter- (red) circular polarization

condition, and their simultaneous exponential fit with 18 ps spin-relaxation time. i) Schematic illustration for the electron-hole exchange induced spin-
relaxation process. j) TA kinetic traces of Cs,Snlg and Cs,Snlg/SnS, at the broad positive absorption (PA) feature (540 nm) upon 375 nm pump excitation.
k) Schematic for the charge separation and transfer in Cs,Snlg/SnS, heterostructure. Reproduced with permission.[%°] (a—d),[1#8] (e),114°] (£i),[1301 (j k).
Copyright 2021, Springer Nature; Copyright 2020, 2021 and 2019, American Chemical Society.

the formation of polarons.['**134] By fitting the early time tran-
sients in the optical pump terahertz probe experiments, they were
able to access the charge-carrier mobility before and after their
localization with a simple two-level model in both Cs,AgBiBr,
and Cu,AgBil,. A rapid decay in the transient at a cryogenic
temperature reveals that the mobility of the initial delocalized
state, e.g., in Cs,AgBiBr, is much higher (%12 cm? V=1 s7!)
than the final localized state (%0.5 cm? V~! §71).[134 In con-
trast, the high-temperature transients do not show any rapid
decay, indicating the charge-carrier mobility of the localized
state (~1.3 cm? V-! s71) approaching the value of the ini-
tial delocalized state (~3 cm? V7! s7!). Indeed, the charge-
carrier mobility shows a negative exponent for the initial de-
localized state suggesting bandlike transport, while a posi-
tive exponent was observed for the localized state, indicating
temperature-dependent charge hopping in the localized, self-
trapped states (Figure 9i). Interestingly, the localization rate is
found to be temperature-indepndent. The values of the charge-
carrier mobility at the localized state and the localization rate
were further used to estimate the charge-carrier diffusion length
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which was found to be ~400 nm.['**] This value is in good
agreement with typical Pb-based perovskites, 31371 suggest-
ing that Cs,AgBiBr, is promising for optoelectronic applica-
tions.

The other important class of LHPs are ASnX; systems (both
thin films and NCs), which are extremely challenging to ob-
tain in stable form as they suffer from poor stability due to
the oxidation of Sn?* to Sn**(see Section 6). Yet, there are few
reports on the optical properties and charge carrier dynamics
in these perovskites that show promising opportunities for op-
toelectronic applications. For instance, Dai et al. recently per-
formed a systematic work on the size-dependent carrier cooling
dynamics of FASnlI, NCs via TA spectroscopy upon excitation
at near bandgap (630 nm) as well as above bandgap (400 nm)
(Figures 10a, b).[%] The TA spectra show two bleaching features,
one at the band edge and the other at ~0.3 eV higher than the
band edge, and are consistent with the absorption spectra. The
appearance of the higher energy bleach upon band-edge excita-
tion can be ascribed to the depopulation of the ground state only
(Figure 10a), as the second excited state is not populated under
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this condition. A similar result was observed in smaller-size LHP
QDs.I138] However, upon above bandgap excitation (400 nm), the
higher energy bleach evolves much faster than the lower energy
bleach (Figure 10b). This has been studied via probing the two
bleach transients for different size FASnI; NCs (Figures 10c,
d). For large-size NCs (12 nm), a sub-picosecond buildup of the
low-energy bleach corresponding to rapid carrier cooling (<1 ps)
from higher energy states was observed, and is similar to Pb-
halide perovskites.[125129131139-142] [y contrast, for smaller NCs
with strong quantum confinement, an extremely slow evolu-
tion (=15 ps) of the low-energy bleach was observed with a
concomitant decay of the high-energy bleach. This indicates
the slower carrier cooling from the higher energy state to
the lower energy state is due to direct relaxation to the band
edge state. This slow carrier cooling was reported to be a
unique observation in strongly confined Pb-free perovskites
due to phonon bottleneck effect, which is around one to two
orders slower than Pb-based perovskites (Table 2). Moreover,
this slow cooling is an order of magnitude slower than typical
I11-VI and IV-VI NCs,[*1%] although properly engineered II-
VI alloyed or core-shell NCs show comparable (=8 ps)!146147]
or even slower (~1 ns)!'??! carrier cooling dynamics. Besides,
Narra et al. studied the effect of additives SnF, and ethylene-
diammonium diiodide (EDAIL,) on the charge carrier dynam-
ics of FASnI,.['*8] The singular-value decomposition analysis of
the TA data reveals a significant reduction of the trap states
upon the addition of SnF, or EDAI, (Figure 10e). In addi-
tion, the shallow- and deep-trap mediated charge recombina-
tion proceeds extremely slowly upon the addition of these addi-
tives, typically 5-10 times slower as compared to that of pristine
FASnI,.

The spin-relaxation of Sn-perovskites was found to be longer
as compared to that of Pb-counterparts, and the trend is simi-
lar to their PL lifetimes. For instance, Liang et al. studied the
spin-relaxation dynamics of CsSnBr; NCs in which the spin-
orbit coupling is much weaker than LHPs.['*] This provides an
opportunity to have a larger spin-relaxation lifetime and there-
fore may have a useful application in spintronic. Figure 10f,g
shows the transient absorption spectra (640 nm excitation) of
CsSnBr; at co- and counter-circular pump/probe polarization
configurations. The bleach signal at the band edge position
(640 nm, labeled as B1) is due to the state-filling effect of
electron and hole, while the bleach signal at higher energy
(520 nm, labeled as B2) is due to the state-filling effect of the
hole only. This is because the higher energy transition (caus-
ing the appearance of B2) cannot be populated by the pump
pulse excitation, which is similar to the earlier discussion on
FASnL,;[®] and CsPbBr;.[138] Figure 10h compares the B1 tran-
sients for co- and counter-circular polarization condition, along
with their simultaneous fit that yields a spin-relaxation time
of 18 ps. The concerted mechanism of spin-relaxation process
via electron-hole exchange is depicted in Figure 10i. The re-
ported spin-relaxation time for CsSnBr; NCs is the longest
at room temperature as compared to that of Pb-halide per-
ovskites (see Table 2). Besides, the charge carrier relaxation
in Sn-based perovskites can be modified/controlled by com-
bining them with other materials or vice versa. For example,
Wang et al. fabricated a heterojunction consisting of lead-free
Cs, Snl perovskite NC/SnS, nanosheet hybrid that leads to pro-
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Figure 11. a) PLE and absorption spectra of CsMnBr; NCs with as-
signed d-d transitions of Mn?*, b) TA spectra of CsMnBr; NCs upon
380 nm pump excitation and c) the corresponding transient kinetics at
580 nM (Apump = 480 nm). d) Schematic depiction of charge carrier re-
laxation pathways from excited state to ground state of Mn?*. Repro-
duced with permission.[’>1l (a—d). Copyright 2021, American Chemical
Society.

longed charge separation as compared to a SnS, nanosheet alone
(Figures 10j,k).[>"1 The spatial charge separation boosts the pho-
tocatalytic CO, reduction by a few folds compared to the SnS,
nanosheet.

Besides Sn, there are some reports demonstrating the re-
placement of Pb with Mn to obtain CsMnX; NCs. The
charge carrier relaxation properties of these materials were
also investigated.['1-133] Unlike the Pb and Sn-based perovskite
systems, the emission from CsMnX, stems from the octa-
hedrally coordinated Mn?** complex. The optical absorption
and PLE spectra of CsMnBr,; NCs show several resonances
(Figure 11a), corresponding to the d-d transitions present
in the octahedrally coordinated Mn?**. The PL decay in this
system is strongly dependent on the excitation of a particu-
lar d—d transition of the absorption feature. Therefore, pump
wavelength-dependent TA spectroscopy was performed to un-
derstand the decay dynamics. Figure 11b shows the TA spec-
tra of CsMnBr; NCs upon 380 nm excitation that shows
a monotonous decay within a few ns timescale. The decay
trace at 580 nm upon 480 nm pump shows interesting pho-
tophysics, where initially a fast decay was observed within
50 ps, followed by a rise of 400 ps (Figure 11c). The de-
lay in populating the low-lying excited state of Mn is about
400 ps before returning to the ground state in another 600 ps
(Figure 11c). The proposed charge carrier relaxation mecha-
nism is illustrated in Figure 11d. Interestingly, the 400 ps
time constant for populating the low-lying states (i.e., cool-
ing to Mn state) matches well with an earlier report on Mn-
doped CdTeSe alloyed NCs where 700 ps timescale was ob-
served and attributed to a similar phenomenon.!"*! In addition,
ultrafast charge carrier dynamic studies were also performed
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Figure 12. a) Optical bandgaps of Sn- and Ge-based perovskites. b) Record efficiencies of representative Sn- and Ge-based perovskite solar cells.
c) PCE trend of Sn-based perovskite solar cells.[189-2005%] The bandgap and PCE data are obtained from references.[201-294] Schematic representation of
the energy band diagram of different Sn- and Sn/Ge-based perovskite absorbers in comparison with energy levels of different electrodes, HTMs, ETMs,
and back electrodes. d) The data are collected from referencesl9%201:205] and the figure is adapted with permission.[29'] Copyright 2022, Wiley-VCH.

on Pb-free non-perovskite materials, e.g., Cs;Bi, I, single crys-
tal where strong carrier-phonon coupling could lead to polaron
formation.[15>136]

4. Optoelectronic Devices
4.1. Solar Cells

4.1.1. Sn- and Ge-Based Perovskite Solar Cells

Current Status: Halide perovskite solar cells (PSCs) have
gained enormous attention in scientific research and the photo-
voltaics industry, owing to their outstanding optoelectronic prop-
erties and low-cost production. For LHPs, a record PCE of 26%
for single-junction PSCs has been achieved,!?) which is compa-
rable to that of single-junction ¢-Si solar cells (26.8%).1'82] Fur-
thermore, the unencapsulated PSC devices maintained ~90%
of their initial efficiency after continuous light exposure for 500
h.2l However, the use of toxic Pb may slow down the pace of
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scale-up for commercialization. As discussed in previous sec-
tions, various lower-toxicity compounds have been investigated
to replace LHPs, such as Sn/Ge-based halides with perovskite
structure, some DPs, and Bi/Sb-based halides with perovskite-
like structure.[183-186252] Among these candidates, ABX; (B = Sn,
Ge) Pb-free perovskites are the most similar to APbX; in terms
of structure and properties and have theoretical efficiencies ex-
ceeding 20% under 1-sun illumination.[*87:18]

Among the ABX; (B = Sn, Ge) perovskites shown in
Figure 12a, ASnl; (A = Cs, FA, MA) perovskites have direct
bandgaps in the range of 1.2-1.4 eV, which have great potential
to achieve a high efficiency close to the Shockley-Queisser (SQ)
limit (=33%). However, the record PCE for Sn-based perovskite
solar cells has only reached 14.81%,12%1 which is far behind the
theoretical value as well as the PCEs achieved for LHP solar cells.
The main issues are: 1) ASnl; perovskites suffer from serious
oxidation, resulting in high background carrier density and high
defect density; 2) they exhibit poor film quality because of their
rapid crystallization; 3) non-radiative recombination leads to a
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Figure 13. Shelf stability and operational stability of representative Sn- and Sn/Ge-based LFP solar cells under different conditions, i.e., encapsulated
(color filled), unencapsulated (unfilled), ambient air (blue), N, (green), MPP and relative humidity (RH). The data are extracted from refs. [201,202,213].

low open-circuit voltage and fill factor;124l 4) there is inefficient
charge-carrier extraction due to poor energy level alignment with
charge transport layers. In order to improve efficiency and stabil-
ity, various engineering approaches have been applied in the last
decade, including composition modification (A-site cations and
halides), structure dimension tuning by constructing quasi-2D
structure or 2D/3D heterostructure, solvent engineering, inter-
facial engineering via surface/grain boundary passivation using
additives, and device architecture engineering.2-202204207-210]

Generally, Sn-based perovskites are very sensitive to ambient
conditions that directly affect the efficiency of PSCs and their
long-term stability. Composition engineering is one of the most
effective approaches to tailor the optoelectronic properties of Sn-
based perovskites. The optical bandgap (1.2-3.55 eV), lattice sta-
bility, and crystallinity of lead-free perovskites can be tuned by
modifying the chemical composition of A- or X-site atoms in
accordance with Goldschmidt tolerance factor.[203211.212] FASnI,
PSCs have shown faster progress in efficiency and stability than
CsSnl; and MASnI; PSCs (Figures 12b,c). On the other hand,
AGel, perovskites have wider optical bandgaps (1.6-1.9 eV) and
are even less stable than ASnl,.2%4

A-site cation engineering has been proven to be an effec-
tive way to enhance the efficiency and stability of Sn-based
perovskites.?’] Some additives, such as Sn halides, reducing
agents (Sn powder, hydrazine (N,H,) compounds, and gallic
acid) and large organic cations, have also been used to enhance
the stability.'8¢214] It has been found that SnF, can facilitate the
formation of dense and compact films with large grains, and is ex-
tensively used as an additive for Sn-based PSCs.[2?2] Large organic
cations, like phenethylammonium (PEA), butylammonium (BA),
and its derivatives can facilitate the formation of a quasi-2D or
2D/3D heterostructure to minimize the efficiency loss by imped-
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ing degradation from outside to the perovskite grains.[2!3] Espe-
cially PEA has been the most popular organic cation to fabricate
2D/3D Sn-based PSCs, because it can induce the perpendicu-
lar growth of the perovskite domain. In this regard, He et al.?!%]
achieved the highest PCE of 14.81% for Sn-based PSCs in 2021
by using 4-fluoro-phenethylammonium bromide (FPEABr) as an
additive in the perovskite films. Some other organic additives
such as ethylenediammonium diiodide (EDAI,), guanidinium
(CHgN;*, GA), and azetidinium (AZ) were used to enhance the
quality and orientation of 2D/3D perovskite films.[213-216]
Regarding Ge-based perovskites, the most interesting ones are
the Ge-Sn alloyed HP, which have better stability and narrower
bandgaps than pure Ge-based perovskites. The efficiency of pure
Ge-based PSCs is lower than 1%.11 On the other hand, a PCE
of 10.43% for FASn, ,Ge,,1; PSC'®! and a PCE of 13.24% for
Gego1 (FAOGEA ) )g0s EDA o Snl; PSCs have been achieved.['%)
The partial substitution of the formamidinium cation with the
ethylammonium (EA) cation results in more stable THP crystals
with suppressed trap density. Furthermore, the more favorable
energy levels of the EA-substituted Sn-based perovskites enhance
the charge extraction into the charge transport layers and thus
reduce the charge carrier recombination (Figure 12d).[1%7]
Stability is still one of the major concerns for Sn-based PSCs.
Shelf-life and operational stability of representative Sn- and
Sn/Ge-based LFP solar cells under different conditions are sum-
marized in Figure 13. Regarding the device architecture of Sn-
based PSCs, the p-i-n structure has better stability than the n-i-p
structure. In the n-i-p structure, some metal oxides acting as elec-
tron transport materials (ETMs) can accelerate the oxidation of
Sn?*, and the energy-level mismatch between the charge trans-
port layer and perovskite limits favorable charge extraction, as
shown in Figure 12d. The record PCE of Sn-based PSCs with
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p-i-n architecture (14.81%) is superior to that with n-i-p archi-
tecture (9.06%).'%1 In the p-i—n architecture, PEDOT:PSS and
fullerene derivatives (C60, PCBM, and ICBA) are generally used
as hole transport materials (HTMs) and ETMs, respectively. The
(PEA, FA)Snl; PSCs with a high PCE of 12.4%, NH,SCN as
an additive, and ICBA as ETM show excellent shelf stability by
maintaining 90% of the initial efficiency for over 3800 h.[1*] The
FASnI, PSCs with a p-i-n device architecture (PCE ~ 10.61%) re-
mained unchanged upon 5 h in air (60% RH) at maximum-power
point (MPP) and 96% of the initial PCE was kept after 1300 h at
MPP in N,, by incorporating Dipropylammonium iodide (Dipl)
together with a well-known reducing agent, sodium borohydride
(NaBH,).12"”] These are the highest reported values of operational
stability for Sn-based solar cells.

Outstanding Challenges: Additives play a key role in affecting
the efficiency and stability of Sn-based and Ge-based perovskite
solar cells. Although researchers have explored many types of ad-
ditives, there is a lack of systematic research on the structure-
property-performance relationship, which is necessary to get a
better understanding of the underlying mechanisms. To opti-
mize the performance of Sn-based solar cells toward commer-
cialization, complementary characterization techniques to under-
stand the mechanism of additives on crystal structure, defect pas-
sivation, and optimizing carrier transport in the perovskites are
needed. Further discovery of efficient additives that passivate the
surface and prevent the oxidation of Sn?* is necessary. The main
challenges affecting the stability of the Sn-based PSCs are the ox-
idation of Sn?** and degradation upon exposure to moisture, illu-
mination, and (high) temperature. Nevertheless, precise control
over the crystallization of Sn-based thin films and fine interfa-
cial contact between different layers of the devices are essential
to achieve high-performance PSCs. In addition, efficient encap-
sulation strategies are required to enhance the long-term stability
of PSCs.

Future Prospects: Sn-based perovskites are the most promis-
ing lead-free ones for lead-free PSC applications despite the
record PCE is still far behind that of the Pb-based analogs,
which limits its potential commercial deployment. The current
optimization of Sn-based thin films and PSCs is mostly done
via a trial-and-error experimental approach, which is very time-
consuming and inefficient. Combining high-throughput compu-
tation and machine learning to accelerate the discovery of vari-
ous functional additives, Sn-based absorbers, and charge trans-
port materials for potential solar cell applications is one desir-
able direction. Developing in-situ characterization techniques to
observe microstructures, and investigate crystallization dynamic,
defects, and charge transport properties is highly demanded. It
is also of great interest to develop highly efficient and stable Sn-
based PSCs with novel functions like semitransparent and flexi-
ble devices to integrate with buildings, wearable electronics, and
the Internet of Things.

