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Organic—inorganic hybrid halide perovskite materials have attracted considerable research interest,
especially for photovoltaics. In addition, their scope has been extended towards light-emitting devices,
photodetectors, or detectors. However, the toxicity of lead (Pb) element in perovskite compositions
limits their applications. Therefore, a tremendous research effort on replacing is underway. More
specifically, tin-based perovskites have shown the highest potential for this purpose. However, many

challenges remain before these materials reach the goals of stability, safety, and eventually commercial
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Accepted 23rd May 2022 application. This perspective considers many aspects an e critical development possibilities of tin
based perovskites, including drawbacks and challenges based on their physical properties. Additionally, it

DOI: 10.1039/d25c01914k provides insights for future device applications that go beyond solar cells. Finally, the existing challenges
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1. Introduction

Recently, lead halide perovskite materials have attracted great
scientific interest for green energy applications."” In 1978,
Weber reported the first organic-inorganic embodiment of this
group, i.e., methylammonium lead iodide,* which roots back to
a report in 1893 by Wells about inorganic halide perovskites.*
From 1980-90s, optical and electrical properties of three-
dimensional (3D) and layered organic-inorganic, ie., two-
dimensional (2D), metal halide perovskites were studied by
Mitzi at IBM for mainly luminescence and transistor applica-
tions®>” and by others.*™°

In 2009, Miyasaka et al.'* reported on the first perovskite
solar cells (PSCs) impacting the photovoltaic research field
significantly."»'* Within a few years, they compete with estab-
lished technologies in terms of power conversion efficiency
(PCE) with 25.7% in 2022 (ref. 14) while having additional
benefits, e.g., low-cost fabrication and higher efficiencies at
lower light intensities. This successful emergence of this rather
new class of solar cells relies on exceptional physical properties.
Soon afterwards, they started to be investigated on other
semiconductor applications such as lasers, detectors, scintilla-
tors, memories, and light-emitting diodes.****

However, all the mentioned successes are mainly achieved
for lead-based perovskite compositions.”?* Unfortunately, the
by-products of lead-based perovskites degradation are toxic and
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and opportunities in tin-based perovskites are discussed.

could severely damage the environment ecosystem. This could
be one of the major issues to developing perovskite research
towards an industrialization level.>»** Therefore, developing
less toxic perovskite compositions by replacing Pb is an
important direction.

So far, various metal cations such as tin (Sn**) or germa-
nium (Ge”") from group IVA (same group to Pb*>") and bismuth
(Bi**) or antimony (Sb**) from the group VA have been explored
as the alternatives for developing lead-free perovskites.*
Moreover, a series of lanthanides,* alkaline metals,*® partial
replacement with different metals®” as well as layered perov-
skites with double metal cites and general formulae A,BCXs
(ref. 28) have been reported as well. However, to keep the crystal
structure in the photoactive phase for the new perovskite
compositions, the estimated tolerance factor based on the size
and oxidation state of the atomic substituents from the
empirical Goldschmidt rule* need to be considered. As
a result, a bunch of new Pb-free perovskites with new possible
applications have emerged. However, regarding the device
application, especially in solar cell research, tin-based perov-
skites have been highly investigated due to their excellent
physical properties, delivering the highest performance lead-
free PSCs. Here, we present a perspective from the current
status and prospects of tin-perovskites and the relevant
devices, the benefits and drawbacks compared to other semi-
conductor device technologies, and especially compared to
lead halide perovskite. Additionally, layered tin-based perov-
skite structures, single crystals and nanocrystals together with
thin films have different properties and applications that are
discussed in following sections.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2. Tin-based perovskites

To understand the dependence of material properties on the
atomic scale composition and further engineer the material for
a wider range of applications, a new class of materials can be
realized by metal replacement, e.g., lead with other metals such
as Sn or Ge.*® On the other hand, the empirical tolerance factor
defined from the cationic size of the metal needs to be between
0.8 and 1, and the oxidation state needs to be +2 for a stable cubic
or tetragonal perovskite phase to form. However, the electro-
negativity of the metal and the halide can, in principle, determine
the bandgap, effective mass, and lattice constant.”® For many
device applications, a visible light bandgap, low density of defect
states and long diffusion lengths, and high charge mobilities are
favourable. Thus, tin as an element from group IVA in the peri-
odical table, same as lead, presents similar properties to lead,
emerging as the most promising alternative candidate for lead.*
Similar to lead-based perovskites, tin-based counterparts also
show a noncubic phase at room temperature.*” For example,
MASnNI; crystallizes into a tetragonal phase with a space group of
P4mm at room temperature. Unlike FAPbI; with a non-perovskite
yellow phase at room temperature, the FASnl; remains in the
black phase at different temperatures. In contrast, the cubic
phase of CsSnl; turns to the orthorhombic phase spontaneously.
However, partial replacement of I by Br, i.e., CsSnl;_,Br,, leads to
transferring the orthorhombic to cubic crystal structure.*® This
section will overview different tin-based perovskites, focusing on
their physical and chemical properties.