4.1.2. Double Perovskite-Based Solar Cells

Double perovskites (DPs), with the general formula A,B'B!X,
or A,BVX, (vacancy-ordered), have emerged as promising al-
ternatives to LHPs owing to their higher stability over Sn- and
Ge-based perovskites.!17218-22352] DPg have been preferred for
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solar cells due to their three-dimensional crystal structure and
long carrier lifetimes (~660 ns).[**] DPs consist of A-site mono-
valent cations (Cs* or MA*), Bl-site monovalent metal cations
(e.g., Li, Na, Ag, or Au), Blsite trivalent metal cations (e.g.,
Bi, Sb, In, Fe, Tl, or Au), and halide anions (Figure 14). As dis-
cussed in the previous sections, the combinations of different A,
B!, B, and X~ ions results in a library of a large number of
DPs with tunability over bandgap and stability. Among all, Bi-
based DPs, especially Cs,AgBiX, (X = Br or Cl), have been sig-
nificantly exploited because Bi** possesses the 6s26p° electronic
configuration similar to Pb?+.1224228] In 2016, Slavney et al. re-
ported the synthesis of Cs,AgBiBr, with an indirect bandgap of
1.95 eV, a long PL lifetime of ca. 660 ns, and significant sta-
bility against light and humidity.!??*! More in-depth discussion
on the optical and electronic structure of DPs is found in the
previous sections. Since 2016, Cs,AgBiBr, has been greatly in-
vestigated for solar cells because its properties are considered
promising for photovoltaics. The other Bi-based DPs explored
for solar cells are Cs,LiBiClg (2.597-3.15 €V),?®] Cs,NaBiCl,
(2.9-3.72 eV),[330) Cs,NaBil, (1.66 eV),?!l (CH,NH,),AgBiBr,
(2.02 eV),12% and (CH;NH,), T1BiBr, (2.06 eV).[233] Sh-based DPs
such as Cs,SbBiX, (X = ClI2**23] or Brl228.236]) have also been in-
vestigated and it was found that the indirect band gaps are con-
tributed by Sb-5s/Ag-4d (valence band maximum) and Sb-5p or-
bitals (conduction band minimum).23) However, the reported
PCEs of these materials are far behind those of LHPs, suggest-
ing that they are relatively less promising for solar cells because
of their indirect bandgap and worse absorption of the solar spec-
trum.

In addition, In-,[237-240] Fe- [241.242] T]. [243] and Au-based direct
bandgap DPs[?*2#] have been synthesized, and they have lower
band gaps than the Bi and Sb- based DPs. However, there are
very few reports on the exploration of these DP systems for so-
lar cells. On the other hand, vacancy-ordered DPs (A,BVX;) have
been promising candidates for solar cells, and they exhibit an an-
tifluorite crystal structure with isolated BX octahedra bridged by
A-site cations.!®] Among all, Cs,Snl; is one of the most investi-
gated vacancy-ordered DPs for solar cells. Cs,Snlj is stable in air
as it results from the degradation and reconstruction of CsSnl,
through the reaction CsSnl; - CsI + Snl, — CsI + Snl, —
Cs,Snl.[] Dye-sensitized solar cells fabricated using Cs,Snl
as a hole transport layer (HTL) have recorded a PCE of 7.8%.12°]
This has motivated the community to explore vacancy-ordered
DPs such as Cs,Snl[2*-252 and Cs,TiBr,[?*®! as active layers.
Figure 14 summarizes the bandgap values of different DPs syn-
thesized experimentally. It is noted that the broad distribution
of bandgaps for DPs is due to the differences in size, synthesis
methods, and calculation models. Despite the existence of many
DPs with suitable direct bandgaps for solar cells, Cs, AgBiBr, has
been the most promising and exploited system to date.

The device architecture of DP-based solar cells generally con-
sists of substrate/transparent electrode/ ETL/DP/HTL/electrode.
Atin-doped indium oxide (ITO) or fluorine-doped tin oxide (FTO)
film coated on glass is used as the transparent electrode (cath-
ode). The typical ETL materials are compacted TiO, (c-TiO,),
mesoporous TiO, (m-TiO,), or SnO,. The HTL materials are
2,2,’7,7 -tetrakis-(N,N-di-4-methoxyphenylamino)—9,9’-spirobi-
fuorene (spiro-OMeTAD), poly(3-hexylthiophene) (P3HT), and
poly[bis(4-phenyl)(2,4,6-trimethylphenyl)-amine] (PTAA). The
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Figure 14. Bandgap values of DPs and vacancy-ordered DPs (orange). The values are obtained from refs. [229,231,224-233,235-251].

typical anode layers are Au, Ag, or Cu. Although various DPs
have been predicted and synthesized, Cs,AgBiBr-based so-
lar cells have been the most investigated ones. Although the
synthesis of Cs,AgBiBr,-bulk crystals was already reported in
2016,12241 the solubility of Cs,AgBiBr, is too low in standard
solvents to prepare the film for solar cells. Bein et al. first
reported Cs,AgBiBr,-based solar cells in 2017.127] They applied
dimethyl sulfoxide as the solvent for spin-coating (Figure 15a).
Then, the sample was heated twice during film preparation for
preheating and annealing. Figure 15b,c shows the PCE as a
function of preheating and annealing temperatures, respectively.
Preheating a precursor solution at a suitable temperature (75 °C)
improves the film quality and surface coverage. Annealing the
coated film at a higher temperature than 250 °C is required
for the formation of phase-pure Cs,AgBiBr,. Thus, the first
Cs,AgBiBr,-based solar cell exhibited a PCE of 2.43% with V.
of 0.98 V, Joc of 3.93 mA cm~2, and FF of 69% (Figure 15d),

and showed significant stability under ambient conditions for
25 days. After Bein’s report, various Cs,AgBiBr, film deposition
methods have been proposed, such as low-pressure-assisted
spin-coating (PCE of 1.32%),12%8] sequential evaporation (PCE
of 1.03%),1°! sequential vapor deposition (PCE of 1.529%),12¢0]
precursor engineering using an additive (PCE of 0.73%),1261]
and spray coating (PCE of 2.3%).1262] The reason for the use
of different methods is to optimize the quality of DP films
in terms of crystallinity, grain size, thickness, phase purity,
and crystal orientation to improve the PCE of solar cells.
However, the PCE of DPs is significantly lower than that of
LHPs.

Inverted planar heterojunction solar cells were also fab-
ricated, but their PCEs were even lower (2.23%).1263 Since
2020, the PCE performance of Cs,AgBiBr,-based solar cells has
been effectively improved by bandgap modifications through
photosensitizing dyes or MXenes.?*2¢7 For instance, Yang
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Figure 15. a) A scheme of the Cs,AgBiBrg film preparation. b,c) PCE values as a function of b) the preheating temperature (annealed at 250 °C) and
c) the annealing temperature (preheated at 75 °C). d) J-V curve of the champion device. Reproduced with permission.[?>’] Copyright 2017, Royal Society

of Chemistry.
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Figure 16. a—c) A cross-section SEM image, b,e k,n) energy levels, and c,f,l,0) J-V curves of Cs,AgBiBrg-based solar cells. d—f) Absorption spectra of
Cs,AgBiBrg coated on TiO, and D102, D131, and D149-sensitized TiO, and molecular structures of the dyes, energy levels, and c,f,l,0) J-V curves of
corresponding solar cells. g,h) SEM images and i,j) grain size distributions of Cs,AgBiBr¢ film surface without and with Ti;C,T,. m) Absorption spectra
of pristine and hydrogenated Cs,AgBiBrg film. a—c) Reproduced with permission.[264] Copyright 2020, Wiley-VCH; d—f) Reproduced with permission.[26°]
Copyright 2021, American Chemical Society; g-I) Reproduced with permission.[26] Copyright 2022, Elsevier B.V.; m—o) Reproduced with permission.[267]

Copyright 2022, Springer Nature.

et al. reported Cs,AgBiBr,-based solar cells with N719 (di-
tetrabutylammonium cis-bis(isothiocyanato) bis (2,2’-bipyridyl-
4,4 dicarboxylato)ruthenium (II)) dye interlayer (Figures 16a-
c).?%41 The N719 dye broadens the absorption spectrum, sup-
presses the charge carrier recombination, and accelerates the
hole extraction while passivating surface defects. Therefore, the
PCE performance is improved by up to 2.84%. Wang et al.
introduced indoline dyes into the solar cell to sensitize the
TiO, ETL.I?] They compared three types of dyes, D102, D131,

Adv. Funct. Mater. 2024, 34, 2307896 2307896 (21 of 62)

and D149, which exhibit strong absorbance beyond 500 nm
(Figure 16d) and help to crystallize the DP film. They pro-
posed two mechanisms of hole transport from the dyes to
spiro-OMeTAD: carrier recombination of the holes generated
in the dyes and the electrons generated in the DP and hole
transport via the DPs sub-bandgap states (Figure 16e). The
D149 dye-based Cs,AgBiBr, solar cell recorded an improved
PCE of 4.23% due to the broadened and enhanced optical
absorbance (Figure 16f). The PCE was further improved to 4.47%
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Figure 17. a) PCE trend and b) champion PCE values of DP-based solar cells. The arrows show the trends in the field. c) A graphical presentation of the

current-voltage-efficiency relationships for DP solar cells.

by introducing D149 dye and Ti,C, T, MXene nanosheets into the
Cs,AgBiBrg-based solar cell.2¢] Here, the Ti,C,T, controls the
grain size of the Cs,AgBiBr,. Figure 16g—j compares the grain
sizes of Cs,AgBiBr, without and with Ti,C,T,. The mean size of
the grain is increased from 326 to 440 nm by doping Ti,C,T,.
Improved crystallinity of the DP resulted in enhanced electron
extraction, reducing defect density, and suppressing carrier re-
combination. Ti,C,T, does not modify the energy levels of the
solar cell (Figure 16k). First-principles calculations suggest that
the high work function of Ti;C, T, improves the carrier mobility
of Cs,AgBiBr, by adjusting its valence band. Both the D149 dye
and Ti;C,Tx contribute to the photocurrent in the Cs,AgBiBr,-
based solar cell (Figure 16l). Recently, Zhang et al. achieved
6.37% PCE in Cs,AgBiBr,-based solar cells using a hydrogena-
tion method. Doping atomic hydrogen into the interstitial sites
of the Cs,AgBiBr, lattice modified the bandgap from 2.18 to
1.64 eV (Figures 16m-0).[2”] The resulting solar cells showed ex-
cellent photo- and thermo-stabilities in a nitrogen environment
for 1440 h.

In addition, bandgap engineering of DPs has been carried out
to improve the PCE of solar cells. The bandgap of Cs,AgBiBr,
(=2 eV) is larger than the ideal band gap (1.34 eV for 33.7%) for a
single-junction solar cell.l?®] Interestingly, hetero-atom doping
into Cs,AgBiBr,!29?0 other DPs,[2312#7] and vacancy-ordered
DPs!248-253 help to lower the bandgap. For example, the bandgap
of Cs,AgBiBr, was decreased by partial substitution of Bi** with
Sb3*.1261 As a result, the bandgap of Cs,AgSb,Bi;  Br, could
be decreased from 2.22 eV (x = 0) to 1.97 eV (x = 0.75). Al-
though the PCE of Cs,AgSb,Bi, ,Br, solar cells has been im-
proved from 0.2% to 0.25% by increasing the Sb3*:Bi** ra-
tio up to 1:3, it was decreased to 0.075% with a further in-
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crease in the Sb**:Bi** ratio to 1:1 due to formation of large
pinholes, and possibly also the formation of defect states. Al-
though Kumar et al. prepared smooth, compact, and pinhole-
free Cs,AgBi,(Sb,,Br, NC films, the PCE value of the corre-
sponding solar cell was only 0.09%.127°1 Zhang et al. designed
Cs,NaBil, as a narrow bandgap DP (1.66 eV) for solar cells,[2!]
and it showed excellent stability (five months in relative humid-
ity of 70%). Ghosh et al. synthesized MA,Au,X, (X = Br, I) with
a narrow bandgap of ~1.0 eV.?*’] However, the PCE of these
DP-based solar cells was below 1%. Vacancy-ordered DPs have
also been considered and exploited for solar cells. Especially,
Cs, Snl; has attracted attention due to its narrow bandgap (1.2
1.6 eV), interesting optoelectronic properties, and air stability.
Since the 2016's first report on Cs,Snl¢-based solar cells,[?®] op-
timization of the films in terms of thickness,!**! powder synthe-
sis method,[?*°! halide mixing,!®*!] and A-site alloying!?*?] have
been proposed for improving the photovoltaic performance. Al-
though the PCE of solar cells from modified Cs,Snl, sam-
ples was higher than unmodified ones, the overall efficiency re-
mains low (<2%), leaving space for further research. In con-
trast, Chen et al. prepared Cs,TiBr, films with a band gap
of 1.8 eV using a low- temperature vapor-based method,?3
which helped improve the PCE to 2.15% without C,, and 3.22%
with Cg,, which is only comparable to Cs,AgBiBr,-based solar
cells.

Despite the relatively low PCE, DP-based solar cells overcome
the concerns of LHP solar cells, such as lead toxicity and insta-
bility in the air. Figure 17a,b summarizes the trend and cham-
pion data of DP-based solar cells. The corresponding current-
voltage characteristics are presented in Figure 17¢c, showing the
significance of improving the Js. values of DP solar cells. The
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Table 3. Device configuration and photovoltaic parameter of DP solar cells.
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Device configuration

DP film deposition method

Voc[V] Jsc[mA cm’z] FF[%] PCE[%] Reference

FTO/dense TiO,/m-TiO, /Cs,AgBiBrg/spiro-OMeTAD/Au One-step spin coating 0.98 3.93 63 2.43 [257]
FTO/c-TiO, /Cs,AgBiBrg /PTAA/Au One-step spin coating 1.02 1.84 67 1.26 [273]
ITO/SnO, /Cs,AgBiBrg/P3HT/Au Low pressure assisted spin coating and annealing  1.07 1.78 69 1.32 [258]
ITO/Cu-NiO/Cs,AgBiBrg /Cgo/BCP/Ag <Inverted> Anti-solvent assisted spin coating and annealing ~ 1.01 3.19 69.2 2.23 [263]
FTO/TiO,/ Cs,AgBiBrg/spiro-OMeTAD/MoO; /Ag One-step spin coating 1.01 3.82 65 2.51 [274]
ITO/SnO, /Cs,AgBiBrg /P3HT/MoO; /PTAA/Au One-step spin coating 1.06 2.80 65 1.94 [275]
ITO/Sn0O, /Cs,AgBiBrg/Spiro-OMeTAD/Au Sequential evaporation 1.10 1.33 70 1.03 [259]
FTO/c-TiO,/Cs,AgBiBrg /P3HT/Cu One-step spin coating 1.07 2.58 69 1.91 [276]
FTO/c-TiO,/m-TiO, /Cs,AgBiBrg/N719/spiro-OMeTAD /Ag One-step spin coating 1.06 5.13 52.4 2.84 [264]
FTO/SnO, /Cs,AgBiBrgs/Cu,O/Au Sequential vapor deposition 1.198 1.72 73.8 1.52 [260]
ITO/Sn0O, /Cs,AgBiBrg/Spiro-OMeTAD/Ag Precursor engineering using BiBr; (DMSO),, spin  0.87 1.36 61 0.73 [261]

coating and annealing

FTO/Ti;C,T,-TiO,/Cs,AgBiBrg /Spiro-OMeTAD/MoO; /Ag One-step spin coating 0.96 4.14 70 2.81 [180]
FTO/c-TiO,/m-TiO, /C-Chl/Cs,AgBiBrg/Spiro-OMeTAD /Ag One-step spin coating 1.04 4.09 73.12 3. [277]
FTO/Cs,AgBiBrg-D149-TiO, /Cs,AgBiBrg /Spiro-OMeTAD/Ag One-step spin coating 0.73 8.24 70.32 4.23 [265]
FTO/c-TiO,/m-TiO, /Cs,AgBiBrg /Spiro-OMeTAD/Au Spray coating 1.091 3.1 70 23 [262]
FTO/c-TiO,/m-TiO,/D149-Cs,AgBiBrs @Ti; C,T, /Ag One-step spin coating 0.722 8.85 70.1 4.47 [266]
FTO/TiO,/ Cs,AgBiBr¢/Y6/PBDB-T/MoO, /Ag One-step spin coating with antisolvent 1.278 3.34 77.5 3.31 [278]
FTO/TiO,/BMPyr/Cs,AgBiBrg/carbon One-step spin coating 1.20 2.61 71.02 2.22 [279]
FTO/c-TiO,/m- One-step spin coating 1.07 35 66 2.47 [220]

TiO,/Cs,AgBiBrg (3D)/(PEA),AgBiBrg (2D)/Spiro-

OMeTAD/Au
ITO/c-TiO,/m-TiO, /Cs,AgBiBrg /Spiro-OMeTAD /Au One-step spin coating 1.05 1.77 71.67 133 [280]
ITO/SnO,/ Cs,AgBiBrg/Spiro-OMeTAD/Au One-step spin coating with antisolvent 0.92 11.40 60.93 6.37 [267]
FTO/TiO,/Cs,AgBiBrg/PMMA/carbon One-step spin coating 1.18 2.82 67.6 2.25 [287]

Other than Cs2AgBiBr6

FTO/c-TiO, /m-TiO, /Cs,AgSby 5 Big 75 Brg /Spiro-OMeTAD /Au One-step spin coating 0.64 1.03 - 0.25 [269]
ITO/NiO, /Cs,AgBij cSby 4Brg/PCBM/Ag One-step spin coating 0.275 1.07 31 0.09 [270]
FTO/c-TiO,/m-TiO,/Cs,NaBilg /Spiro-OMeTAD /Au One-step spin coating 0.47 1.99 44 0.42 [237]
FTO/m-TiO, /MA,AuBrg /PTAA/Au Reactive polyiodide melt 0.33 0.052 41.04 0.007 [247]
FTO/ZnO seed layer/ZnO nanowires/Cs,Snlg/P3HT/Ag One-step spin coating 0.52 3.2 51.5 0.857 [248]
FTO/TiO,/Cs,Snlg/P3HT/Ag Two-step vapor deposition 0.51 5.41 35 0.96 [249]
FTO/c-TiO,/Cs,Snlg/P3HT/Ag Chemical bath deposition 0.256 7.41 245 0.47 [250]
FTO/TiO,/Sn-TiO,/Cs,Snl,Br, /solid-state Cs,Snlg/LPAH Two-step solution process 0.563 6.225 57.7 2.025 [257]
JFTO
FTO/TiO,/Sn-TiO,/Cs,Snlg /LPAH/FTO Two-step solution process 0.367 6.752 59.5 1.47 [257]
ITO/Cul/Ag-alloyed Cs,Snls/PCBM/AZO/Ag Spray coating 0.378 3.821 45.6 0.659 [252]
FTO/TiO,/Cg/Cs,TiBrg/P3HT/Au Two-step vapor deposition 1.02 5.69 56.4 3.28 [253]

current and voltage values are summarized in Table 3. Among all,
Cs,AgBiBr,-based solar cells recorded higher PCE values than
that of other DPs. The PCE values have been improved from
2.43% in 2017 to 6.37% in 2022. The DP-based solar cell with
the champion PCE value exhibits excellent photo- and thermo-
stabilities in a nitrogen environment for two months. However,
the efficiencies of reported DP-based solar cells are still lower
than those of LHP solar cells. The main issues of DP-based so-
lar cells are the large band gaps, technical challenges with de-
vice engineering, and the large gap between experimental and
simulated PCE values. Among various DP samples, Cs,AgBiBr,
is not ideal for industrial solar cells mainly due to its large and

Adv. Funct. Mater. 2024, 34, 2307896 2307896 (23 of 62)

indirect bandgaps.”?’!l Other chemical compositions, vacancy-
ordered DPs, and hetero-atom doping have been tried to over-
come the bandgap issue. There is still a large room for improv-
ing perovskite layer quality, for example, by adopting inverted or
multijunction solar cells or by integrating with other absorbers.
Furthermore, machine learning could help to find suitable DP for
efficient solar cells.[??] Although various high-efficiency DP so-
lar cells are predicted by density functional theory and first prin-
ciple calculations, most of them are still unexplored experimen-
tally. The gap between the theoretical and experimentally demon-
strated PCE values needs to be filled by further collaboration be-
tween experimental and theoretical groups.
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Table 4. The performance of electroluminescent LEDs fabricated based on Sn perovskites. vg , FWHM, EQE, L., and R,,,, refer to the photon energy
of electroluminescence (EL) peak, full-width of half-maximum, external quantum efficiency, the maximum luminescence (in cd m=2), and the maximum

radiance (in W sr~! m~2), respectively.