2.1. Fundamental properties

Sn and Pb, being in the same periodic group, have the same
valence electrons configuration (ns’np”).** Thus, tin-based
perovskites show similar optoelectronic properties to lead-
based counterparts, such as high charge carrier mobility, high
light absorption properties, and small exciton binding energy.*
These properties convert tin-based perovskites as suitable
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optoelectronic applications. However, tin differs in its funda-
mental atomic properties from lead. Unfortunately, Sn>* quickly
oxidizes to Sn*" (eqn (1)) in the presence of oxygen (eqn (2)),
which raises many challenges for the tin-based perovskite
application.*®*” Nevertheless, it has been reported that such
oxidation even can occur in the absence of oxygen as well.*®

Sn?* — Sn** + 2e”

(1)

Sn** + 0, — 2Sn0, (2)

The main reason for Sn oxidation has been identified as the
absence of the lanthanide shrinkage effect, i.e., Lorentz
contraction for shells that are so far outside.***° In the case of
Pb, the two 6s electrons show inert activity and do not partici-
pate readily in chemical reactions (Fig. 1a). The lanthanide
shrinkage effect in Pb refers to poor shielding of the nuclear
charge by the 4f electrons, leading to drawing 6s electrons
towards the nucleus and a smaller atomic radius.** As a result,
Snl, shows a higher Lewis acidity than Pbl,, leading to uncon-
trollable crystallization.>*

On the other hand, as schematically shown in Fig. 1b, the Sn-
5s in MASnI; perovskite has higher energy levels and sharper
conduction band minimum (CBM)-valence band maximum
(VBM) edges than Pb-6s in MAPbDI;, leading to weaker Sn-I
bonds due to reduced ionization energy.*” This weak chemical
bond in tin-based perovskites accelerates their reaction with
H,0 and O, molecules to form H-I and Sn-O bonds, which
leads to faster oxidation.** Additionally, the Frost diagram
illustrates the free Gibbs energy versus oxidation state of the
elements is introduced to understand the relative stability of
different oxidation states.** As shown in Fig. 1c, the Pb>" indi-
cates a deep asymmetric thermodynamic sink, demonstrating
the stability of this oxidation state in Pb-based perovskites.
While, Sn** shows a shallow thermodynamic sink in its Frost
diagram, establishing an unstable oxidation state and leading
to several unconventional oxidation pathways to higher and

materials not only for solar cells but also for other lower oxidation states, ie., Sn* and Sn°*4 Therefore,
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(a) The electronic structure of Sn and Pb atoms. (b) Schematic energy levels of MASnls vs. MAPbIs perovskites. (c) Frost diagrams of

different oxidation states for Pb and Sn elements.*” Copyright 2021, American Chemical Society.
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introducing novel strategies to stabilize the Sn>* oxidation state
and change the shape of the Sn Frost diagram is crucial for
achieving stable tin-based perovskite materials.

2.2. Thin films

Similar to lead-perovskites, fabricating high-quality perovskite
films is essential to achieve high-performance tin-based
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PSCs.*>*® However, due to the higher Lewis acidity of Sn**
compared to Pb*", i.e., higher reactivity with other components
in perovskite precursor, tin-based perovskites undergo faster
and less controllable crystallization, which increases the
number of pinholes in the final thin film.* Therefore, it is very
crucial to develop new strategies to improve the uniformity and
morphology of tin-based perovskite thin films.
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Fig. 2

(a) Schematic illustration of Snl,-3DMSO intermediate formation in tin-based perovskite.®* Copyright 2015, American Chemical Society.

(b) Schematic illustration of the effect of antisolvent temperature on the crystallization process and the corresponding SEM images of the
resulting tin-based perovskite thin films.®* Copyright 2018, Wiley. (c) Schematic illustrations, SEM images, and J—V characteristics of FASnls thin
films in the absence and presence of pyrazine.*® Copyright 2016, American Chemical Society. (d) Schematic illustration of the O—H---I~ hydrogen
bonding interaction between PVA and iodide atoms, XRD patterns, and SEM images of FASnls and FASnIz—PVA perovskite films.5¢ Copyright 2019,
Wiley. (e) Relationship between the lattice strain, the tolerance factor (t) and achieved efficiencies for various cation-substituted in tin-based
perovskites.®®* Copyright 2019, American Chemical Society.
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Generally, it is challenging to fabricate pinhole-free perov-
skite thin films with pure dimethylformamide (DMF) as the
solvent of perovskite precursors due to the lack of a stable
intermediate phase between nucleation and growth steps
during crystallization. Solvent engineering has been introduced
for stabilizing the intermediate phase, resulting in more
controllable crystallization.*® Similar to lead-based perovskite,
dimethyl sulfoxide (DMSO) makes a strong Lewis acid-base
adduct with Sn*" element. It provides a stable transitional
SnI,-3DMSO intermediate phase, leading to more homoge-
neous nucleation and crystallization (Fig. 2a).”* Therefore, using
DMSO as the main or co-solvent for the preparation of tin-based
precursor solution is essential. However, recently, it has been
demonstrated that DMSO itself could undergo some chemical
reaction over 100 °C during the perovskite precursor prepara-
tion due to the high reactivity of Sn**, producing dime-
thylsulfide (DMS) and Sn** byproducts.®