Composition Device structure (PK refers to Sn-based v [eV] FWHM [eV] EQE [%] Lnax Reference
perovskites) [ed m™2] or Ry,
W sr T m™2]
MASn (Br, ;)5 thin film ITO/PEDOT:PSS/PK/F8/Ca/Ag 1.3-1.86 ~0.2 0.007-0.72 0.087-1.8 [283]
Wsr ' m2
FASnl; thin film ITO/PEDOT:PSS/PK/TPBi/LiF/Al 1.38 ~0.15 15 145 [285]
W sr' m~2
CsSnl, ITO/PEDOT:PSS/PK/PBD/LiF/Al 1.31 ~0.2 3.8 40 [284]
thin film W sr! m-2
CsSnls ITO/PEDOT:PSS/PK/B3PYMPM/LiF/Al 13 ~0.15 5.4 162 [319]
thin film W sr ' m=2
CsSnly ITO/PEDOT:PSS/PK/LiF /Al 131 ~0.15 0.007 0.05 [324]
NCs W sr ' m~2
CsSnBr, FTO/PFI + PEDOT:PSS/PK/TPBI/LiF /Al 1.84 ~0.29 N/A 160 cd m~2 1316]
thin film
CsSn(Br,l1.)s ITO/PEDOT:PSS/PK/PBD;LiF/Al 1.83-1.31 ~0.15 0.002-0.013 0.01-0.13 [315]
Thin films W sr ' m=2
PEA,Snl, ITO/PEDOT:PSS/PK/F8/LiF /Al 2.01 0.12 N/A 0.15 cd m2 58]
thin film
PEA,Snl, ITO/PEDOT:PSS/PK/TPBi/LiF/Al 1.96 0.07 0.3 70 cd m™2 1317]
thin film
PEA,Snl, ITO/TPBI/LiF/PK/TPBi/LiF /Al 1.97 0.09 0.16 58 cd m2 157]
thin film
TEA,Snl, ITO/TPBI/LiF/PK/TPBi/LiF /Al 1.94 0.09 0.62 322 cd m? 57]
thin film
PEA,Snl, ITO/PEDOT:PSS/PK/TPBi/LiF/Al 1.97 0.09 0.52 355 cd m2 [299]
thin film
(OAm),SnBr, ITO/PEI-ZnO/PK/TCTA/ 1.98 0.52 0.1 350 cd m~2 1300]
microplates MoO; /Au

4.2. Light-Emitting Diodes (LEDs)
4.2.1. Sn and Ge-based Perovskite LEDs

Current Status: Apart from photovoltaics, Sn/Ge-based per-
ovskites have also been employed as light emitters, either in the
form of thin films or colloidal NCs (Tables 4 and 5).[2282°*] In
this part of the review, we will first discuss the emission prop-
erties of several Sn and Ge-based perovskites, followed by a dis-
cussion of the current progress of LED performance based on
these. Because several low-dimensional perovskites have recently
drawn more attention in the field of light emission, we will focus
the discussion in the first section on materials with different di-
mensionalities. In the second section, we will separately discuss
electroluminescence LEDs (EL LEDs) and phosphor-converted
LEDs (PC LEDs), which are the two common LEDs reported thus
far.

3D MASnl;, FASnI;, and CsSnl; films have been heav-
ily investigated since their direct bandgaps, between 1.3 to
1.4 eV, could lead to intense PL emissions with minimal Stokes
shifts.[28>2%] On the other hand, some of these Sn-based per-
ovskites have been synthesized as NCs, where the stronger quan-
tum confinement tends to widen bandgaps and create more dis-
crete energy levels. As a result, Sn-based perovskite NCs have
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PL peaks with narrower full width at half maxima (FWHM),
which is advantageous for achieving higher color saturation and
important for ultrahigh-definition displays. Indeed, both CsSnlI,
and FASnI; NCs showed a 0.1 eV blueshift in their bandgaps
with a PL FWHM between 70 and 100 meV,[>#67286] which was
smaller than their thin film counterparts. Additionally, by chang-
ing the A-site or halide site component (Figure 18a), the PL po-
sition of Sn-based perovskites can be tuned over a wide range,
from visible to NIR (2.95-1.3 eV).1283287.288] Figure 18b displays
the energy levels and bandgaps of several Sn-based perovskites
with different compositions, where we can see a wide tuneable
range of bandgaps from 3.55 to 1.24 eV.2%] However, in contrast
to LHP NCs with extremely high PLQYs, the highest PLQY re-
ported for Sn-based perovskite NCs (CsSnl; NCs) so far is only
18.4%,15%1 which is far below the PLQYs of LHP NCs (approach-
ing 100%).12>2%%1 On the other hand, 3D Ge-based perovskites
have slightly larger bandgaps than Sn-based perovskites. For ex-
ample, MAGel;, FAGel;, and CsGel; thin films have shown a
direct bandgap of around 1.6, 1.9, and 2.2 eV, respectively.!**®]
Similar to Sn-based perovskites, alloying of A-site cations and
halide ions could also tune the bandgaps of Ge-based perovskites,
which were limited from the UV to the visible region (1.6—
3.67 eV).[2021 Although MA, FA Gel, thin films have exhib-
ited tuneable PL from 1.97 to 2.25 eV,[?!] very few studies on the
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Table 5. Phosphor-converted LEDs fabricated based on Sn perovskites. CCT, CIE, and CRI refers to correlated color temperature, color coordinates in the
CIE 1931 graph, and color rendering index, respectively.

Composition Device structure (PK refers to Sn-based CCT [K] CIE CRI Reference
perovskites)
Cs,SnBrg Cs,SnBrg + (Srs (PO,); Cl:EUZ)/ 2006 (0.52,0.41) 84 (318]
NCs (mixed in PDMS)/
365 nm chip
(C4N,H4Br)4SnBrg (C4N,Hq4Br),SnBrg + BaMgAl,,0,,:Eu?* 4946 (0.35,0.39) 70 [308]
single crystals (mixed in PDMS)/
340 nm chip
(OCTAm),SnBr, (OCTAmM)SnBr, + 2500/ (0.49, 0.42)/ 69/ [75]
crystals BaMgAl,,O,,:Eu?* + G2762 5635/ (0.33,0.26)/ 81/
(mixed in PS)/ 6530 (0.33,0.37) 89
365 nm chip
Cs,5nClg:0.599% Sb3* Cs,SnClg:0.599% Sb3* + Cs,SnClg:2.75% Bi* + 6815 (030, 0.37) 81 317
crystals 6815 Ba,Sr,Si0,:Eu?t
(mixed in silicone)/
380 nm chip
Cs,SnClg:2.75% Bi3* Cs,SnClg:2.75% Bi** + Ba,Sr,SiO4:Eu?* + 2087/ (0.55,0.45)/ N/A [312]
crystals GaAlSiN;:Eu?* 4486 (0.36, 0.37)
(mixed in curable resin)/
365 nm chip
(a) CsSnCl, CsSnBr, CsfnlJ (c) (d
CsSn(CL-Br); |  CsSn(Br), - E
a o ;
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Figure 18. a) PL spectra of 3D CsSnX; (X = Cl, Br, I) thin films with different halide compositions. Reproduced with permission.[?88] Coypright 2016,
Royal Society of Chemistry. b) Schematic illustration of energy levels of ABX; perovskites with different A (MA, FA, and Cs), B (Sn and Pb), and X (Cl,
Br, and 1). The bandgaps are obtained from the UV—vis absorption measurements, whereas the ionization energy (IE) and electron affinity (EA) are
obtained from the inverse photoelectron spectroscopy. Reprinted with permission.1?3] Copyright 2019, Springer Nature. c) Configuration coordinate
diagram depicting two possible emission mechanisms of Sn- and Ge-based perovskites. GS, FE, and STE represent the ground state, free exciton, and
self-trapped exciton, respectively. 3D perovskites usually exhibit FE emission while low-dimensional perovskites tend to show STE emission, d) UV-
vis absorption (UV), PL excitation (EX) and emission (PL) spectra of 2D (OCTAm),SnBr, colloidal solution. The inset shows the photographs of the
samples in solution and powder form. Reproduced under the terms of the CC BY-NC license.[”>] Copyright 2019, The Authors, published by Royal Society
of Chemistry.
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Figure 19. Schematic illustration of the preparation of 2D Sn-based perovskite films for LEDs (TEA: 2-thiopheneethyllammonium). (b) The electrolumi-
nescence (EL) spectra of TEA,Snl,-based device at different voltages. Figures (a) and (b) are reproduced with permission.[>’l Copyright 2020, American
Chemical Society. (c) Inkjet printing of PEA,Snl, films for LEDs fabrication. (d) LED device structure made of inkjet-printed PEA,Snl, films. (e) EQE
versus current density for the PEA,Snl, LEDs fabricated on glass and polyimide (PI) flexible substrates (inset: photograph of a red-emitting flexible LED
operating at 5 V). Panels (c)—(e) are reproduced with permission.3%*] Copyright 2022, American Chemical Society.

emission properties of other 3D Ge-based perovskites have been
reported thus far.

Compared to their 3D counterparts, 2D Sn- and Ge-based per-
ovskites usually have larger bandgaps (=2 eV or above), larger
exciton binding energies (hundreds of meV,?*)] c.f., 20-30 meV
for 3D counterparts!?*!]), and higher environmental stability due
to the presence of long-chain organic layers acting as barriers to
moisture ingress.[?] Interestingly, two different emission mech-
anisms have been identified in 2D Sn- and Ge-based perovskites
and can be interpreted by a configuration coordinate diagram,
as illustrated in Figure 18¢.[2¢] The curves in a configuration
coordinate diagram describe the total energy of the lattice in the
dark or under illumination at different lattice distortions, which
is represented by the configuration coordinate. Following photo-
excitation, the lattice changes from the ground state to the free
exciton state. Afterward, excitons can relax directly from the free
exciton to the ground state without lattice distortion (path 1 in
Figure 18c¢), and this would normally lead to a narrow PL with
minimal Stokes shifts.[?*”3] On the other hand, if the coupling
between the excitons (or free charge-carriers) with phonons is
strong enough, lattice distortion occurs, and the free exciton can
enter into the STE state, leading to the localization of the exci-
ton wavefunction, with a radial distance on the order of a unit
cell or smaller. A broadband white light emission with a large
Stokes shift often occurs when STEs relax to the GS (path 2 in
Figure 18¢).[2%93] Such a phenomenon is undesirable for ultra-
high definition displays but offers opportunities to achieve solid-
state white light emitters.

The emission of 2D Sn-based perovskites is highly associated
with the types of A-site organic cations used, which could lead to
either extremely narrow PL (free exciton emission) or broadband
white light (STE emission). In terms of free exciton emission,
(PEA),Snl, (PEA = phenylethylammonium) films have demon-
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strated a PL at 2 eV with a small FWHM of 100 meV and Stokes
shift of 40 meV.[*®] A PLQY of 9.7% was reached in (PEA),Snl,
films after surface passivation. In the STE emission case, the
(OCTAm),SnBr, (OCTAm = octylammonium) colloidal solution
has shown a PL at 2.07 eV with a large FWHM and Stokes shift
of 470 meV and 1010 meV, respectively (Figure 18d).7>! A near-
unity PLQY and microsecond PL lifetime were also observed in
both (OCTAm),SnBr, and (OAm),SnBr, (OCT = octylammo-
nium; OAm = oleylammonium),3%7] suggesting that photo-
excited charge-carriers could relax more efficiently through STE
relaxation. Furthermore, the high PLQY could be maintained in
2D Sn-based perovskites stored in an ambient environment for
up to 240 days, which verifies their high air stability.””] The PL
peaks of 2D Sn-based perovskites could be also tuned by using
various halide compositions or A-site organic cations with dif-
ferent chain lengths.3275] On the other hand, 2D Ge-based per-
ovskites show poorer emission properties compared to Sn-based
counterparts. For instance, although the (Bmpip),GeBr, (Bmpip
= 1-butyl-1-methylpiperidinium) single crystal has displayed a
broadband STE emission at 1.85 eV with a large Stokes shift up
to 600 meV, its PLQY was found to be less than 1%.3%2] LEDs
made of 2D Sn-based perovskites are often solution-processed
by using solutions containing tin halides and organic cation
molecules, as illustrated in Figure 19a.1>’] Among various organic
cations, PEA and TEA (thiopheneethyllammonium) molecules
have been extensively explored to prepare relatively stable 2D
Sn-based perovskites with a reasonable PLQY for LEDs. Partic-
ularly, TEA,Snl,-based LEDs exhibit electroluminescence (EL)
spectra peaking at ~1.94 eV (638 nm), and an EQE of 0.62%
(Figure 19Db).°71 EL spectra of 2D Sn-based perovskites slightly
vary depending on the composed organic cations and are gener-
ally consistent with corresponding PL spectra. In addition, 2D
Sn-based perovskite LEDs could be also fabricated on flexible
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substrates by inkjet printing, and have reached an EQE of 1%
in PEA,Snl,-based LEDs (Figure 19c—¢).3%]

Surprisingly, no PL emission has been reported in any 1D Sn
and Ge-based perovskites thus far, which might be associated
with their facile transformation into 0D structures under photo-
excitation.l3**] 0D Sn-based perovskites have also exhibited larger
bandgaps (~3 eV or above) and enhanced air stability compared
to their 2D counterparts.>®) The significant dimensionality re-
duction further facilitates STE formation, owing to the removal
of the energy barrier for self-trapping.[2*®! A broadband STE emis-
sion is hence more commonly observed in 0D Sn-based per-
ovskites. For example, (C,N,H,,Br),Sn(BrysI,;), could emit a
broadband PL at 2.13 eV (FWHM ~470 meV) with a large Stokes
shift of 1000 meV.3%! The center of the broadband emission peak
could be also tuned by changing the composition of halides or
A-site cations.[?”] Several 0D Sn-based perovskites have shown
microsecond PL lifetimes and near-unity PLQYs, possibly due to
their significantly enhanced exciton binding energies (e.g., >1 eV
in Cs,SnBr).3063083%9] [t {5 also worth mentioning that the PL
intensity from 0D Sn-based perovskites could not be saturated at
higher excited power, 3% which evidenced the intrinsic feature of
STE emission and excluded the possibility of defect emission.

Vacancy-ordered Sn-based double perovskites, with the gen-
eral formula A,Sn'VX,, are also promising emitters, espe-
cially since the Sn cations are in the more stable 4+ oxi-
dation state. Vacancy-ordered Sn-based perovskites exhibit a
wide range of bandgaps (1.3—4.9 eV) depending on the halide
composition.31% While different from 2D and 0D Sn-based per-
ovskites, carrier-phonon coupling in vacancy-ordered Sn-based
double perovskites tends to be weaker, in part due to their dis-
persed band edges.[?°®] As a result, a narrow free exciton emis-
sion has been commonly seen in these materials. For instance, a
PL at 2 eV with a small FWHM of 160 meV has been reported in
Cs,Snl, NCs.I”8] Nevertheless, the potentially weaker excitonic
binding strength and higher defect density could lead to low
PLQYs (<1%) and shorter PL lifetimes, of the order of only a few
nanoseconds.”®] Interestingly, a broader PLat 2.73 eV (FWHM =
400 meV) and 2.06 eV (FWHM = 350 meV) could be individually
achieved in Sb- and Bi-doped Cs, SnCl crystals.[311:312] Although
the former was from defect emission, the latter was attributed to
the transition from the triplet state to the ground state in Sb** oc-
tahedrally coordinated by chlorides. Owing to the local minima
in the excited-state potential energy surface for triplets caused
by Jahn-Teller distortions!3!3314l, two PL peaks could be seen at
lower temperatures. A higher PLQY of ~#37% and 80% could be
also reached in Sb- and Bi-doped Cs,SnCl crystals, respectively.

So far, no emitters made from Ge-based perovskites have been
reported, while some EL LEDs and phosphor-converted (PC)
LEDs fabricated with Sn-based perovskites have been reported
(Tables 4 and 5). EL LEDs emit light via free exciton recombina-
tion when charge-carriers are injected through the injection lay-
ers from the electrode, and the energy diagram of a typical CsSnl,
EL LED is illustrated in Figure 20a. On the other hand, PC LEDs
integrated phosphors mixed in a polymer with commercial UV
LED chips, which can pump the phosphors to generate broad-
band white light.