Besides the solvent of the precursors, antisolvent also plays
a crucial role in the quality of tin-based perovskite films. An
ideal antisolvent needs to be able to balance the nucleation and
crystal growth processes during the film crystallization.*** So
far, chlorobenzene (CB) has shown the best performance
among various antisolvents, providing highly crystalline thin
films with excellent morphology after treating the wet tin-based
perovskite precursor during the spin coating step.* Since the
temperature of antisolvents can affect their miscibility proper-
ties; therefore this parameter also must be taken into account.®
As shown in Fig. 2b, the hot CB as antisolvent, ie., 65 °C
temperature, can increase the density of nucleation sites
compared to room temperature CB, which leads to higher
quality tin-based perovskite thin film.>

Additives engineering is another efficient approach to
controlling the morphology and quality of tin-based perovskite
thin films. Generally, an ideal additive, depending on its func-
tional group, should have an effective chemical interaction with
perovskite components to improve the quality of thin films.?”**
Firstly, pyrazine was added to tin-based perovskite precursor as
a co-additive with SnF, to suppress the Sn®>" oxidation and
homogeneous dispersion of SnF, in the thin film by forming the
SnF,-pyrazine complex.* The SnF,-pyrazine complex forms by
strong d — 7* back-donation coordination from tin(u) halide to
the pyrazine ring. As shown in Fig. 2c, the existence of this
complex in the perovskite composition leads to a dense thin
film without any phase separation, suppressing the trap states
and improving the device performance. As another example, as
shown in Fig. 2d, poly(vinyl alcohol) (PVA) molecules exhibit
a hydrogen bonding interaction with the iodide ions in FASnI;
perovskite precursor, leading to slow down the crystal growth
process and homogeneous perovskite thin films, consequently.
Similarly, polymethyl methacrylate (PMMA) as an additive could
improve the FASnI; quality by interacting the carbonyl group in
PMMA structure with the Sn*' cations in perovskite
precursor.®*¢*

Additionally, lattice strain engineering is another approach
to controlling the quality of tin-based perovskite thin films. The
lattice strains in the perovskite structure scatter the carrier
diffusion and create the charge recombination centres in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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perovskite films.® Therefore, developing efficient strategies to
suppress the strains in perovskite lattice is crucial for achieving
high-efficiency tin-based PSCs. In this regard, Nishimura et al.
studied the relationship between lattice strain in tin-based
perovskite film and the efficiency of fabricated PSCs.** They
prepared tin-based Q,(FAq,5MAg»5);_»Snlz perovskites, where
Q was various cations with different ionic radius such as Na",
K', Cs', ethylammonium (EA"), and butylammonium (BA").
Firstly, they compared the relationship between the lattice
strain and the tolerance factor (¢) for different perovskite
compositions. Interestingly, they demonstrated an inverse
relationship between the lattice strain and ¢ (Fig. 2e). Among
different cations, EA-perovskite film showed the minimum
lattice strain of 0.85 with a closer ¢ to 1, leading to the highest
carrier mobility of 43.03 cm™> V s. As shown in Fig. 2e, they
observed a good correlation between efficiency and the lattice
strain for different tin-based perovskite films, achieving the
highest PCE for EA-PSC with the lowest lattice strain among all
Q cations. These results suggest that controlling the lattice
strain of tin-based perovskites could suppress the charge carrier
trapping sites, leading to improved photovoltaic parameters
such as V., Jsc, and FF.

In summary, solvent, additive and lattice strain engineering
can be considered as efficient approaches to control the
nucleation and growth process during tin-based perovskite
crystallization, leading to high-quality thin films.

2.3. Layered structures

Layered structures, i.e., 2-dimensional (2D) perovskites, are
considered as a new class of perovskite materials. Generally, in
2D perovskites, a long-chain organic monovalent cation by
which the typical cubic/tetragonal perovskite structure trans-
forms to a layered orthorhombic perovskite.®”*® These struc-
tures can further show different dimensionalities (n = 2 till )
by having different stackings of methylammonium and long
organic molecule chains, constructing 3D/2D structures
(Fig. 3a). These materials exhibit better stability against degra-
dation and have directional dependence physical properties.
Here, tuneable excitonic properties, light-absorbing, and elec-
tronic characteristics® by engineering the dimensionality are
feasible. The layered structure can suppress the self-doping
assisted degradations and the oxidation of Sn®" in these mate-
rials. The same approaches for engineering the material pro-
cessing of 3D perovskites have been followed to make layered
tin-based perovskites even more stable. With different stack-
ing orders and long-chain organics, the perovskite dimension
can be optimized towards both stability and high perfor-
mance.” Even defect engineering” and doping of bulk, and 2D
perovskite can enhance the performance of tin-based solar
cells.”” Quantum confinement effects exist in lower dimensions
due to the spatial restriction for charge carriers; however, the
absorption coefficient is typically lower than the 3D bulk
perovskite structures due to the lower number density of light-
absorbing centres (here metal and halide). Firstly, Mitzi et al.
reported the synthesis of a family of organic-based layered tin-
based perovskites, (C,HoNH3),(CH3NH3),-1Sn,l3,+1, which