As shown in Table 4, EL LEDs fabricated with 3D Sn-based
perovskites have shown potential for NIR to red light emission,
and the emission energy can be tuned by changing their halide
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compositions. Nevertheless, they could also easily degrade with
air exposure, leading to a blue shift in the EL (Figure 20c) and a
decrease in EQE.[283315] [t has been shown that by controlling the
crystallization process through the inclusion of additives such as
phenethylamine iodide (PEAI) or SnF,, the operational lifetimes
(time for the initial peak radiance of the LED to decrease by 50%
under continuous operation) of FASnI; and CsSnBr; LEDs in an
inert environment could exceed 10 and 30 hours (Figure 20b),
respectively.?8>316] Recently, LEDs fabricated with 2D Sn-based
perovskites have also gained more attention owing to their higher
intrinsic stability in the air. Particularly, a pure-red EL with rather
small FWHMs (less than 0.1 eV) have been demonstrated in
(PEA),Snl, as well as (TEA),Snl, LEDs, and this EL was stable in
a wide voltage rangel???31757] (Figure 20b). These LEDs also dis-
played a low turn-on voltage of 2.2-2.3 V and a maximum lumi-
nescence L. over 300 cd m~2. Nevertheless, they still encounter
the issues of low EQEs (<1%)57] and poor operational stabil-
ity (degraded within a few seconds or minutes),’”?%?! which has
been attributed to the rapid film decomposition caused by Joule
heating rather than oxidation. Interestingly, a broadband orange
light with a FWHM of 0.52 eV could be also reached in EL LEDs
based on (OAm),SnBr, microplates.2®! This EL resulted from
the STE emission with a FWHM that could be broadened when
more charge-carriers were thermally activated into the trapped
state at higher temperatures. Similarly, (OAm),SnBr, LEDs also
showed a high L, of 350 cd m~2 but a low EQE of only 0.1%.
In terms of PC LEDs, several 0D, 2D, and vacancy-ordered
Sn-based double perovskites with strong STE emission have
been employed as phosphors. Due to the high air stability of
these materials, the emission spectra from these LEDs could
be usually maintained for over a few months,”>3%! as dis-
played in Figure 20e. By tuning the ratio of the mixed phos-
phors, white light emission with different color coordinates in
the Commission Internationale de 1'Eclairage (CIE) 1931 graph
could be achieved in (OCTAm),SnBr, and Bi-doped Cs,SnCl,
LEDs.[”>312] The emission light spectra from these LEDs could
range from “very warm white light” to “day white light”, which
corresponds to a correlated color temperature (CCT) ranging
from around 2000 K to over 6000 K, as shown in Figure 20f. More-
over, high color rendering index (CRI) values over 80,/7°311:318]
which reached the requirement of commercial white light LEDs,
have also been demonstrated in (OCTAm),SnBr, and Sb-doped
Cs,SnCl, LEDs. At present, Sn-based perovskites are more
promising in PC LED applications compared to EL LEDs.
Outstanding Challenges: LHP LEDs have exhibited EQEs ap-
proaching 30% with peak luminance exceeding 10° cd m=2,1%
which substantially outperforms all Sn-based perovskite LEDs
reported so far. The greatest challenge for Sn- and Ge-based
perovskites remains the facile oxidation of Sn** and Ge?* to
the +4 oxidation state,!3%329] which could lead to their ambient
instability, high defect densities, and metallic-like conductivity
feature due to self-doping.®2!! For Sn-based perovskites, it has
been claimed that self-doping could lead to very high hole con-
centration, which further caused unbalanced charge-injection in
their LEDs, hence reducing the EQEs.[*" Additionally, poor film
morphology resulting from a fast crystallization process!?*}! or
low precursor solubilities in common organic solvents*??! is an-
other factor limiting the device performance of Sn- and Ge-based
perovskites. Although NCs could usually show better emission
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Figure 20. a) Atypical energy level diagram of a CsSnl; LED. PEDOT:PSS and B3PYMPM is poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) and
4,6-Bis (3,5-di(pyridin-3-yl) phenyl) —2-methylpyrimidine, which acts as the hole and electron injection layer, respectively. Reproduced with permission.[31°]
Coypright 2021, John Wiley and Sons. b) EL spectra of a 3D CsSnl; LED exposed to air at various times. Reproduced with permission.[313] Coypright 2021,
John Wiley and Sons. c) The time evolution of the luminance of a CsSnBr; LED under continuous operation. Reproduced with permission.31] Coypright
2022, American Chemical Society. d) The EL spectra of a 2D PEA,Snl, LED operated at different voltages. Reproduced under the terms of CC BY 4.0.317]
Copyright 2020, The Authors, published by Wiley-VCH. e) The emission spectra of a 0D (C4N,H14Br)4SnBrg LED pumped by a 340 nm UV LED under
air for more than six hours. Reproduced under the terms of CC BY 3.0.13%] Copyright 2018, The Authors, published by the Royal Society of Chemistry.
f) The Commission Internationale de I'Eclairage (CIE) 1931 graph and correlated color temperatures (CCTs) of white light. The red triangle and white
star are the color coordinate of a PC LED based on Sb-doped Cs,SnClg only and Sb-doped Cs,SnClg with other phosphors, respectively. Reproduced
with permission.[31"] Coypright 2019, Springer Nature.

properties than thin films, there are few reports of Sn- and Ge-
based perovskite NC LEDs. This could be attributed to several
reasons: first, it is still challenging to synthesize stable Ge-based
perovskite NCs through hot injection;32%! second, the insulating
nature of long-chain ligands surrounding NCs would highly im-
pede charge-injection;3*! thirdly, during LED operation, ligands
could be also detached, which potentially facilitated unwanted

Adv. Funct. Mater. 2024, 34, 2307896 2307896 (28 of 62)

NC aggregation or increased defect densities;[*?}] eventually, cur-
rents might leak easily through NC films since they are less com-
pact compared to bulk films.[324]

Future Prospects: Although SnX, (X = halides) additiv-
es, 3213251 metallic Sn powders, 32! organic antioxidants,1”] and
perfluorooctanoic acid”®! are effective in suppressing the oxida-
tion of Sn**, we believe that it is more important to identify
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Table 6. Performance summary of the NCs and thin film WLEDs.
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EML Device structure EL Peak [nm] EQE, ., [%] Linax [cd Lifetime [min] Reference
m‘z]
Cs,AgoNag InClg ZnO/PEIE/EML(VTE)/TAPC/MoO, /Al 552 N/A ~50 10@50 mA cm™2 [92]
Cs,AgIng¢Big 1 Cle PVK/EML/TPBI/LiF/Al ~410 and 610 0.08 158 48.5@15 mA cm~2 [328]
Cs,Agin,Biy, Cl 557 ~0.01% 58 N/A [329]
ITO/PEDOT:PSS/TFB/PVK:NPLs/ZnO/Al nm

the controversial degradation mechanism of Sn-based per-
ovskites in order to fundamentally resolve their instability is-
sue. Similar studies on Ge-based perovskites are even more cru-
cial since they have not yet been realized in working LEDs. In
addition, to achieve higher EQEs in Sn-based perovskite LEDs,
more balanced charge-injection should be aimed for, possibly by
modifying the film morphology or injection layers. It is also
worth mentioning that LEDs fabricated with low-dimensional
and vacancy-ordered Sn-based double perovskites have exhibited
not only higher color purity or CRI values but also enhanced am-
bient stability compared to their 3D counterparts. We hence ex-
pect that these materials along with analogous Ge-based deriva-
tives, will gain more attention in future studies. Finally, consider-
ing the outstanding emission properties in Sn-based perovskite
NCs, we also encourage more investigations into relevant ligand
engineering, which plays an important role in both charge-carrier
transport and defect passivation.

4.2.2. Double Perovskite LEDs

With consideration of environmental friendliness, lead-free lu-
minescent double perovskite (DP) materials with superior stabil-
ity and high PLQY have emerged as promising candidates for
LEDs. The flexibility of compositional engineering and the diver-
sity of the band structure of DPs enables the achievement of mul-
ticolor luminescence covering the full visible-NIR gamut. This
section summarizes recent progress in lead-free DP-based LEDs.

Double Perovskite Thin Film/NCs LEDs: In 2018, Tang’s
group reported stable white emission from Bi**-doped
Cs,Agy¢Na,,InCl; DPs and demonstrated highly efficient
white emission based on the thin film LEDs driven by an electric
field.[2] They claim that the alloying of Cs,AgInCl, with Na+
catios results in transition of a parity forbidden transition to an
allowed transition (Figure 21a). Thus, the alloying of sodium and
bismuth cations with Cs,AgInCl, leads to a dramatic increase
in PLQY from <0.1% to 86%. The LEDs fabricated via thermally
evaporated Cs,Ag,Na,,InCl, films exhibit bias-insensitive
broadband emission with a peak current efficiency of 0.11 cd
A71. Although the samples showed excellent stability under
ambient conditions (Figure 21b), the corresponding LEDs ex-
hibited yellowish electroluminescence, indicating the change of
phase under the electric field. This may be attributed to poor
film quality and uncontrollable composition segregation. After
this early work, several other groups have reported the synthesis
and luminescence properties of the doped-DP thin films and
NCs and demonstrated the fabrication of LEDs. Table 6 sum-
marizes some of the representative work on DP (thin films and
power)-based LEDs.
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For instance, Zhang et al. synthesized Tb**, Sb** co-doped
Cs,NalnCl, NCs with high PLQY blue-green emission (74%),
which then transformed into white emission with Mn?*-
doping.3?”1 The corresponding light down-conversion-based
LEDs emit warm white light with a color rendering index (CRI)
is 89.2 and a correlated color temperature (CCT) is 3371 K, meet-
ing the standard of warm white lighting (2500-3500 K). After
the early reports on strongly emissive bulk DPs, researchers
have demonstrated the synthesis of colloidal doped-DP NCs
by wet chemical approaches that were used for LHPs.[22] For
instance, Cs,Agln;_ Bi Cl; DPs have been synthesized in the
form of colloidal NCs with controlled size distribution and emit
white light.l1%2] The NCs can be used in light down-conversion-
based LEDs by incorporating them into a poly methyl methy-
lacrylate (PMMA) matrix followed by coating on 380 nm LED
chips. The down-converting LEDs exhibit white light emission
with CIE coordinates of (0.36, 0.35), CRI values of ~91, and
correlated color temperature (CCT) of 4443 K. However, the
progress on DP NC-based LEDs is much slower as compared
to that of LHPs. There are only a few reports demonstrat-
ing the electroluminescence from DP LEDs. Recently, Qu et
al. synthesized Cs,Agln,,Bi,;Cl; NCs with a PLQY of 31.4%
and they demonstrated the fabrication of electrically excited
white LEDs (WLEDs). Although the films showed bright and
uniform warm white emission under UV excitation, the NC-
WLED exhibited weak electroluminescence (158 cd m=2) with
an EQE of 0.08%, as shown in Figure 21¢,d.?®] Very recently,
DP-based LEDs using two-dimensional (2D) Cs,Agln Bi, Cl
(0 < x < 1) NPIs were reported, showing a luminance maxi-
mum of 58 c¢d/m? with a peak current efficiency of 0.013 cd/A
(Figure 21e,f).3%°] However, the resulting EQE and T, values
are significantly lower than the benchmark LEDs made of LHP
NCs. This is probably due to the wide band gap (>3.6 eV) and
poor charge carrier mobility in double perovskites. The effi-
ciency of DP-LEDs needs to be significantly improved for prac-
tical applications. We believe that a better understanding of the
charge transport properties in DP systems would help to im-
prove the efficiency of the corresponding LEDs. Meanwhile, re-
searchers have turned their attention to DP polycrystalline and
single crystals to achieve white light from single-component
systems.

Double Perovskite Powder-Based LEDs: Despite slow progress
in DP-based electroluminescent devices, a feasible application of
double perovskites is the down-conversion LEDs based on cov-
ering GaN-based blue LED chips with highly luminescent DP
powders (phosphors). As shown in Figure 22a, Nie et al. synthe-
sized Cs,NaInCl;:Sb** DPs by the hydrothermal method, emit-
ting blue PL (PLQY~ 90%). The corresponding down-conversion
LEDs exhibit color coordinates of (0.147, 0.078).*% In such
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Figure 21. a) Strengthened STE confinement by the surrounding AgCls®~ octahedra. Reproduced with permission.[®2] Copyright 2018, Springer Nature.
b) XRD patterns of a Cs,Ag, ¢oNag 40!/nClg film (black line) and powder (red line). The inset shows a 300-nm thick quartz substrate and 500-nm-thick
Cs,Ag 60Nag 49InClg films under 254 nm ultraviolet illumination. ¢,d) Cs,Aglng ¢Big ;Clg QDs based electroluminescence device, including the device
structure, energy band diagram of the Cs,Aglng ¢Big ;Clg QDs based WLED device. Reproduced under the terms of CC BY 4.0.1328] Copyright 2022, The
Authors, published by Wiley-VCH. e) Band alignments and proposed charge carrier transfer processes of the NPL-LED; f) Electroluminescence (EL)

spectrum of the LED. Reprinted with permission.[32°] Copyright 2023, Wiley-

systems, it is most likely that the emission comes from iso-
lated SbCl, octahedra.®! Furthermore, doping with manganese
ions can alter the spectrum toward the red emission. The
dopants can also alter the emission color. Zhang et al. fabricated
down-conversion LEDs based on 3% Mn”*-doped Cs,NaTbCl,,
the orange color spectra showed excellent spectral stability at
different voltages and currents applied to the blue LED chip.
(Figure 22b).33!1 The orange LED exhibited bright PL with CIE
of (0.579, 0.352) and CCT of 2547 K. In many DP systems,
Mn?*-doping can result in white light emission as discussed
above. For example, Mn?*-doped Cs,Na,,Ag,¢IngqsBigesClg
emits white PL with a maximum PLQY of 31.8% and two
emission maxima that are at 550 and 610 nm.3?! The corre-
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VCH.

sponding Commission International de L’Eclairage (CIE) co-
ordinates, emission color temperature, and CRI are (0.3784,
0.4216), 4323.4 K, and 82.6, respectively (Figure 22c). To ob-
tain low CCT and high CRI WLEDs, Cs,Agln,  Bi Cl, was
used as an emitter by combining it with a 400 nm UV LED
chip (Figure 22d).3*)] This resulted in efficient, broad, yellow-
white PL (CRI = 85, CCT = 3119 K). These metrics meet the
standard for warm white lighting with high color rendering
abilities.

The emission from most DP materials originates from the
radiative recombination of STE species. Thus, they exhibit broad
emission with large Stokes shift, making them suitable for
WLEDs. Another strategy to tune the emission of the DPs is by
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Figure 22. Different DP phosphors that were coated on an ultraviolet chip for the fabrication of down-conversion LED that emits blue, red,
and broad white light emission and narrow infrared radiation. a) Cs,NaInClg:Sb>* DPs. Reproduced with permission.[*30] Copyright 2022, Ameri-
can Chemical Society. b) 3% Mn?*-doped Cs,NaTbCl. Reprroducedd with permission.I331 Copyright 2022, American Chemical Society. ¢) Mn2*-
doped Cs,Nag 4Agg ¢Ing g5Big o5 Clg. Reproduced with permission.[332] Copyright 2019, Optical Society of America. d) Broadband White Emission
in Cs,Agln,_Bi,Cls Phosphors. Reprroduced with permission.33*] Copyright 2019, American Chemical Society. €) Ho3*-doped Cs, (Ag,Na)InClg
DPs. Reproduced with permission.[33%] Copyright 2019, Wiley-VCH. f) (Bi,Ce)-codoped Cs,Ag, 4Nag¢InCle. Reprroduced with permission.338] Copy-
right 2020, American Chemical Society. g) Cs,AglngoClg:g;Cr3*.Reproduced.34*] Copyright 2022 American Chemical Society. h) Nd** doped
Cs,AglIng 69Big,01Clg, Cs,NaErg 4Ybo¢Clg, and Yb>* and Er** doped Cs,Ag, ,Nag 3 BiClg.The panel h is adapted with permission.[344-346] Copyright 2022,
American Chemical Society; Copyright 2022, Wiley-VCH.

doping with lanthanides.***] For example, Ho**-doped Cs,(Ag,  phosphors are efficient for white LEDs when combined with
Na)InCl, DPs exhibit bright warm-white emission with peaks  blue phosphor BaMgAl,,0,,:Eu?*.3*] The corresponding warm
at 490, 450, and 650 nm (Figure 22e).33°! The doped sample  white LEDs showed color coordinates of (0.3464, 0.3224), a
exhibited an improvement of CRI from 70.3 to 75.4 as compared  colour rendering index of 93.9 and colour temperature of
to pristine Cs,(Ag,Na)InCl,. On the other hand, the emission 4818 K. However, there are no single-matrix phosphors that rely
color is also tunable by doping different metal ions with a  on commercial blue phosphors. Although the CRI of DPs is
controllable ratio. For instance, by controlling Tb** co-  relatively high, their color temperature is also very high, which
dopant concentration, the emission color of Bi-doped Cs,Ag-  is not conducive for daily lighting applications.