Chem. Sci., 2022, 13, 6766-6781 | 6769
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(a) Schematic illustration of constructing different dimensionalities of perovskite (n = o till 1) with varying stackings of methylammonium

and long-chain organic cations. (b) Schematic illustration of tin-based perovskite crystal change in the presence of PEACL as the long-chain
cation during temperature annealing processes and the corresponding SEM images.” Copyright 2020, American Chemical Society. (c) J-V
curves of fabricated PSCs with pure 3D FASnls and 2D/3D perovskite with different FPEABr concentrations, as well as, the TRPL spectra of the
pure FASnls and 10%-FPEABr (the best concentration) perovskite films.”> Copyright 2021, Wiley. (d) Schematic illustrations of the interactions
between the PVP and PVPD polymers chains.”” Copyright 2021, American Chemical Society.

show a similar transition from semiconducting to metallic
behaviour with increasing the n.”

Regarding the layered structure in bulk, our group demon-
strated that phenyl ethylammonium chloride (PEACI) helps to
grow higher members of 2D crystals into the 3D tin-based
perovskite matrix with excellent vertical crystal orientation
and grain sizes up to 1 um (Fig. 3b).”* As a result, the FASnI;:-
PEACI device showed a PCE of 9.1% with negligible hysteresis
and noteworthy stability over 1500 h under storage in the dark
condition. Interestingly, the best record PCE of tin-based PSCs
was achieved by 3D/2D perovskite structure.” As shown in
Fig. 3c, the pure FASnI;-based device obtained PCE of 9.38%,
while inducing FPEABr up to 10% into perovskite film leads to
achieving the highest PCE of 14.8%. The prominent role of this
3D/2D microstructure was mentioned as suppressing the well-
known oxidation from Sn** to Sn*‘and decreasing defect
density (see the TRPL data in Fig. 3c).

The 2D monolayers are another class of materials with
idiosyncratic characteristics compared to bulk and thin-film
materials.”® They have a unique potential for new generation
optoelectronics and photonics. Broken symmetry due to the
layered structure, special magnetic responses with enhanced
Rashba tension-based engineering, and more susceptibility for
large lattice deformations due to external stimuli, new physics,
and tunable properties are among the unique topics related to
this class of materials. And most recently, the perovskite 2D
monolayers have been predicted and investigated in several

6770 | Chem. Sci,, 2022, 13, 6766-6781

publications.” Typical thicknesses are a few nanometres. For
instance, PEA,Snl,,”” with a preferred directional charge trans-
port and a suppressed ion migration has been implemented in
field-effect transistors, improving the device performance. As
schematically shown in Fig. 3d, poly(vinyl alcohol) (PVP) and
poly(vinyl pyrrolidone) PVPD chains fill into the perovskite
grain boundaries during the crystallization of the (PEA),Snl,
films, thereby improving the surface morphology and reducing
the roughness of the films, i.e., 2D layered structure. Moreover,
this 2D layered structure suppresses the tin oxidation in the air
by creating the secondary bonds between the polymers and
(PEA),Snl,. However, preparing a well-tuned 2D layered hier-
archical on top of 3D tin-based perovskite films is very chal-
lenging to suppress the Sn*" oxidation and improve the film
stability efficiently. That is why still many research groups
focusing on this topic vastly.”**®® For example, recently, Xu et al.
demonstrated that using ammonium chloride (NH,Cl) as the
additive is necessary to control the orientation of the 2D layered
structure onto 3D tin-based perovskite.** They confirmed that
the pure AVA,FA,;Sn,I3,.1 (n = 5) (AVA = 5-ammonium valeric
acid) shows a random 2D orientation; however, by using 5%
NH,CI additive, the perovskite film indicates a preferential
vertical orientation, which is favourable for charge transport
between two electrodes, leading to improve the uniformity and
morphology of the perovskite film.

In summary, 2D tin-based perovskites could be prepared by
introducing long-chain cations in perovskite crystals. These

© 2022 The Author(s). Published by the Royal Society of Chemistry
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long-chain cations could suppress tin oxidation and improve
film stability. However, the poor conductivity of these long
chains cations in pure 2D structures may confine the charge
transfer properties of perovskite film, therefore, combining this
structure into the bulk or as a monolayer on the surface of 3D
perovskite, i.e., 3D/2D structures, could be a promising direc-
tion to enhance the stability and photovoltaic performance of
tin-based PSCs, simultaneously.

2.4. Nanocrystals and single crystals

After discovering the lead-based perovskite nanocrystals (NCs)
in 2014, they have shown significant advances in recent
years.*”®* However, similar to other perovskite structures,
substituting lead with less toxic elements must be considered
for future commercial development. Due to the comparable
ionic radius of Sn** and Pb*", Sn could replace in the perovskite
lattice without disturbing the crystal structure. Tin-based
perovskite NCs have shown attractive advantages similar to
thin films.* So far, they have been utilized for high-efficiency
solar cells, sensors, LEDs, and medical imaging devices.*
However, their synthesis process is more complicated than lead-
based NCs due to the unstable oxidation states of tin. The most
common strategies to improve the stability of tin-based NCs
include ligand functionalization, doping, alloying and core-
shell structures.”” To date, hot-injection, ligand-assisted repre-
cipitation, chemical vapor deposition, and solvothermal
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reaction have been used extensively to synthesize high-quality
colloidal NCs with controlled morphologies and sizes for
achieving near-perfect optical/photophysical properties.®