(In,, Tb,)Cly NCs could be continuously tuned from green to For practical applications, it is necessary to further improve
orange, through the efficient energy-transfer channel from STE  the operational stability of DPs. A few attempts have been
to Tb** ions.[3%¢] Similarly, co-doping Dy3*, Sm>?*, and Tb** ions  made towards improving the operational stability of DP-LEDs.
into Cs,AgInCl; NCs results in tunable emission from green  For instance, Li et. al constructed WLED devices by combin-
to yellow-orange by varying the relative dopant concentration.  ing Cs,Ag,,Na,;InCl,:Bi with a commercial UV-emissive LED
The concept of change in emission color by co-doping can be  chip (370 nm).**"] The resulting WLED showed CIE color co-
used to obtain fluorescent patterns by spray coating the DP NC  ordinates of (0.38, 0.44), a CCT of 4347 K, and a high CRI of
inks for anti-counterfeiting technology.l**”) In addition, Weietal. ~ 87.8 with excellent working stability and a record lifetime above
proposed a codoping (Bi, Ce) strategy to enhance the quantumef- 1000 h. Similarly, Zeng et al. synthesized Cs,AgScCl,:0.05Bi
ficiency of orange-emitting Cs,Ag, ;Na, (InCl;:Bi.3%®] As shown  emitting white light and with high stability against thermal and
in Figure 22f, by combining the (Bi,Ce)-codoped sample with a UV radiation.3*!} Furthermore, a series of Cs,Na Ag,_ InCl¢: Bi
blue BaMgAl,,0,,:Eu** phosphor, a white light-emitting diode ~ (x=0, 0.2, 0.4, 0.6, 0.8, and 1) DP microcrystals were synthesized
with an excellent color rendering index of 95.7 and a correlated by a solvent-free melting-crystallization technique.***) The opti-
color temperature of 4430 K can be achieved. Deng and co-  mized Cs,Na,,Ag,,InCl,: Bi microcrystal phosphors were com-
workers demonstrated that (Bi,Gd)-codoped Cs,Ag,,Na,,InCl,  bined with commercial blue and green phosphors and coated on
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Table 7. Performance summary of the powder-based WLEDs.
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Device structure PLQY [%] CIE (x, y) CCT [K] CRI Reference
UV LED/Cs,Agln ;Big3Clg NCs/PMMA 4 (0.36, 0.35) 4443 91 [102]
UV LED/Cs,NalnClg:2.5%Sb,45%Tb,3%Mn NCs 74 (0.41,0.39) 3371 89.2 [279]
UV LED/Cs, (Na, Ag)InClg:7.09%Ho>* 57.09 (0.39, 0.46) N/A 75.4 [335]
UV LED/Cs,Nay 4Ag 61N o5 Big o5 Clg:Mn2+ 31.8 (0.3784, 0.4216) 4323.4 82.6 [332]
UV LED/Cs,AglIn,_,Bi,Clg 39 (0.417,0.397) 3119 85 [333]
UV LED/Cs,Agy4Nag¢InClg:1% Bi, 1%/ BaMgAl,,0,;:Eu?t 98.6 (0.4,0.38) 4430 95.7 [339]
UV LED/Cs,Agy4Nag¢InClg: Bi,Gd/ BaMgAl;,O,;:Eu* 87.57 (0.3464, 0.3224) 4818 93.9 [339]
UV LED/Cs,Ag, ;Nag 3InClg:Bi 87.2 (0.38, 0.44) 4347 87.8 [340]
UV LED/Cs,AgScCl:0.05Bi 60 (0.366, 0.367) 4100 96 [337]
UV LED/Cs,Nag 4Agg ¢InClg: Bi 73.3 (0.461, 0.443) 2930- 6957 84.8- [342]
97.1

ultraviolet chips (365 nm) to fabricate WLEDs. The emission was
tunable from warm white (2930 K) to cold white (6957 K). Table 7
provides a summary of the performance of selected DP powder-
based WLEDs.

NIR light sources with broad coverage have drawn a spe-
cial interest in optical communication, night vision technology,
food analysis, health monitoring, and bio-imaging/bio-sensing.
In early studies, rare earth ions were used as activators in LHPs
to obtain the NIR luminescence, and later they were extended to
DP systems. In 2019, Liu et al. reported Cs,AgInCl,:Cr3* via the
traditional high-temperature solid-state reaction.[**’! The sample
(Cs,Agln, 4Cl;:,,Cr’*) emits broad NIR emission with a PLQY of
~22.03% upon 760 nm excitation (Figure 22g). Inspired by this,
Cr**-doped Cs,AgInCl, NCs were synthesized via hot-injection
synthesis, and the sample exhibited tunable emission from 998
to 958 nm by gradually substituting Ag* with Na+.343] The excel-
lent chemical and moisture stability of the sample enabled the
fabrication of Cs,NaInCl,:Cr** NC films by screen printing and
thus showcases its potential application in high-resolution im-
ages and NIR fluorescent signs. Recently, several reports have
been published on lanthanide ion-doped NIR LEDs, such as
Nd*+ doped Cs,Agln ooBiy 4, Cls, Cs,NaEr, ,Yby,Clg, and Yb*+
and Er** doped Cs,Ag,,Na,¢BiCl; (Figure 22h).3*-34] These
NIR LEDs have demonstrated good night vision and human tis-
sue penetration. Most notably, Wang et al. reported Na*-doped
bismuth halide perovskite Cs,AgBiCl, crystals to replace the tra-
ditional Cr**-doped systems.3*®] It was proposed that the incor-
poration of Na ions weakens the coupling between [AgCl,]*~ oc-
tahedrons and confines the spatial distribution of the STE state
around [AgCl,]°~ and [BiCl;]>~. This leads to enhanced overlap
of electron and hole orbitals, leading to enhanced NIR emission
from STE states.[11086]

In summary, there has been certainly progress in the field
of DP-LEDs, especially WLEDs based on doped DPs. However,
there are several significant challenges that need to be overcome
for the realization of electric-driven LEDs based on DPs. The
quality of thin films could be improved by thermal evaporation
methods, but precise control over the composition is critical. In
the case of NC LEDs, colloidal DP NCs with high PLQY (both in
solution and solid-state) need to be developed. The most critical
factor that hinders efficiency is the large bandgap of double per-
ovskites. Hence, the bandgap of DPs must be optimized by com-
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positional engineering or by combining them with other mate-
rial systems. As demonstrated above, metal ion doping is imper-
ative to improve the properties of DPs by breaking off forbidden
transitions, and increasing their radiative transition rates, and si-
multaneously boosting the energy transfer efficiency. Therefore,
there are numerous lead-free perovskite compositions that emit
light in the visible to short-wave infrared ranges. The early re-
sults demonstrate the potential of DP-based powders for down-
conversion LEDs. A better understanding of charge-injection,
transport, and recombination in DPs would help to improve the
efficiency of electrically driven DP-LEDs.

4.3. Radiation Detectors using Pb-free Perovskites

Photodetectors (PDs) are devices that convert incoming photons
into electrical signals. They find numerous applications in var-
ious fields, including research, security, industry, and medical
imaging.[>*] It is important to develop materials that can detect
photons of low intensity, especially to detect X-ray radiation as
it is being extensively used in medical imaging and diagnostics.
This is because high X-ray doses can increase the risk of can-
cer due to DNA damage. Therefore, materials characterized by
a lower detection limit (LoD) are crucial for safer medical imag-
ing allowing for lower radiation doses.**"! All PDs involve three
key processes: i) photon absorption, ii) charge carrier generation,
and iii) collection. Furthermore, ease of synthesis and material
stability are mandatory for industrial production (iv). HPs are a
class of semiconductors possessing optimal properties to excel
in these processes and the ease of production as well. i) They
exhibit strong photon absorption coefficients, especially for high-
energy radiation such as X-rays, where the heavier elements (e.g.,
Cs*, Pb?*, I7) are the main ones responsible for the high atten-
uation coefficient. Moreover, by varying their composition, the
HPs’ bandgap (E,), hence their absorption range, can be largely
tuned. This tunability aids efficiency (ii). Especially for high-
energy detection, charge carrier generation depends on E,. More-
over, the charge carrier mobility can be substantially enhanced
while reducing the charge trap density (iii). They can be pro-
duced using low-temperature solution methods and cheap con-
stituents, making them cost-effective and easily scalable, in con-
trast to the commercially standard direct X-ray- PDs for which the
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Figure 23. Schematic representation of indirect and direct X-ray detection.
In the indirect modality, the absorbed X-rays are converted to lower energy
photons (v), and their collection by a photodiode result in an electrical
signal. The presence of (v) will eventually result in lower image resolution.
Reproduced under the terms of CC-BY-3.0 and CC-BY-ND-3.0.1352] Copy-
right 2016, The Authors, published by NDT.net.

production of the photoactive material (e.g., CdZnTe and CdTe)
is cumbersome and expensive. HPs can be used to detect X-rays
via direct or indirect methods (the latter mainly by means of el-
pasolite halide single crystals),!**!] as illustrated in Figure 23. Yet,
the most popular LHPs contain toxic lead and exhibit relatively
low stability (as compared with commercial materials) under
ambient conditions. Consequently, research interest has moved
towards the development of Pb-free perovskites, such as Sn-
based HPs and DPs. In this section, we will focus on these two
groups of HP materials, highlighting their properties, perfor-
mance, and potential application as PDs. For a summary includ-
ing the materials’ figures of merit (together with operating wave-
lengths) in the PD field, we refer our readers to Figures 24-26.
It must be noted that the measurements and calculations of noise
equivalent power (NEP), are necessary to assess the specific de-
tectivity (D), depending on different types of noises affecting the
PD. Therefore, different reports may consider different noise
sources, leading to over- or under-estimation of D.

Waleed et al. were the first to report the use of an THP
(MASnI;) as active material in a PD. They fabricated perovskite
NWs arrays inside a porous alumina template. The correspond-
ing PD exhibited a responsivity (R) and specific detectivity of 0.47
A/W and 8.80 X 10'° Jones, respectively, and rise and decay times
(r, and 74) of 1500 and 400 ms.[*>*) However, the NW-based PD
showed a photocurrent decrease after only one week at 70% rel-
ative humidity, although its stability was almost three orders of
magnitude higher than the plain thin film (TF) counterpart.353!
The same concept, NWs-based photodetection, was replicated by
Han et al. who prepared the all-inorganic equivalents CsSnX;
(X = Cl, Br, and I). Among the different compositions, CsSnl,
showed the best results in the NIR range, as expected from its E,.
The CsSnl; device exhibited an R and D of 54 mA/W and 3.85 x
10° Jones, respectively (940 nm), with a rather fast 7, (83.8 ms)
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and 74 (243.4 ms). However, also in this case, the sample de-
graded after six days even with a protective layer.®?] To overcome
this instability issue related to THPs, Liu et al. developed an air-
stable FASnlI, using hydroxybenzene sulfonic acid and an excess
of SnCl, as an additive. By applying this approach, they produced
a very thin THP film (120 nm), which showed a high R of 1.1 X
10° AW~ (@ 685 nm), which was attributed to the high hole den-
sity and mobility (p-type semiconductor). The device also demon-
strated a response to 420 and 850 nm light illumination and high
bending stability when FASnI; was deposited on a flexible sub-
strate. However, relatively low values of 7, and 74 (31 and 120
s, respectively) were recorded.*® With a similar approach, Cao
et al. tried to address the THPs instability issue by using SnF,
and ascorbic acid as additives to reduce the Sn** to Sn** oxida-
tion. The resulting device showed a broad (350-1000 nm) and
relatively fast (z,/74 of 0.35/1.6 ms) response. Moreover, the de-
vice remained stable in the air with approximately 80% humidity
for more than one day.3%! Together with increasing the ambient
stability, scientific attention has been given to device optimiza-
tion as well. Liu et al. reported a PD based on a vertical hetero-
junction consisting of FASnl, and PEDOT:PSS. Because of the
resulting photogate effect, the device exhibited a maximum R of
2.6 x 105 A W! (the highest reported for THPs) and D of 3.2 x
10" Jones with a broadband photoresponse from UV to NIR.
Moreover, a flexible device made of a polyimide layer showed a
high photoresponse as well.**¢] Lastly, Howlader et al. improved
the performance by morphology engineering via chlorobenzene-
treated CsSnl; TFs and coupling with carbon nanotubes. The re-
sulting device exhibited an R of 102 A W~1.1357] It must be noted
that by slightly modifying the ASnX, unit formula toward lower-
dimensional perovskites, the THPs stability can be further en-
hanced, while still maintaining a good photoresponse.[3%8-360]

Considering THPs, it is interesting to observe that the perfor-
mances offered by these materials closely approach, and some-
times surpass, the ones of commercially available Si-PDs charac-
terized by an R(4) ~# 0.5 A W~! and D ~ 3 x 10'? Jones.’¢!] How-
ever, even though the THPs have emerged as a promising alter-
native to the traditional LHPs, the use of Sn?* comes with a chal-
lenge as it is prone to oxidation to Sn**, making it challenging to
fabricate THPs with long-term stability using easy solution pro-
cesses. Nonetheless, despite their slightly inferior optoelectronic
properties and indirect bandgap, DPs can provide a more stable
alternative to both LHPs and THPs, while still demonstrating a
competitive photoresponse over a broad wavelength range.

Lei et al. were the first to report a PD based on a Cs,AgBiBr,
TF.[3%] Their film, made from an easy one-step spin-coating pro-
cedure, showed an R of 7.01 A W~! (520 nm), an on/off ratio
0f 2.16 x 10*, D of 5.66 X 10!! Jones and 7,/ of 956/995 ps. Al-
though these values are comparable to those of Sn-based PDs, the
most significant difference is that a Cs,AgBiBr, -based PD, even
without encapsulation, demonstrated remarkable stability during
aging tests (36 hours of continuous operation and exposure to
ambient conditions) with almost no loss in photodetection perfor-
mance. Ever since, various research groups have investigated the
possible use of Cs,AgBiBr, TFs as PDs and their long-term sta-
bility. For instance, Xiu et al. used a capillary-assisted dip-coating
method to obtain a “large-area” coverage with Cs,AgBiBr, achiev-
ing an on/off ratio of 7.3%31 Wu et al. demonstrated the possibility
of self-powered photodetection through a heterojunction made of
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Figure 24. Figures of merit (D in orange and R in green) for different THP PD compositions and typical device structures (top insets). The THP PD
values have been compared to Si-PDs’ average performances (dotted lines).[3¢'] a) Reproduced with permission.[3>3] Copyright 2017, American Chemical
Society. b) Reproduced with permission.[®2] Copyright 2019, American Chemical Society. c) Reproduced with permission.[3°4] Copyright 2019, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. d) Reproduced with permission.[333] Copyright 2020, John Wiley & Sons Australia, Ltd on behalf of UESTC.
e) Reproduced with permission.3°6] Copyright 2020, American Chemical Society. f) Reproduced with permission.[3>7] Copyright 2022, Springer Nature.

Cs,AgBiBr, /SnO,. Their planar device worked as a blue or UV-
A light detector without requiring any external bias.’**] On the
same note, Li et al. created a self-powered PD relying on a favor-
able band alignment between Cs,AgBiBr and GaN.[*®] Shifting
to TF morphology engineering, Yang et al. achieved large grain
sizes of ~1 um by adding a small amount of DMF to the DMSO
precursor solution,3%] while Yan et al. suppressed the formation
of pinholes and optimized the CABB layer grain size using ultra-
thin atomic layer deposition of a metal-oxide layer (e.g., NiO,) on
an FTO substrate.3’] The resulting photodetector showed im-
proved performance compared to the non-optimized substrate
device, with a promising weak-light detection capability with a
limit of detection as low as 1.9 x 10° W cm~2, a high D of
1.2 X 103 Jones (surpassing previous reports), and an increased
linear-detection-range (LDR) of 165.2 dB. Moreover, in a later
report, they demonstrated that interfacial engineering with the
HTL material CuSCN enhances the photoresponse as well.[3%8]
Lastly, Fang et al. further reduced the thickness of the Cs, AgBiBr,
layer. The resulting nanoflakes- (around 5 nm thick) based PD
achieved an R of 54.6 A W1, on/off ratio of 7.4 x 10*, D of
7.4 x 10 Jones, and response times of 1.7 ms.%! Nevertheless,
these very promising values are limited by the nanoflakes’ lateral
length (50 um), which hampers the possibility to fabricate large-
area ultrathin film devices.

Adv. Funct. Mater. 2024, 34, 2307896 2307896 (34 of 62)

Moving to a bigger scale, Cs,AgBiBr, single crystals (SCs) were
used for X-ray and visible light detection by Pan et al. Focus-
ing on visible light, they achieved high values of R, reaching
15.0 A W71, and a D of 1.60 x 10 Jones (530 nm).3”% These
values were possible due to enhanced charge-carrier transport,
i.e., low trap density, high mobility-lifetime product, and high
resistivity resulting from thermal annealing and surface treat-
ment steps. Later, by optimizing the process of controlled cool-
ing of a super-saturated solution (SSCC), Yin et al. were able to
improve Cs,AgBiBr, (opto)electronic properties and obtained a
high R of 113.29 A W~! (530 nm).’”!l In parallel, Dang et al.
reported a modified seed-growth SSCC resulting in high-quality
SCs.3721

The possibility of producing NIR PDs from Cs,AgBiBr, has
been demonstrated by several studies. Ji et al. used Cu-doping
to shift the absorption edges of Cs,AgBiBr, to the NIR range
(~860 nm) due to the formation of sub-bandgap states.’”>! Liu
etal. further lowered the band-edge to 1350 nm by Fe-doping, and
the PD exhibited an on/off ratio higher than 10 (808, 980 nm),37¢]
while Zhang et al. proved that Ru doping allows NIR photode-
tection as well.l’””] These approaches extended the absorption
range of the DPs close to the Sn-iodide-based ones while re-
taining a stable photoresponse over several months compared
to the few days or weeks of the Sn-based counterparts.[36436%]
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Figure 25. Figures of merit (D in orange and R in green) for different DP PD compositions and typical device structures (top insets) in the UV-
Visible range. The DP PD values have been compared to Si-PDs’ average performances (dotted lines). a) Data reported from ref. [362]. b) Reproduced
with permission.[3%4] Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. c) Reproduced with permission.[363] Copyright 2019, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. d) Reproduced with permission.[3%] Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
e) Reproduced with permission.[3¢7] Copyright 2020, American Chemical Society. f) Data reported from ref. [368]. g) Reproduced with permission.36°]
Copyright 2021, Wiley-VCH GmbH. h) Data reported from ref. [370]. i) Reproduced with permission.[3”'] Copyright 2019, WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim. j) Data reported from ref. [372]. k) Reproduced with permission.[3”3] Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA,

Weinheim. |) Data reported from ref. [240]. m) Reproduced with permission.374] 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

However, the efficiency of the DP-PD for the NIR range is still
lagging.