Firstly, in 2016, Jellicoe et al. synthesized CsSnX; (X = Cl, Br,
I) NCs, exploring their spectral tunability through quantum
confinement effects and control of the anionic composition.*
They demonstrated that the bandgap could be tuned from the
visible to the near-IR region by changing the halides from
chloride to bromide (Fig. 4a). Moreover, similar to the bulk
perovskite, this red-shifted in tin-based NCs compared to lead-
based analogous was explained due to higher electronegativity
of the tin in the ‘B’ site of ABX; structure.®

Unfortunately, most colloidal tin-based NCs tend to precip-
itation over time, up to two weeks, due to the dynamic character
of ligand absorption and desorption processes.”® Moreover,
once tin-based NCs exposed to ambient conditions, Sn*>" quickly
turned to Sn**, leading to decomposition of NCs. Similar to bulk
tin-based perovskite, synthesis of the 2D layered structures
could enhance the stability of NCs against oxygen and humidity
owing to the surface passivation by ligands.***> As shown in
Fig. 4b, 2D perovskite NCs, ie., nanoplatelets, could be
synthesized with general L,[ABX;], ;BX, formula, where A is
a cation, B is a metal, X is a halide, and L is a long-chain
ligand.” In this structure, the L limits growth in one dimen-
sion and improve the stability of NCs. The thickness of the
nanoplatelets is defined as n — 1 term in the general 2D struc-
ture formula. The n = 2 and n = 1 present a complete unit cell
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(a) The schematic illustration, TEM image, absorbance, and steady-state PL CsSnXs (X = CL, Br, 1) perovskite nanocrystals.®® Copyright

2016, American Chemical Society. (b) The schematic illustration and the corresponding TEM images of the perovskite nanoplatelets with
thicknesses n = 1and n = 2.9 Copyright 2016, American Chemical Society. (c) The photographs and XRD patterns of obtained MASnls and FASnlz
single crystals by optimizing crystal growth conditions.®® Copyright 2016, Wiley. (d) The 3D crystal structure illustration of the Cs,SnClg_,Br,
perovskites and photographs of single-halide and mixed-halide Cs,SnClg_,Br, single crystals with body colours changing from transparent to

yellow and finally to dark red.*®® Copyright 2019, Wiley.
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and layered structure, an incomplete unit cell that lacks the A
cation (see the schematic and TEM images in Fig. 4b). Tisdale
et al®* demonstrated that the absence of A cation in a layered
structure, ie., n = 1, has a negligible effect on the NCs
absorption and emission energy. However, by decreasing the n
values from 2 to 1, photoluminescence quantum yield (PLQY)
would also decrease, which is expected due to reduced nano-
plate thicknesses. Therefore, without disturbing the optical
characteristic of tin-based NCs, it is possible to improve their
stability by decreasing the dimension from 3D to 2D. Every long-
chain cation with a proper functional group to coordinate with
the perovskite component, i.e., Sn*" or NH;", could be used for
this purpose.’”5%9495

Generally, most of the instabilities issues of perovskite
materials are directly related to morphological disorder at grain
boundaries and surface degradation.”® In contrast, perovskite
materials in the single-crystalline form exhibit no grain
boundaries and possess low trap densities; and are likely to
show superior optoelectronic performances and better stability
compared to their polycrystalline film counterparts.”” Due to the
narrow bandgap properties of tin-based perovskites, their single
crystals are most likely suitable to emit pure red light and near-
infrared light, so they may further be the best candidates for
optical display or diagnostic applications.*®

However, growing the tin-based single crystals under an
ambient atmosphere is challenging due to the tin instability.
Firstly, Dang et al.®® synthesized MASnI; and FASnI; single
crystals utilizing a top-seeded solution growth method under
ambient conditions (Fig. 4c). In this method, controlling the
growth temperature and selecting the high-quality seed crystal
is essential to achieving the high-quality single crystal. As
shown in Fig. 4c, the XRD diffraction patterns of the single
crystals were well-matched with the calculated patterns without
presenting any impurities. This study provides new information
about the fundamental properties of MASnI; and FASnI; single
crystals and potentially guides solar cell applications, field-
effect transistors (FETs), and thermoelectric devices.

Different from FASnI; and MASnI; with a Pm3m space group,
Zhou et al.* reported the structure and optical properties of
Cs,SnClg_,Br, perovskite with an Fm3m space group for
photodetector application. Millimeter-sized Cs,SnCls_,Br,
single crystals were grown by the hydrothermal method (see
Fig. 4d). The transparent colour continuously changes from
transparent to yellow and finally dark red by changing the
halide ratio from Cl to Br. Narrowband single-crystal photode-
tectors using Cs,SnClg_,Br, crystals showed a high detectivity of
=~2.71 x 10" Jones, with narrowband photodetection (full-
width at half-maximum =45 nm) and high ion diffusion
barriers. Moreover, the response spectra are continuously tuned
from near violet to orange depending on the variation of the
bandgap of the single crystals by changing the halide compo-
sitions. The strong surface charge recombination of the excess
carriers near the crystal surfaces produced by short-wavelength
light elucidates the narrowband photodetection behaviour.
However, the instability of tin-based perovskites, further
developing their single crystal form, remains the main chal-
lenge as well.
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This section provided a new paradigm in designing new

nano- and single crystals tin-based stable and high-
performance perovskite derivatives for optoelectronics
applications.

2.5. Chemical stability and degradation mechanism

Besides enormous developments in tin-based perovskites, their
poor stability in O, and H,O environments remains a critical
obstacle towards practical application (Fig. 5a). Therefore,
similar to Pb-based perovskites,'*'* fully understanding the
degradation mechanism is reasonably necessary to solve the
stability issue in this type of perovskites. Generally, as dis-
cussed, the facile oxidation of Sn** to Sn*" was identified as the
main instability reason of these materials, which leads to
deteriorating the thin film morphology and optoelectronic
properties, as well as high-density p-type doping.*****® There-
fore, considering all the factors that can minimize Sn** forma-
tion is very important to improve the stability of tin-based
perovskites.

In contrast to lead-based perovskites, the degradation
mechanism of tin-based perovskites is not well described so far
and requires a more detailed understanding.’® Different
reports predicted different by-products for ASnI; (A = Cs', MA"
or FA") perovskites degradation. For example, some reports
emphasized that A,Snls and SnO, are the main degradation
byproducts,®**'***"'® while others suggested Snl,, SnO,, and
AL However, recently, Islam et al. reported that Snl,-richer
tin-based perovskite thin films undergo faster degradation
under ambient conditions, suggesting the Snl, as the signifi-
cant contributor to this degradation due to its higher reactivity
with water and oxygen than other by-products, ie., A,Snlg,
SnO,, and FAL'*® Therefore, they established a cyclic degrada-
tion mechanism for ASnl;, emphasizing the dominant role of
the Snl, by-product. As shown in Fig. 5b, the Snl, in thin film
readily converts to I, via a two-step process, first producing HI
by its hydrolysis reaction in the presence of water and second
producing I, by HI oxidation in the presence of oxygen.

So far, strategies have been explored to address these issues
and suppress Sn** formation, i.e., prohibit Sn** oxidation in tin-
based perovskites.>*""** Various SnX, (X = F, Cl, Br, I, SCN)
additives have been introduced in tin-based perovskites to
suppress their oxidation. Firstly, SnF, has shown a great
potential to be a suitable additive for minimizing the Sn**
amount and Sn vacancies in tin-based thin films."*>"** More-
over, SnCl, and Snl, also have been used as Sn>" compensators
to decrease tin vacancies in perovskite thin films and enhance
the photovoltaic performance of tin-based PSCs."”*** Besides
the positive effect of SnX, additives in tin-based perovskites,
still their performing mechanisms need to be investigated in-
depth in the future.

Unfortunately, even during the precursor preparation, due to
the impurity of precursor components, some Sn** ions could
form, which need to be converted back to Sn>" again."* It has
been demonstrated that adding a small amount of metallic tin
powder to the perovskite precursor can effectivity convert Sn**
to Sn** ions via a comproportionation reaction, i.e., Sn + Sn*" —

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5

(a) The schematic illustration of tin-based perovskite oxidation in the presence of water and oxygen.” Copyright 2021, APL materials. (b)

The schematic illustration of the proposed cyclic tin-based perovskite degradation mechanism under ambient air exposure.** Copyright 2021,
Springer Nature. (c) The photographs of tin-based perovskite precursors without and with tin powder as additive.** Copyright 2019, Springer
Nature. (d) The schematic illustration of the mechanism of removing the residual Sn** impurities from tin-based perovskites.*¢ Copyright 2020,
Springer Nature. (e) Long-term stability evolution of unencapsulated tin-based PSCs (stored in the air, RH ~20%).*22 Copyright 2020, American
Chemical Society. (f) Stability comparison at MPP in N, atmosphere of the unencapsulated FASnls and FASnlz + Dipl + NaBH,4 devices under

continuous illumination.*** Copyright 2022, Elsevier.

2Sn** (see Fig. 5c, the red colure of perovskite solution con-
verted to yellow after the reaction).** Moreover, that Sn**
impurities could convert to Sn® nanoparticles (NPs) by adding
1,4-bis(trimethylsilyl)-2,3,5,6-tetramethyl-1,4  dihydropyrazine
(TM-DHP) to the perovskite precursor, achieving an Sn*" free
tin-based perovskite thin film (Fig. 5d).*

Organic antioxidant materials also can be used to suppress
Sn** oxidation. For example, gallic acid (GA) has been added to
perovskite precursors as an efficient antioxidant to achieve
highly stable tin-based PSCs.*** The hydroxyl groups (-OH) on
the aromatic ring in the GA chemical structure scavenge the
oxygen molecules by donating hydrogen atoms. Due to this
antioxidant effect, unencapsulated FASnI;-GA-based solar cells
showed over 80% stability after storing in the air for 1000 h,
which is the best air stability of tin-based PSCs so far (Fig. 5e).
Very recently, Sanchez-Diaz et al. introduced a new chemical
engineering approach to prevent the premature degradation of

© 2022 The Author(s). Published by the Royal Society of Chemistry

tin-based perovskites.’* They demonstrated that adding
dipropylammonium iodide (DipI) together with sodium boro-
hydride (NaBH,) as a well-known reducing agent to FASnI;
precursor could suppress the oxidation of Sn*" into Sn** during
the solution processing, which promotes an improved film
crystallization and minimizes the number of crystalline defects.
As a result, 1300 h stability at MPP (under N, atmosphere) with
retaining 96% of the initial PCE was achieved (see Fig. 5d).