It is important to mention that for X-ray PDs based on Pb-free
HPs, most of the reports rely on a photoconductor device struc-
ture (i.e., Metal/HPs/Metal). In contrast, LHPs-based PDs are
implemented in photodiode devices (e.g., p-i-n junction) result-
ing in self-powered PDs, offering a more efficient control of the
device characteristics, and also reducing photoconductive gain.
As previously mentioned, Pan et al. demonstrated the possible
use of Cs,AgBiBr, for X-ray detection and Murgulov et al. re-
cently elaborated on this approach.37%378] In their seminal paper,
they reported for a vertical Au/ Cs,AgBiBr,/Au device a sensitiv-
ity (S) up to 105 uC Gy,, 'em= with a LOD of 59.7 nGy,;, s~
and long-term operational stability. Similar post-treatment pro-
cesses were also reported by Zhang et al.’”?] Importantly, these
treatment procedures suppress ion migration and reduce surface
conduction channels, hence reducing noise in a device configura-
tion. It is interesting to note that the sensitivity can be further im-
proved by lowering the operating temperature as demonstrated
by Steele et al. by cooling the SC CABB device from room tem-
perature (316 pC Gy,;, "tcm™2) to 100 K (988 pC Gy,;, ~tcm™2).1380
A reason for this behavior is that parasitic recombination path-
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ways are reduced at low temperatures. Later, Yin et al. opti-
mized the SSCC process to produce a PD with a very high S of
1974 uC Gy,, ! cm™2, which is the highest reported value for SC
CABB devices up to now.’’!] In addition, also the LoD reached
the lowest value of 45.7 nGy,;, s™'. Another approach to improve
the SC device performance is to impart ordering at the level
of the [AgX,]’~ and [BiX4]*~ inorganic sublattice, which can be
achieved by replacing a certain amount of Cs* with phenylethyl-
ammonium as demonstrated by Yuan et al.l’”3], while by means
of partly substituting Cs* with alkali metals (Na*, K*, and Rb*),
the X-ray sensitivity of the Rb-doped device increased by 4.5
times.[81]

Proven the high efficiency of Cs,AgBiBr, for X-ray detection,
a straightforward method for implementing this material into
a large-area device was still needed. Potential approaches in-
clude the realization of compact and uniform (composite) thick
films. In this frame, Li et al. proposed a flexible poly(vinyl
alcohol)/Cs,AgBiBr, (100 um-thick) heterostructure showing a
sensitivity of 40 uC Gy,,”' cm=2 at the rather high bias of
400 V.38 To further improve large-area scalability, Yang et al. fab-
ricated a wafer of CABB with suppressed ion migration thanks
to heteroepitaxial passivation with BiOBr.*®] When used as
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Figure 26. Figures of merit (S in orange and LOD in green) for different DP PD compositions and typical device structures (top insets) under X-ray
irradiation. The DP PD S values have been compared to a-Se flat panel detectors, which represent the market gold standard X-ray direct conversion
PDs. a,b) Data reported from ref. [370,379]. c) Reproduced with permission.38] Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
h) Reproduced with permission.[383] Copyrigt 2019, Springer Nature. d—g) Data reported from ref. [371,373,378,382]. i) Reproduced with permission.[334]
Copyright 2021, American Chemical Society. j) Reproduced with permission.[383] Copyright 2022, American Chemical Society.

X-ray PD, a high S of 250 uC Gy,;, ™' cm~? was reached, which
is around ten times higher than that of a-Se X-ray detectors
(20 uC Gy,;, ! cm™2), operating at a much higher electric field of
(10 Vum™1), and even higher than the first Cs,AgBiBr, SC-based
device by Pan et al. However, the measured LoD (95.3 nGy,;, s™1)
was slightly worse. A recent report from Haruta et al. introduced
columnar grain grown- Cs,AgBiBr, by means of mist deposition.
The columnar grain structure offers easy integration with the
readout electronics and a low density of grain boundaries across
the direction of the charge-carrier collection.*®* The X-ray detec-
tor (92 um-thick films) showed a high S of 487 uC Gy,;, ™! cm=2.

The detection range of Cs,AgBiBr, can be further extended
to gamma-rays. Zhang et al. have grown Cs,AgBiBr, from Bi-
poor precursor solutions to suppress deep electron trap for-
mation. The resulting detector showed a response to 59.5 keV
gamma-rays with an energy resolution of 13.91% (**' Am), while
a Cs,AgBiBr, SC grown following the regular procedure did
not show any response.[*¥] Responses to higher energy gamma-
photons (511 keV 22Na and 662 keV ¥Cs sources) were also
obtained.

The photodetection capabilities of DP materials are not lim-
ited to the Cs,AgBiBr; composition. Cs,AgInCl, can be used as
a UV-PDI?*I a5 reported by Luo et al. showing an on/off ratio of
~500, D of 10'2 Jones, and a low dark current of ~10 pA. Fur-
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thermore, Wang et al. demonstrated the viability of Cs,AgBiCl,
TFs for UV-light detection as well. The device exhibited an R
~10 mA/W and D of ~10'? Jones.’’*] In the X-ray range, Tai-
lor et al. reached an X-ray sensitivity of 325.78 uC Gy~! cm~2 and
LoD of 241 nGy s™! with the same composition. It must be noted
that the device can also work self-powered, but with a way lower
S.3%1 As expected, all the mentioned compositions were highly
stable.

In summary, Pb-free HPs have shown promising results
for broad-range radiation detection, spanning from NIR to
gamma-rays. Although long-term stability is still a concern
for THPs, various strategies such as additive mixing!®],
encapsulation(*>3], thin film engineering[3*’l, amongst others,
have been proposed.[>*®-3%% Another potential solution is to ap-
ply DPs, which possess a higher inherent stability. However, DPs’
best-performing composition, Cs,AgBiBr,, exhibits a higher
bandgap than THPs, particularly iodide-based ones, which lim-
its its detection range. Nonetheless, doping of Cs,AgBiBr, can
shift the band edge to the NIR region, making this material a pre-
ferred option for broad-range photodetection.[#375-377] Addition-
ally, various methods such as post-treatment,37%37°1 doping,*%!]
synthesis,[?138] and device engineering®**3%8] have been re-
ported to improve the DPs’ properties as well and even allow
sensing at low light intensities and X-ray doses. Of particular
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Figure 27. a) Schematics of the bandgaps of MAPbX;, FAPbX;, CsPbX;, MASnX;, and CsSnXs;. Reproduced with permission.[4%%] Copyright 2017, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. b) Whispering gallery modes in a perovskite nanoplatelet. Reproduced with permission.[“0] Copyright 2014,
American Chemical Society. ¢) Schematic of an individual CsPbBr3 microsphere pumped by 800 nm laser excitation (x40 fs, 10 kHz). d) Lorentz fitting
of a lasing oscillation mode at 542.6 nm, giving an ultrasmall linewidth of ~0.037 nm, corresponding to an ultrahigh Q factor ~1.5 x 10*. Reproduced
with permission.l'31 Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. e) Waveguide architecture where the pump beam is end-fire
coupled from the input edge of the structure. Reproduced with permission.[“®®l Copyright 2020, American Physical Society.

interest, as the detection limit is lowered to a few tens of nGy,; s~!
lower X-ray dose rates will be sufficient for imaging, thus re-
ducing the risks of radiation damage. Potential innovations for
future research activities are suggested to offer enhanced sen-
sitivity at the low-energy spectral range, polarization-selective
sensing, and scintillation radiation detectors. These aspects have
already been demonstrated, but further investigation is still
necessary,351388-393]

5. Pb-Free Perovskite Lasers

Halide perovskites (HPs) have emerged as excellent direct
bandgap semiconductor materials due to their interesting prop-
erties such as sharp optical absorption edge, high absorption co-
efficient exceeding 10* cm™! just above the band edge, defect
tolerance, and high PLQY.3*3%I Since the first demonstration
of low-threshold, stable, tunable amplified spontaneous emis-
sions (ASE) and lasing from methylammonium lead halides in
2014,137-3%1 3D HPs of different compositions have been exten-
sively investigated for lasing using a variety of resonators. As dis-
cussed in the introduction, one of the most interesting properties
of HPs is the tuning of the PL emission in the whole visible range
and beyond, which makes them unique for lasing and other light-
emitting applications. Figure 27a compares the tunable range of
PL emission for Pb and Sn perovskite of different A-cation and
halide compositions.[*?40!] By varying the compositional combi-
nations of A (MA, FA, and Cs), B (Pb or Sn), and X (Cl, Br, and
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I), the bandgap energies and emission spectra of all-inorganic
ABX, are readily tunable over the entire visible spectral region
to NIR (410—900 nm) with narrow PL bands (with linewidth in
the range 12-42 nm) and high PL quantum yield (PLQY) that are
beneficial for developing photon sources, as light-emitting diodes
(LEDs), optical amplifiers and lasers.[*! As shown in Figure 27a,
the Sn-based 3D HPs (THPs) can produce lasing in practically the
same wide spectral range as the well-studied 3D LHPs. Neverthe-
less, the exploration of THPs for lasing is at its early stages, and
the number of investigated Sn-perovskite systems is only a few,
likely due to their relatively low performance in optoelectronic de-
vices and poor stability as compared to LHP-based devices. In this
context, we first introduce the achievements made in LHP-based
lasers and then discuss the research progress of Sn-perovskite
lasers in comparison with LHP systems, and provide an outline
for promising directions in the field of Sn-perovskite lasers.

The total number of publications on ASE in LHPs exceeds a
hundred (see for example the review!*?]). The observation of ASE
is a necessary condition for the fabrication of LHP lasers, but a
resonator is also needed to provide positive optical feedback. Due
to the soft and flexible nature of HPs, their shapes and sizes can
be conveniently manipulated to obtain single crystals with reg-
ular and smooth end faces, which can naturally serve as Fabry-
Perot (FP) or Whispering Gallery Mode (WGM) resonant cavities.

The simplest cavity is the FP geometry, which consists of only
two end mirrors. The first LHP NW lasing from hybrid organic-
inorganic perovskites (MAPbX;) was reported in 2015.1403] The
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single-crystal NWs of 8.5 pm length exhibit low lasing thresh-
olds (0.22 uJ cm2), high-quality factors (~3600), and broad spec-
tral tunability covering from visible to NIR (%500-790 nm). The
single crystalline NWs have an internal FP cavity due to their
large dimensions. Various other shapes of LHP single crystals in-
cluding micro/nanorods and cubes also possess natural FP cavi-
ties to achieve optical gain.[83>34%407] Such single crystals can
also exhibit WGM-type lasing. The WGM lasers have another
type of cavity in which the light propagates as a ring to form
a traveling wave amplification. The interface between the gain
medium and air can provide total internal reflection due to the
large difference between their refractive indexes. The high qual-
ity of microcrystals leads to low optical losses, and thus LHP
WGM lasers were demonstrated with record-breaking laser line
parameters. The first HP WGM laser based on hybrid organic—
inorganic MAPDI,_, X, perovskite NPIs of the triangular or hexag-
onal shapes with a thickness of #150 nm and an edge length of
~32 um was demonstrated in 2014 (Figure 27b).*%®] Later on,
LHP WGM laser parameters were essentially improved to the
quality factor of 1.5 x 10* with an FWHM of 0.037 nm for the
case of CsPbBr, spherical microcavity (Figure 27¢,d).1® Another
prospective approach to achieve low-threshold ASE from planar
films is presented in Figure 27e, where the excitation beam is
end-fire coupled at the input edge of the optical waveguide deter-
mined by the perovskite/PMMA bilayer structure.l*®] The waveg-
uide is efficiently excited along 1-3 mm longitudes, which results
in extremely low ASE thresholds of 20-100 n] cm~2. The first
LHP laser with an external cavity was realized in 2014.53%] It was
FP mode vertical laser based on a distributed Bragg reflector with
alasing threshold as low as 0.2 pJ per pulse. Further optimization
of similar Vertical Cavity Surface Emitting LHP Lasers was car-
ried out by using different active compositions for both hybrid
organic-inorganic and all-inorganic HPs.[*1%#17] For more exam-
ples of these types of lasers, see ref. [402].

Despite the high lasing parameters achieved for LHPs, the
presence of the hazardous Pb limits their exploitation on an in-
dustrial scale.*!8%] Therefore, currently, an important task is the
development of semiconductor gain media for lasers based on
Pb-free halide perovskites with relatively simple and straight-
forward fabrication methods and similar emission efficiencies
as their LHP counterparts. Among all, Sn halide perovskites
(THPs) are the most promising candidates to substitute LHPs.
It has already been demonstrated that all-inorganic as well as
organic-inorganic THPs are suitable absorber materials for so-
lar cells.[?®##19] Furthermore, tin iodide perovskites exhibit emis-
sion in the near-infrared region, which is rare among wet-cast
materials and, thus, makes them an attractive candidate for near-
infrared LEDs and lasers.[?8*#20] However, the most challenging
issue with THPs is the instability of Sn?* ions that are easily ox-
idized to the Sn** state leaving Sn** vacancies, which results in
unintentional p-type doping up to 10! cm=3.[#21422] Such high
unintentional doping is undesired for solar cells because it re-
sults in fast electrons-hole (e”-h*) recombination with character-
istic lifetimes of tens to hundreds of picoseconds!'*742°l and, con-
sequently, short diffusion lengths in tens of nanometers. This is
likely one of the main reasons for the relatively low efficiencies
of the THP solar cells. Although high unintentional p-doping
is detrimental for photovoltaics, it might turn beneficial for
light emitting applications because the additional monomolecu-
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lar recombination pathway between photoexcited e~ and h* re-
leased from dopants should be radiative for a direct bandgap
semiconductor.’”?) Such enhancement of radiative recombina-
tion should be helpful for lasing because the ASE threshold is
governed by the radiative efficiency of the material.[“?*) Such ex-
amples are available in the literature. For instance, doped GaAs
nanowires exhibit improved radiative efficiency and therefore in-
crease in PLQY by several orders of magnitude, resulting in an
essential decrease in the ASE threshold.[**] Indeed, in the first
work demonstrating ASE and lasing in inorganic CsSnl; per-
ovskites, the addition of 20% SnF, gives rise to an extremely low
ASE threshold of 6 pJ cm™2 at room temperature,[*?] which is
unattainable in LHPs.[26]

A relatively low ASE threshold (388 uJ cm=2) was reported for
FASnlI, [17%] Note that the use of THPs for light-emitting and las-
ing applications requires a mandatory decrease in the natural de-
gree of doping that is often observed for pristine materials. The
PL lifetime in pristine THPs is as short as tens of picoseconds,
which limits the gain for ASE to occur. Interestingly, the addition
of 10-20% SnF, sufficiently decreases the hole doping densities
to increase PL lifetime up to ~0.5 ns which improves the condi-
tions for ASE and lasing to occur.*””] The dependence of the ASE
threshold on the concentration of the added SnF, was studied ex-
perimentally for CsSnl; films.[*?] It was found that the increase
in the SnF, concentration from 5 to 20% leads to a decrease in
the ASE threshold from 17 to 6 uJ cm~ (Figure 28a). To achieve
low ASE thresholds, the shortening of PL lifetime caused by efhi-
cient intrinsic non-radiative recombination processes is critical,
as in the case of MASnl; (MASnl;) films.*?8] The ASE thresh-
old strongly depends on the preparation conditions that deter-
mine the PL lifetime and level of unintentional doping.**! In
addition, it was also shown why it is so important to ensure low
ASE threshold values for lasing because the Auger recombination
would increase with the concentration of photogenerated carriers
especially for values close and above the Mott transition.[*"]

It is important to stress that only a few studies demon-
strated NIR ASE or lasing using Sn iodide perovskite thin
films.[179:425.429-432] Egpecially, single-mode lasing was observed
only in one of the works, where SnF,-treated CsSnl; drop-casted
on a butterfly wing was used as a gain medium with exter-
nal cavities (Figures 28b-d). In this case, a low lasing threshold
of 15 yJ cm™ with a quality factor Q ~ 500 was obtained.[*]
Very recently, random lasing (RL) with a threshold as high as
18 mJ/cm? and a Q-factor of ~3000 was observed for CsSnl,
films,[*3% whereas, for FASnl;, low-threshold ASE (2 pJ cm™!
at 20 K and 50 pJ cm™ at room temperature) and RL with a Q
~ 10* was observed.[*!] Finally, ASE with a threshold as low as
1 pJ cm=2 at room temperature was observed for FASnl; film
confined in a planar waveguide.[*3?]

An important distinguishing feature of the RL in FASnl, films
is the spectral stability of the observed narrow laser lines (Adx
0.1 nm) in the multimode spectrum.[*3!! The reproducibility of
the laser modes in the multimode spectrum is demonstrated in
Figure 28e, where a set of RL spectra under excitation fluence
increasing from 125 to 1150 pJ cm™ is presented. The authors
attributed the unusual spectral stability of multimode RL emis-
sion to the inhomogeneous broadening of the PL spectrum of
FASnl, films (Figure 28f). It has been shown that each spectral
mode in the RL spectrum corresponds to one space mode, and
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Figure 28. a) Variable fluence measurements of the ASE thresholds for three SnF,-treated (5%, 10%, and 20% of SnF,) samples of the butterfly wing.
b) Optical image of a butterfly scale from the white part of the wing. Inset is a photograph of the butterfly. c) SEM image showing lamellae (vertical
structures) in the scale. d) A comparison of the PL, ASE, and single mode lasing in CsSnly (20% SnF,); €) RL spectra of FASnl; thin film measured
at 20 K under excitation by 532 nm pulses at different excitation fluences. f) Typical PL spectra of FASnl; films measured at 300 K (red colors) and
20 K (green colors) in different places of a sample under excitation spot size of about 400 pm that illustrates the sample inhomogeneity and PL spectra
inhomogeneous broadening. g) The scheme explains the mechanism of generation of reproducible RL modes (narrow dashed contours) under conditions
of inhomogeneously broadened amplification contour (solid line). a—d) Reproduced with permission.[42°] Copyright 2016, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. e~g) Reproduced with permission.[*31] Copyright 2023, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

all the modes are localized in an excitation spot of ~100 um di-
ameter. Such mode overlapping in standard RL systems having
no inhomogeneous broadening inevitably results in their strong
interaction and instability of the corresponding spectral modes.
In systems with inhomogeneous broadening, the spatially over-
lapped modes do not interact as long as the spectral separation
between the modes is larger than the homogeneous linewidth of
the emitting centers.[*33434] The mechanism of the mode spec-
tral stabilization is illustrated schematically in Figure 28g. Thus,
as the previously proposed practical applications of HPs random
lasing were mainly limited by speckle-free light sources,!**! the
recently observed effect of spectral stabilization of multimode RL
radiation in FASnI; thin films opens up prospects for their prac-
tical use as cheap sources for narrow laser lines. It is important
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to highlight that the samples of MAPbI; measured at the same
experimental conditions as FASnI; do not exhibit random RL at
room temperature, and the low-temperature RL is not spectrally
stable as it was observed for FASnl,.*!l Consequently, the THP
laser is one of the few current systems that outperform LHP de-
vices.