However, besides many efforts to suppress the oxidation of
tin-based thin films, this problem still is not entirely solved and
needs to be investigated.

3. Tin-based perovskite devices
3.1. Solar cells

Lead toxicity could be the main obstacle to perovskite
commercialization. If alternative elements are sought, this is
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very critical to consider both how to keep the device perfor-
mance and stability simultaneously.>*'**'*>**> As mentioned,
numerous environmentally friendly elements such as Sn*',
Ge**, cu*, Bi**, and Sb*" have been explored.?**?* Among
them, tin-based perovskites being the most promising.’*'*
However, despite their excellent photophysical properties, the
best-achieved PCEs for tin-based PSCs with 3D perovskite
structures are less than 10%, which is still very far from the
lead-based counterpart.’**** Although the best PCE of 14.8%
has been achieved for 2D/3D tin-based PSCs due to better
stability than 3D structure;'** however, the used spacer cations
in structure decrease the charge transport and could confine
further PCE improvement.

So far, many tin-based perovskite structures and composi-
tions have been explored for solar cell application. In 2014, M.
H. Kumar et al.*** fabricated the CsSnl; tin-based PSCs, with
a bandgap of 1.3 eV, by adapted dye-sensitized solar cells device
structure, achieving 2.0% efficiency (Fig. 6a). Afterwards, Koh
et al."*® achieved a PCE of 2.1% with the same device structure
by changing the perovskite composition to FASnl; with
a bandgap of 1.41 eV (see Fig. 6b). Up to this point, tin-based
perovskite was still used in regular device structure, i.e., n-i-p.

However, it was realized that the most common hole trans-
porter 2,2/,7,7-tetrakis(N,N-di-p-
methoxyphenylamino)-9,9-spirobifluorene (Spiro-OMeTAD)
and poly(triarylamine) (PTAA) in n-i-p structure, typically
contain lithium (Li) and/or cobalt (Co) salts additives, which
could damage the tin-based perovskite films and lead to poor
device performance consequently.®>***** Hence, Liao et al. re-
ported FASnl; PSCs with an inverted solar cells structure,
achieving efficiency up to 6.2% (see Fig. 6¢)."** Afterward, Zhao
et al."*® elevated the PCE of inverted tin-based PSCs to 8.1% by
adding a small portion of MA" into FASnI; perovskite compo-
sition, ie., (FA)y.75(MA)o,sSnl;. Moreover, Liu et al** further
improved the efficiency of this kind of PSCs beyond 9.0% by
solvent engineering of perovskite film fabrication. In addition,
Ran et al." intercalate conjugated organic molecules in FASnI;
composition, reaching to PCE of 9.6% due to enlarged grain
sizes, reduced trap density, preferential grain orientation, effi-
cient charge extraction, and enhanced perovskite structural
stability. Unlike the former reports, Jiang et al.” explored the
influence of different electron transport layers on mixed 2D/3D
tin-based PSCs performance, reaching a PCE of 12.4% with
ultra-high open-circuit voltage at 0.94 V. During the develop-
ment of tin-based PSCs, similar to Pb-based PSCs,***° the
research direction has shifted from the device structure to the
interface, as well as, the charge transport layers. Still, the
biggest problem remains in maintaining stability and fabri-
cating a perfect film. Given this, the method and composition of
the tin-based perovskites have been reconsidered. Considering
the fact of easy oxidation of tin from Sn(u) to Sn(wv) and creating
bulk defects in perovskite thin film, Yu et al” provided
a general and effective strategy to modulate the microstructure
of 2D/3D heterogeneous tin-based perovskite by partially
replacing formamidine iodide (FAI) with fluorinated phene-
thylammonium bromide (FPEABr) in FASnI; perovskite, reach-
ing a certified PCE over 14.0% (see Fig. 6d). Focusing on the
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Fig. 6 (a) Schematic and cross-section FESEM image of the tin-based
device structure.*?* Copyright 2014, Wiley. (b) Cross-sectional FE-SEM
image of the full device with FTO/TiO,/FASnls/spiro-OMe-TAD/Au
structure and the Tauc plot of the FASnls film showing its absorption
onset.** Copyright 2015, The Royal Society of Chemistry. (c) Sche-
matic of the energy level diagram of FASnls PSC and the corre-
sponding J-V characteristic.**® Copyright 2016, Wiley. (d) The forward
and reverse J-V scans of the champion of the tin-based PSC with 2D/
3D structure.”> Copyright 2021, Wiley. (e) The J-V characteristics of
tin-based PSCs with and without surface doping.*** Copyright 2022,
Wiley. (f) Power conversion efficiency record tracking of tin-perovskite
solar cells.