All these initial results have opened the doors for the devel-
opment of NIR lasers based on THPs, where the aspects that
are detrimental to the development of solar cells, such as self-
doping or inhomogeneous broadening in the PL spectrum, are
beneficial for the development of lasers. However, the devel-
opment of lasers in the visible spectrum will undoubtedly re-
quire more research efforts to find ways to reduce non-radiative
recombination.
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Figure 29. a) Thermal stability (at 85 °C) of the PSC with and without
RbCl doping. Reproduced with permission.[438] Copyright 2022, The Amer-
ican Association for the Advancement of Science. b) Thermal stability
analysis of the encapsulated Sn-based devices under continuous heating
80 °C in air. Reproduced with permission.[*3°] Copyright 2021, Wiley-VCH.
c) Schematic illustration of the degradation pathways and mechanisms.

6. Degradation Mechanism of Pb- versus Pb-Free
Perovskites

Despite the extraordinary increases in the PCE of PSCs, their op-
erational stability is a major obstacle to their commercialization.
In particular, the operation stability under external stress, such as
light exposure, ambient air, bias, and elevated temperature (65-
85°C, Figures 29a,b), is far behind that of Si-based solar cells.[*3*]
Early-stage stability testing on laboratory-scale perovskite
optoelectronic devices according to International Summit on Or-
ganic PV stability (ISOS)-L-3 standards is important for bringing
the technology from lab to fab.l**”] Therefore, understanding the
degradation mechanism of perovskites (with and without encap-
sulation) under different stresses is required to find solutions for
improving their stability (Figure 29¢). This section summarizes
the degradation mechanism of Pb- and Sn-based perovskite
optoelectronic devices under light, oxygen, humidity, bias, and
heat (Figure 29¢). In addition, different in-situ characterization
techniques that are being used to monitor the degradation
process are also discussed along with an outlook of the methods
to enhance the stability of Sn-based perovskite solar cells.

To study the degradation mechanism, several in situ prob-
ing techniques with high time resolution are utilized, which in-
clude XRD, electron microscopy, tip-based, and visible/infrared
absorption.[**] Among all, synchrotron-based grazing-incidence
X-ray scattering techniques feature good statistics and are non-
destructive. These features make them indispensable tools
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to investigate the degradation mechanisms of PSCs through
the perspectives of morphology and crystal structure and
orientation.[38#1442] Regarding electron microscopy techniques,
SEM is often used to characterize perovskite morphology on the
basis of electron backscattering diffraction (EBSD) and cathodo-
luminescence (CL), whereas TEM has been used to study the
effect of external stress on the crystal structure at the atomic
level.[*3] Nevertheless, electron beam irradiation can result in lo-
cal heating and even decomposition of perovskites, thus special
care is required to avoid beam-induced damage. On the other
hand, Kelvin probed forced microscopy (KPFM) has evolved as
one of the non-destructive methods that can map the surface
potential to obtain the work function of the sample. This pro-
vides the electrical changes of optoelectronic devices, which com-
bined with other probing techniques.[** Likewise, optical spec-
troscopic techniques have also been used to obtain direct infor-
mation of the recombination kinetics and internal electrochemi-
cal potential of free charge-carriers in pure perovskite films, per-
ovskite layer with charge transport layers, and full devices.[**]
For example, by combing transient PL microscopy with confo-
cal microscopy, one can track the charge carrier transport in the
out-of-plane direction to visualize the heterogeneity of charge dif-
fusivities in a 3D perovskite film, which can be correlated with
their degradation.[**] For extensive details on the characteriza-
tion techniques used for studying the degradation mechanisms,
we refer the readers to the literature.[#40:443:445:447]

6.1. Degradation Mechanisms of LHPs
6.1.1. Moisture-Induced Degradation

The humidity-induced degradation initiates at grain boundaries,
and consists of an amorphous intergranular layer that facili-
tates fast moisture uptake,*#4] and then further expands to-
wards the interior grains along the in-plane direction. In addi-
tion, grain fracture is found during moisture invasion, which
depends on the tensile strength of the top region of the per-
ovskite film.*% The tensile strength originates from the vol-
ume expansion caused by the faster cooling of the top region
as compared with the bottom region of perovskite film dur-
ing annealing. With further permeation of moisture, perovskites
undergo hydration and even decomposition. Moisture-induced
degradation of perovskites can be also understood from the per-
spective of defects, where point defects are identified as the
degradation sites because of their affinity to water and oxy-
gen molecules.*3!l In addition, the absorption energy of water
molecules at vacancy defects is much higher than that of pris-
tine surfaces, indicating the accelerated degradation at the va-
cancy sites.[**2] Notably, the formation of point vacancies, i.e., V;
and V,,,, are more favorable than the formation of V,,;. There-
fore, the formation of CH;NH, or I,, or HI is more likely than
the formation of MAI under moisture-induced degradation.!*33]
It should be noted that the PbI,-terminated surfaces are sta-
ble in the presence of water, whereas MAl-terminated sur-
faces are prone to solvation.***] We further refer readers to
the literature that summarized the moisture-induced degrada-
tion mechanisms, and methods to enhance the stability against
Mmoisture [448455.456]
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Besides degradation, lodide-based perovskites can also un-
dergo a phase transformation at ambient conditions, i.e., from
the photoactive black phase (« (or y)-CsPbl; or a (or y)-FAPDIL;)
to the nonactive yellow phase (5-CsPbl; or §-FAPDI;). Several
factors such as pressure, humidity, and heat can accelerate this
phase transition.[*”*%] For instance, Yang et al. demonstrated
the laser-induced transformation of the high-temperature phase
(«) CsPbl; undergoes a phase into the thermodynamically sta-
ble low-temperature non-perovskite phase (§) under ambient
humidity.[*°] Such phase transition was attributed to the forma-
tion of humidity-induced halide vacancy at the perovskite-water
interface, which lowers the phase transformation barrier, lead-
ing to a faster nucleation rate.[*6!] Interestingly, the light illumi-
nation alone did not result in phase transformation except for
PL quenching. Similarly, FAPbI, perovskites also suffer from a
phase transformation to the yellow phase §-FAPbI, when it ex-
posed to moisture. Theoretical calculations and experiments in-
dicate that a strong water adhesion after hydroxylation with an
elongated Pb-I distance is responsible for the phase transition
and particularly the (100) facet of FAPbI; perovskite is more
susceptible to moisture-induced degradation compared to (111)
facet.l*62l The unwanted phase transformations could be avoided
through the device encapsulation under inert conditions.!*’]

6.1.2. Oxygen-induced degradation

Analogous to moisture-induced degradation, oxygen-induced
degradation is also initiated at the surface layer and grain bound-
aries, at which the smaller and more irregular grains are more
affected.[*3] A previous study has demonstrated that photoexci-
tation leads to the formation of superoxide (O, ) through electron
transfer to molecular oxygen. Such O, facilitates the deprotona-
tion of the MA®, resulting in the formation of Pbl,, H,O, I,, and
methylamine (Equation 1).1*¢4 Thus, the device instability in the
presence of O, can significantly affect the efficiency of electron
extraction of the electron transport layer (ETL). For example, the
devices utilizing compact-TiO, /mesoporous Al,O, or compact-
TiO, as ETLS exhibit a significant decrease in PCE of PSCs inless
than 1 h in the dry air, while the lifetime of devices with meso-
porous TiO, layer is greatly enhanced because of the suppression
of superoxide formation.[*¢>4%¢] Moreover, oxygen-induced degra-
dation can be accelerated by surface iodine vacancy and the ab-
sorption of water.[*’] This is because the energy level of absorbed
0O, is significantly reduced, facilitating the photoexcited electron
and therefore the formation of O,".

CH,NH,PbI, + O, — CH,NH, + Pbl, + 1/2I, + H,0 (1)

6.1.3. Heat-Induced Degradation

The heat-induced degradation also initiates at the surface and
then slowly propagates into bulk. Such degradation starts by
breaking the relatively weak Pb-I bond, leading to the for-
mation of Pbl, CH;NH,, and HI or other decomposition
products (Equations 2,3). In contrast to the moisture-induced
degradation, no intermediate phases were observed during
decomposition.[*®8] It is demonstrated that heat-induced degrada-
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tion facilitates the formation of particles and dark voids.[**¢! In ad-
dition, iodine and lead migration are responsible for the degrada-
tion under heat, as evidenced by in-situ TEM measurements.[*¢]

CH;NH,PbI; (s) = CH;NH, (g) + Pbl, (s) + HI (g) ()

CH,;NH,PbI, (s) - CH;l (g) + PbI, (s) + NH; (g) 3)

6.2. Degradation Mechanisms of Pb-free Perovskites
6.2.1. Sn-Based Perovskites

Among all the elements that can replace the Pb of APbX; per-
ovskites, Sn has attracted vast intention due to the suitable prop-
erties of ASnX; for optoelectronics (e.g., ideal bandgaps and
broad absorption and direct-bandgap nature) as compared to
other elements. Nevertheless, the propensity of oxidation of Sn?*
to Sn** and tin vacancy formation are by far the most notorious
factors that cause the instability of Sn-based perovskites, and thus
lead to poor device performance. Pb is most stable at the 2+ oxi-
dation state, but this oxidation state is not stable for the elements
above Pb in group 14. As such, tin tends to adopt the 4+ oxi-
dation state, leading to the oxidation of +2 state of HPs.*??] In
this regard, we particularly discuss the degradation mechanism
of Sn-based perovskites in relation to tin oxidation and tin va-
cancy formation.

6.2.2. Oxygen-Induced Degradation

Theoretical calculations suggest that when FASnl, is exposed to
0,, the O-O distance of O, molecules is elongated, corroborating
that they are likely to be dissociated on the Sn-I terminated sur-
face and participate in the formation of SnO,.[**4711 One of the
possible chemical degradation processes of THPs is illustrated
in Figure 2a. In detail, the oxidation of pure THPs undergoes a
cooperative degradation process involving adjacent Sn?* to form
SnO, and Snl, (Equation 4).*7?l In addition, the Snl, further
evolves into iodine under oxygen and moisture via a two-step
process: i) the formation of hydrogen iodide by the reaction of
Snl, and water molecules, and ii) the formation of I, by oxida-
tion of hydrogen iodide (Figure 30a).1’% Interestingly, the I, in
turn intensify the oxygen-induced degradation of Sn-based per-
ovskites, and therefore enables a cycling degradation mechanism
(Figure 30a, process 5). More recently, Wei et al. found that the
annealing process induces the disproportion decomposition of
Sn?* (Equation 5).1*3] In addition to the iodine vacancies for-
mation under light and oxygen, first-principle calculations dis-
closed the structural changes (e.g., weakened interaction of FA*
with I7) and other decomposition byproducts (i.e., H,0, OOH™,
and H,0,) that can further lead to the final chemical decompo-
sition of FASnlI,.*] To sum up, degradation of both Pb and Sn-
based perovskites upon exposure to O, initiates at the surface
and causes structural change and at last chemical decomposi-
tion. Nevertheless, the main chemical degradation products of
Sn-based perovskites are Snl, and SnO,, while the degradation
product in Pb-based perovskites is mainly Pbl,. The absorption
of O, molecules in both cases facilitates the formation of iodine
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Figure 30. a) Proposed cycling degradation mechanism of Sn-only perovskites under ambient air exposure, where 5 reactions are disclosed, and A
represents the organic cation. Reproduced under the terms of CC BY 4.0.1701 Copyright 2021, The Authors, published by Springer Nature. b) Upper
image: XRD patterns of FAg3Csg 17Sn,Pby, I3, where x refers to the Sn fraction and pseudo cubic (100) and (111), and tetragonal (231) peaks are
indicated. In each XRD pattern, data of the 0% SnF, condition and 20% SnF, condition are shown in gray and overlaid in color, respectively. Lower
image: FWHM of the (111) peaks. Reproduced with permission.l478] Copyright 2020, Wiley-VCH. c) Dark conductivity spectra of a FAy ;5Csg ,5Shl; thin
film under different operation times in the air, where the timeline is demonstrated by the color legend. Reproduced with permission.[“] Copyright 2022,
Wiley-VCH. d) "°Sn solid-state MAS NMR spectra showing the degradation product of tin (I1) halide perovskite, in which MASnl;, FASnl;, and CsSnls
are degraded under exposure to 150 °C in the air for 1 h, RT in the air for 1 h, and 100 °C in the air for 3 h, respectively. Reproduced under terms of the
CC-BY license.[47°] Copyright 2020, the Authors, published by American Chemical Society.

vacancies, whereas tin vacancies are easily formed as compared
to that of Pb. Further details on the role of defects in the oxygen-
induced degradation of Sn-based perovskite are discussed below.

2FASnI, + O, — 2FAI + SnO, + Snl, (4)
2Sn** = Sn** + Sn (5)
The oxidation and thus the degradation of Sn-based per-

ovskites can also be understood from the defect’s perspective,
i.e., the formation of tin vacancies and interstitial defects. The-
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oretical calculations suggest that the highly stable tin vacancies
and interstitial defects originate from the inherent low ioniza-
tion of MASnI; and can cause p-doping.*”®! In other words,
tin vacancies and interstitial defects are easily formed below
the valence band edge, where the electrons are captured, effec-
tively releasing free holes and resulting in hole enrichment.[*7¢]
For instance, a monotonic increase in the density of holes for
FA,,5Cs,,5Snl; arising from tin vacancy formation was found
after 90 min exposure to air, as evidenced by THz conductivity
spectra (Figure 30c).[*% As a result, these tin vacancies in turn
create a locally iodine-rich environment and then facilitate the
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oxidation of Sn?* to Sn** and further chemical decomposition.
The THz dark conductivity spectrum shows two peaks (at 1.4 and
2.5 THz) after 12 h aging in the air (Figure 30c), corroborating the
formation of vacancy-order DPs (i.e., Cs,Snl).[*%l Moreover, the
deep traps associated with uncoordinated Sn defects are easily
formed due to their high band edge energies, resulting in non-
radiative recombination. On the other hand, it was reported that
the oxidation of Sn** to Sn** is activated at the surface instead of
bulk, whereas the electron traps (undercoordinated tin defects)
catalyze the lattice degradation.[*””] For example, the appearance
of the tetragonal (231) peak along with the broadening of the (111)
peak in the XRD of Sn-rich perovskites (Sn fraction greater than
0.5) manifests a tetragonal distortion induced by tin vacancies,
which further leads to the enhanced background hole density and
increased energy disorder (Figure 30b).[*78] In addition to tin va-
cancies, it was reported that the absorption of O, can also greatly
promote the formation of iodine vacancies under light illumina-
tion, resulting in the degradation of FASnl,.[*74]

6.2.3. Humidity-Induced Degradation

Analogous to the degradation of LHPs, Sn-based perovskites also
decompose into MAI and HI in the presence of water. With fur-
ther permeation of moisture, MAI undergoes deprotonation and
subsequently decomposes to volatile sym-triazine and NH,L.[213]
In addition, water molecules are prone to form an H-I bond
on the (011) surface of MASnI;, leading to a weaker Sn-I bond
and thus resulting in the instability of MASnI,.[*8] On the other
hand, ab initio molecular dynamics simulations suggest that
water molecules bind to the surface Sn atoms and induce the
breaking of Sn-I bonds, resulting in the dissolution of the Snl,-
terminated MASnI; surface. By contrast, the Pbl,-terminated
MAPbI, surface shows higher moisture stability, with the Pb-I
bond remaining stable after increasing the absorption of water
molecules.[*81]

6.2.4. Heat-Induced Degradation

The heat-induced degradation products of MASnI, are MA, Snl,
Sn0O,, and trace amounts of metallic 8-Sn (Figure 30d), as evi-
denced by NMR.[*°] The formation of SnO, and SnX, manifests
that the organic component has been fully volatilized. In addi-
tion, the NMR signal related to SnO, (with FWHM 3.5 kHz) is
broader in the degraded perovskite as compared with pure SnO,
signal (0.2 kHz), indicating that the degradation product of SnO,
is highly disordered. Such degradation is independent of the A-
site cation and halide component (Figure 30d).

To sum up, a relatively low ionization energy is in favor of
forming Sn vacancies along with p-doping, exacerbating the ox-
idation of Sn?* and resulting in unstable Sn-based perovskites.
In addition to the defects originating from the oxidation of Sn?*,
the fast crystallization of Sn-based perovskites would also cause
morphological defects, e.g., pinholes, cracks, and irregular grain
packing.l*82] Thus, further endeavors should be particularly de-
voted to passivating the defects and inhibiting the hole dop-
ing as well as controlling the crystallization process. Four ma-
jor methods for enhancing the stability of Sn-based perovskite
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including additive engineering, deoxidizers, partial substitution,
and dimensional engineering are briefly discussed. Regarding
the additives, SnF, is a widely used inorganic additive for in-
hibiting the oxidation of Sn?* and reducing Sn-cation vacancy,
thus enhancing the stability of Sn-based perovskite.[*?] Likewise,
the addition of organic additives such as Butylammonium io-
dide and ethylenediammonium diiodide to Sn-based perovskites
gives rise to a better morphology, reduced defect states, and en-
hanced crystallinity.[*®3] In addition, reducing agents, e.g., ascor-
bic acid can also suppress the oxidation of Sn?* and concomi-
tantly modulate perovskite crystallization through intermediate
complexes, forming a uniform and dense film with less trap den-
sities. Thus, the PSCs based on MA,FA,;Sn,;Pb,sI; demon-
strated improved stability as well as PCE.[**] On the other hand,
it was found that the stability of FASnI, can be improved by
replacing some of the FA* ions with Cs*. The enhancement
was attributed to the improvement of geometric parameters and
lowering of free energy caused by the contraction of Snl, oc-
tahedra upon the cation replacement. As a result, it leads to
a reduced trap density and an enhanced thermodynamic sta-
bility of perovskites. The PCE of Cs-doped FASnl; PSCs re-
mains at 90% of its initial value after 2000 h of storage in an N,
atmosphere.[*%]

Regarding the enhanced stability by dimensional engineering,
2D perovskite with bulky organic cations can inhibit the penetra-
tion of oxygen and humidity, thus enhancing the stability of LHPs
as well as Sn-based perovskites. In addition, 2D perovskite can re-
duce the formation of defects and is in favor of lower self-doping
levels.[*8] For instance, a 2D passivation layer was utilized in Pb-
Sn mixed perovskite, leading to a decrease in non-radiative re-
combination and an improvement in moisture stability. Likewise,
reducing the dimensionality of the perovskite structure by adding
2D organic bulky cation (e.g., PEA™) results in the improved ther-
modynamic stability of (PEA),(FA),_,Sn,I;,,, as compared with
FASnlI,.[**7] For a comprehensive discussion of mitigation strate-
gies, we refer the readers to the literature.[+71:488:48]

6.3. Degradation Mechanisms of Sn—Pb Hybrid Perovskites

The incorporation of Pb into Sn-based perovskites leads to the
suppression of the Sn?*-Sn** transformation and thus results in
a dramatic enhancement of their stability. However, Sn-Pb hy-
brid perovskites are also unstable and can undergo oxidation.
Contrary to pure THPs, Sn-Pb mixed perovskites oxidize much
more slowly and give rise to the degradation products I,, SnO,,
and Pbl, (Equation 3). The activation energy to initiate the ox-
idation of Sn-Pb mixed perovskites (Equation 6) and pure Sn-
perovskites (Equation 4) is 731 meV and 573 meV, respectively,
indicating that Sn-Pb mixed perovskite is more robust to oxida-
tion compared to pure-perovskites.[*”?] In addition, the oxidation
of Sn?* is not an isolated process but is normally accompanied
by the oxidation of I~ and the reduction of Pb?* and Sn** under
ambient conditions (Figure 31a).[*° The degradation was found
to be predominantly initiated at the surface instead of the bulk
and led by the local electrochemical potential, which is defined
by the local chemical composition (i.e., defects, mobile ions, and
decomposition products). On the other hand, the as-formed oxi-
dation product (SnO,) on all interfaces is detrimental to charge
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Figure 31. a) Schematic illustration of the degradation mechanism of mixed Sn-Pb perovskites. Reproduced with permission.[4?°l Copyright 2020,
Americal Chemical Society. (b) Schematic of degradation mechanism of Cs,AgBiBrg solar cell, where Ag and Br ions migrate through P3HT/Perovskite
interface. Reproduced with permission.[276] Copyright 2020, Wiley-VCH. (c) TG (black) and DTA (red) data of Cs,LiBiCl¢ perovskite from RT to 873 K,
where the initial weight loss starts at 523 k. (d) Structural deformation of Cs, LiBiClg perovskite lattice, where green, cyan, purple, and large green sphere
represent Cl, Cs, Bi, and Li, respectively. Purple and green octahedra, and cyan tetrahedra represent BiClg, LiClg, and LiCl4, respectively. Reproduced with
permission.!?2° Copyright 2021, Americal Chemical Society.

extraction, and in turn, causes the J. loss and deterioration of the  ion migration and serving as degradation sites, which cause the
solar cell performance. In contrast to the shallow defects and p-  non-radiative recombination and corrosion of the electrode.l*!]
doping-induced degradation in THPs, Herz et al.[**°! unraveled

that the degradation of mixed Sn-Pb perovskites can be corre-  2ASn,sPbys I; + O, = 2Al + SnO, + PbI, + 1, (6)
lated with the formation of deep trap states (i.e., tin interstitials

and iodine vacancies), which trigger trap-mediated recombina-
tion. Surprisingly, unlike the tin vacancies in THPs, these deep
trap states impact the charge carrier mobilities. Iodine vacancies
likely play a dominant role in the degradation by facilitating the
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In summary, the formation of deep trap states drives the degra-
dation of mixed Sn-Pb perovskites and leads to enhanced trap-
mediated recombination. In contrast to the degradation products
of Sn-only perovskites, iodine, and Pbl, are the main products
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of mixed Sn-Pb perovskites. On the other hand, the oxidation
of Sn?* is accompanied by the oxidation of I~ and the forma-
tion of uncoordinated Sn and Pb surface sites, suggesting that
surface chemistry dominates in the degradation of mixed Sn-Pb
perovskites.

6.4. Degradation Mechanisms of Double Perovskites

DPs exhibit high charge carrier lifetime, long charge diffu-
sion length, and superior stability under ambient conditions
as compared to LHPs.?2#225] Nevertheless, the defective chem-
istry of DPs often dominates their degradation. For instance,
in Cs,AgBiBr, perovskites, Ag vacancies are shown to be shal-
low defects, whereas Bi vacancies and Agg; antisemites are deep
acceptors and dominant defects under Br-rich conditions.[?*’]
Consequently, to maximize the device performance and suppress
degradation, Cs,AgBiBr, films should be grown under Br-poor
conditions. Contrary to the above-mentioned defects, negatively
charged Br vacancies in Cs,AgBiBr, create detrimental donor-
yield centers, facilitating non-radiative electron-hole recombi-
nation and deteriorating device performance.[*?! On the other
hand, Ghasemi etal. demonstrated that Ag and Br vacancies drive
the dual-ion migration of Cs, AgBiBr, perovskites and lead to sub-
sequent device failure (Figure 31Db).1’® The Ag and Br ion migra-
tion is intrinsically derived from the low formation energy of Ag
and Br vacancies as well as the low diffusion energy barrier.

The degradation strongly depends on the chemical com-
position of the DPs. For instance, it was reported that
Cs,In(I)M(III)X, perovskites are intrinsically unstable and can
oxidize into In(III) compounds under both thermodynamic equi-
librium and non-equilibrium conditions, as driven by the re-
duction/oxidation potential for In(I) and Bi(III).**] Moreover,
Cs, LiBiCl; perovskites started to decompose at 523 K due to
the loss of BiCl;, and complete decomposition occurred at 573
K (Figure 31c). This results in the formation of the Cs;BiCl
phase and an amorphous phase.[??”l More recently, by combin-
ing thermogravimetry analysis and temperature-dependent Ra-
man study, Sudakar et al. demonstrated that high-power laser
light (7.15 mW) induces the decomposition of Cs,AgBiBr, into
Cs;Bi,Br, at a temperature above 180 °C.I*9*] In addition, water
molecules are found to easily diffuse into the perovskite lattice
and lower the total binding energies of Cs,B’BiCl; with the in-
tercalation water molecules, resulting in structural deformation,
i.e., the transformation from LiCl, octahedra to LiCl, tetrahe-
dron (Figure 31d).??°] Likewise, a previous study revealed that
Cs,AgBiBr, perovskites degrade after several weeks under light
and humidity, whereas they are stable upon exposure to light.[?*]
In contrast to the unstable Cs,LiBiCl;, Xu et al. disclosed that
Cs,NaBiCl,-based photodetectors exhibit a steady photorespon-
sivity and response time under heat disturbance, which is as-
cribed to the superior structural rigidity.[**]

6.5. Effect of Charge Transport Layers on the Operational Stability
The operational instability of perovskite optoelectronic devices is

not only linked to the degradation of the perovskite layer, but also
highly related to the charge transport layers that are directly in
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contact with perovskite layers and electrodes.[*¢*%]Ag the photo-
generated carriers transport through electron and hole transport-
ing layers, the perovskite/charge transport layer interfaces play a
crucial role in determining the overall operational stability of per-
ovskite optoelectronic devices. The charge transport layers can
trigger the degradation of perovskites through photocatalytic pro-
cess or heat generation, however, they can also help to protect the
perovskite layer from entering of water and oxygen.[****%8]] Here,
we limit the discussion on the effect of charge transport layer only
to inverted device configuration (p-i-n) since it is the most widely
used configuration in lead-free PSCs. Among all HTL materi-
als, PEDOT:PSS remains the most commonly used in inverted
PSCs. However, the interface of PEDOT:PSS and Sn-Pb mixed
perovskite suffers from thermal instability (85 °C), resulting in
a significant drop in performance.[*® The intrinsic hygroscopic
character of PEDOT:PSS renders PSCs vulnerable to humidity.
In addition, a previous study found that PEDOT:PSS can chem-
ically etch the ITO (indium tin oxide) due to its acidic nature,
leading to the instability of organic LEDs.*®! For the ETL ma-
terials, C60 and PCBM are the leading choices in PSCs because
of their suitable charge transport properties and electron affinity.
Nevertheless, previous studies showed that fullerene is a limit-
ing factor in the operational stability of lead-free PSCs, e.g., ex-
posure to UV light or high temperatures (85 °C) causes dimer-
ization and agglomeration of fullerenes, which further leads to
the deterioration of PSCs performance.’°13%] [n addition, it has
been demonstrated that Vo losses is dominant at the inter-
face of perovskite/fullerene in Pb-Sn mixed PSCs, suggesting
the high interface trap densities.[’) Thus, further efforts should
be particularly devoted to optimizing the charge transport lay-
ers (e.g., adding additives, ionic liquid), developing new materi-
als for charge carrier transport (e.g., self-assembled monolayers,
non-fullerene acceptors), and engineering the interface of charge
transport layer/electrode to enhance the device performance and
long-term stability of lead-free PSCs.

To wrap up, DPs exhibit relatively higher stability compared
to LHPs as well as Sn-perovskites, but are still prone to defect
formation, particularly deep-level defect formation. Thus, it is
imperative to passivate defects, that is, to mitigate the possible
antisite defects (Agp; and Bi,,), Br, and Bi vacancies, to reduce
non-radiative recombination and boost device performance and
stability. DPs are found to be sensitive to external stimuli, how-
ever, stability-related studies are still rare, and diligent work in
terms of enhancing intrinsic stability and stability under exter-
nal stimuli is highly required and should be prioritized.

7. Summary and Outlook

Over the past decade, we have witnessed tremendous advances
in the field of LHPs in terms of fundamental understanding,
materials development, and efficiency in optoelectronic and pho-
tovoltaic devices. For instance, the certified PCE of perovskite
solar cells has already exceeded 26%,1?2! while the EQE of per-
ovskite LEDs (green) has exceeded 30%.5%! Despite significant
performance advances, the toxicity of Pb is of the major concerns
for bringing the technology from the lab to the real world. Gov-
ernments across the globe have restricted the use of Pb in con-
sumer products goods. This has triggered the search for non-toxic
metal ions that can replace Pb in LHPs while preserving their
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properties. Various metal cations, including Sn, Ge, Sb, Bi, and
In, used independently or in combination with other metal ions,
have been found to be potential alternatives to replace Pb.[252l
This review has discussed the preparation, properties, and po-
tential applications of various Pb-free ABX, perovskites and
A,B'B!IX, DPs. The review has covered both colloidal NCs and
thin film perovskites. Whereas colloidal NCs have been mainly
exploited in LEDs and X-ray detectors, thin films have been in-
vestigated in the fabrication of solar cells, LEDs, lasers, and ra-
diation detectors. For each of these research lines, we have pro-
vided the current status in terms of fabrication and efficiency,
and outstanding challenges that need to be addressed to drive
the field of Pb-free perovskite optoelectronics toward real-world
applications.

Among all, THPs turn out to be promising for achieving rel-
atively high-efficiency solar cells as well as light-emitting de-
vices because their properties are very similar to those of LHPs.
In addition, the low bandgap of iodide-based THPs enables the
tunability of their emission toward infrared, beyond the reach
of LHPs. However, the stability of THPs is worse than that of
LHPs due to the rapid oxidation of Sn** into Sn** under am-
bient conditions. Despite a few successful attempts to synthe-
size high-quality monodisperse THP NCs, they exhibit very low
PLQYs (<1%) and poor stability as compared to LHP NCs be-
cause of the high density of structural and atomic defects caused
by the oxidation of Sn**. The PLQY of LHP NCs could be im-
proved to over 15% by controlling the chemistry of precursors.
On the other hand, LHP NCs routinely exhibit over 80% PLQY
even using technical grade precursors and ligands. Besides, the
level of shape control achieved in the case of THP NCs is lim-
ited, mainly nanocubes and NPIs have been reported. Therefore,
future studies should focus on achieving better shape control,
high PLQY, and high stability. The suppression of the oxidation of
Sn** by surface ligands or through encapsulation should enable
the preparation of highly luminescent THP NCs. The research
on the synthesis of THP NCs is still in the early stages, and it
is still extremely challenging to use them in the fabrication of
LEDs. On the other hand, thin films of 2D and 3D THPs have
been successfully used in the fabrication of LEDs with an EQE of
over 5%.8311 Significant efforts are required to further improve
the EQE of THP LEDs using organic molecules (additives) that
strongly passivate the surfaces and prevent nonradiative recom-
bination. To select suitable additives, an in-depth understanding
of the degradation mechanism of THPs and the role of additives
in the stabilization of the 2+ oxidation state of Sn is required. An-
other metal ion that has similar properties as Sn is Ge, but Ge-
based perovskites exhibit very weak PL, and thus they have not
been explored in LEDs. Interestingly, thin films of 3D THPs ex-
hibit ASE/random lasing in the presence of SnF, additives. Gen-
erally, the excited state decay of pure THPs is in picoseconds (ps),
however, upon SnF, addition, the decay gets slower (nanosec-
onds range) and facilitates the gain for ASE to occur at a low
threshold (15 pJ cm=2). The SnF,-treated THPs (FASnl;) exhibit
random lasing in the NIR region at a threshold of 15 u] cm~2 with
a quality factor Q ~ 500. The THP laser is one of the few systems
that outperform LHP-based devices. Future studies should focus
on studying lasing in encapsulated THPs with tunable emission
and achieving single-mode lasing. The THP thin films made of
mixed 2D and 3D systems could be interesting to investigate
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lasing as they exhibit improved stability compared to 3D thin
films.

Besides, the thin film THPs have shown promise for solar
cells with a record efficiency approaching 15% PCE, and there
is plenty of room to achieve over 20% by suppressing the loss in
Voc and FF. FASnI; PSCs generally exhibit higher efficiency and
stability as compared to CsSnl; and MASnl, PSCs. Currently, re-
search on improving lattice stability, crystallinity, and passivation
are the main research directions of Sn-based perovskites.['8”] A
large number of organic and inorganic additives have been used
for passivation. However, a systematic investigation of additives
and their role in the stabilization of THPs is lacking in the litera-
ture. Moreover, a better understanding of the charge carrier trans-
port properties of THPs is needed to optimize the performance
of THP SCs. Recent developments in computation and machine
learning could help to find out better additivities, the thickness
of THP thin films, transport materials, and optimum device ar-
chitecture to further improve the PCE of THP SCs. On the other
hand, Ge-perovskites exhibit poor device performance with PCE
<19%.1204] Interestingly, the efficiency can reach over 13% by com-
bining Ge with Sn.[!7]

Furthermore, A,B'B"X, DPs have received special interest
as Pb-free materials due to their superior stability over THPs
(against light and humidity) and the interesting properties aris-
ing from their stoichiometry. DPs have been exploited for SCs,
LEDs, and X-ray scintillators. Whereas DP thin films are promis-
ing for SCs, doped-DP powers, and colloidal NCs have emerged
as promising materials for down-conversion LEDs. Among all,
Cs,AgBiBr, DPs have been extensively investigated for solar
cells, with the PCE improved from 2.43% (reported in 2017) to
6.37% (reported in 2022). However, the record PCE of DP SCs
is still much lower than that of LHP SCs (26.1% as of mid-
2023). The main challenges associated with Cs,AgBiBr, DPs are
their large indirect bandgaps, non-ideal device structures, and the
prominent role played by defects. Therefore, there is still room
for improving the PCE of DPs by the stoichiometry engineering
(metal ions as well as halides) of DPs and optimizing the device
architecture.

Although DPs exhibit weak PL due to their indirect bandgap,
they can be highly luminescent upon doping/alloying with other
metal ions. Alloying of DPs could induce indirect-to-direct band
gap transitions and boost their PL emission.['%1%] After the
demonstration of strong white light emission from Bi**-doped
Cs,Ag,¢Na,,InCl; DPs (PLQY increases from <0.1% to 86%
upon doping),®?l a large number of doped/alloyed DPs have been
exploited for down-conversion LEDs of different colors, espe-
cially to achieve white light emission. Doping/alloying of DPs
breaks the parity-forbidden transition and modulates the density
of states effectively to boost the PLQY, and dopants can alter the
emission color from visible colors to white light emission. The
PL of DPs originates from STE, thus, they exhibit broad emis-
sion with large Stokes shift, and therefore, they are suitable for
single-component WLEDs. Despite significant progress in DP-
based down-conversion LEDs, electric-driven DP LEDs currently
lag behind with their low EQE. We believe that the EQE could be
improved by optimizing the quality and composition of DP thin
films. In addition, a better understanding of charge-injection,
transport, and recombination in DP systems could help to im-
prove the efficiency of corresponding LEDs.
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The early work of Bi-doped luminescent DPs has triggered
the development of synthesis methods for strongly emissive col-
loidal DP NCs with similar chemical composition as the lumi-
nescent bulk powders. A wide range of colloidal DP NCs with
different stoichiometries has been repotted for tunable emission
from visible to infrared either by doping or allowing. Among
all, doped/allowed Cs,Ag(In,Bi, ,)Cl; NCs have received spe-
cial interest owing to their tunable bandgap by their composi-
tion. Various dopants including Mn?** and lanthanides have been
exploited to tune their emission wavelength through exciton to
dopant emission. Recently, a few reports demonstrated the prepa-
ration of 2D DP NPIs, however, the level of dimensionality con-
trol achieved in DPs is still far from that of LPH NCs. More-
over, the dimensionality-dependent properties are not well inves-
tigated in DP NCs. The doped-DP NCs often exhibit relatively
low PLQY as compared to their bulk counterparts. This is likely
due to incomplete surface passivation of NCs, which results in
the formation of trap states. Unlike defect-tolerant LHPs, DPs
are prone to surface traps (halide and A-cation vacancies, and
ligand detachment) and can greatly influence the radiative re-
combination and thus PLQY. One needs to understand the sur-
face chemistry of DPs to develop passivation strategies to re-
move the trap states for improving PLQY. In addition, there is
room for the realization of various other DP systems based on
co-doping/alloying with various other metal ions. Besides, the
DPs, regardless of their PL, are promising for X-ray detectors.
A wide range of DPs have been explored for X-ray detection to
improve detection sensitivity. It is important to detect low-dose
X-rays for biomedical applications and more work is needed in
this direction. Furthermore, metal-free halide perovskites such
as MDABCO-ammonium trihalide (MDABCO = N-methyl-N’-
diazabicyclo[2.2.2]octonium) have been recently introduced into
the perovskite family,®®! yet their potential for optoelectronics
is underexplored.[®®! Overall, Pb-free perovskites have already
shown great promise for optoelectronic and photovoltaic applica-
tions, but there is significant room for improving their efficiency
as high as that of LHPs.
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