problems of limited carrier diffusion length and poor film
morphology of tin-based perovskite films, Jiang et al**
designed a synthetic route for an in situ reaction of the metal Sn
and I, in DMSO solvent, which produced a highly coordinated
Snl,-(DMSO), adduct in a well-dispersed perovskite precursor
solution. This adduct guides the out-of-plane crystal orientation
and promotes the homogeneous growth of polycrystalline
perovskite films, increasing the electron diffusion length from

© 2022 The Author(s). Published by the Royal Society of Chemistry
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210 £ 20 nm to 290 + 20 nm and achieving a certified efficiency
of 14.6%. Moreover, very recently, Zhou et al.*** reported a new
engineering concept, called chemo-thermal surface de-doping,
to suppress the deleterious Sn(wv) self-doping, addressing the
major obstacle of tin-based PSCs, leading to champion effi-
ciency of 14.8% (see Fig. 6e). Finally, the efficiency records
development of tin-based PSCs for each year is presented in
Fig. 6f.

3.2. Light-emitting devices

Display technology has been developed for a long time;
however, self-luminous displays have attracted attention in
recent years, entirely attributable to the development and
progress of light-emitting diode (LED) technology.**>*** Due to
the new demands of modern society for screen-adapted
portable devices and wearable devices, the commercialization
of organic light-emitting diodes (OLEDs) has been highly
explored. However, the wide linewidths (>50 nm) of organic
emitters limit the attainable colour gamut.'** This requires
exploring other alternative materials for OLEDs application.
The halide perovskite materials with excellent optoelectronic
properties and ease of solution process thin films could fulfil
the essential requirements to be introduced as an appropriate
alternative for LED applications.®

The lead-based perovskite light-emitting diodes (PeLEDs)
have been highly explored; however, the toxicity problem of lead
could confine their further development.*** Therefore, adopting
the non-toxic tin-based perovskites from PSCs research to
PeLEDs is reasonably necessary. The brightness, chromaticity,
and lumens could be the technical advantages for developing
PeLEDs. Due to the limited low bandgap, the tin-based PeLEDs
have been studied mainly in the red-light regions.

In 2020, Liang et al.'** used tin-based 2D perovskites to
fabricate ultrapure and stable red emission devices, creating
a new milestone in exploring PeLED progress. They identified
the main oxidation pathway of Sn>" in perovskite film could be
suppressed by moderating the reduction properties and form-
ing the stable complexes in perovskite precursors, which
increases the energy barrier of oxidation. Specifically, the tin
oxidation was inhibited with the help of H3;PO,, which also
improved the film quality by promoting crystal growth during
the film formation process (see Fig. 7a). As a result, the opti-
mized PeLEDs reached a maximum luminance of 70 c¢d m™>
under 5.8 V, giving an EQE of 0.3%, the highest reported
brightness, and efficiency among red lead-free PeLEDs (see the
EQE versus current density graph in Fig. 7a). Nevertheless, as
shown in Fig. 7a, the Commission Internationale de I'Eclairage
(CIE) x, y coordinates of the best-fabricated PeLEDs were (0.706,
0.294), which are closely matched to the Rec. 2020 red standard
of (0.708, 0.292)."*¢ In another work, Lu et al.**’ reported the
flexible near-infrared tin-based CsSnI; PeLED. A dendritic
CsSnl; perovskite structure was sandwiched between
PEDOT:PSS and B3PyMPM as the hole and electron transport
layers. As schematically illustrated in Fig. 7b, the bulk CsSnl;
with flat morphology reduces excitons due to the nondirective
diffusion of excess holes. Therefore, they suggested reducing

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the CsSnl; crystal size to confine the holes in the device, leading
to the increased injection of electrons. For this purpose, they
prepared dendritic CsSnl; film by readily controlling the
concentrations of the precursor up to 0.2 M (see SEM images in
Fig. 7b). By utilizing this dendritic structure, a highly efficient
lead-free NIR PeLED with a record external quantum efficiency
(EQE) of 5.4% was achieved (Fig. 7b). Most importantly, the
dendritic structure shows excellent advantages in flexible
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devices, with almost no morphological change after 2000
bending cycles. The fabricated PeLED can maintain 93.4% of
the initial EQE after 50 bends. Fig. 7b shows a photograph of
fabricated PeLED with an emitting area of 15 x 6 mm. In
summary, we believe lead-free perovskite light-emitting devices
show promise in the future.

3.3. Detectors and scintillators

One can use a detector that detects the photocurrent created by
X-ray excitation to detect X-rays. In scintillators, however, the
incoming X-ray or gamma-ray radiation can excite the electrons
to the higher energy electronic levels by which emission occurs
after thermalization and cooling down of the electrons.'® The
outcoming emission can be detected by a photomultiplier tube.
Stability, response time, sensitivity, cost, safety and toxicity,
ease of growth, processability, transparency, high light output,
high radiation stopping power are among the factors which are
considered for evaluation of a promising scintillator; among
them, many are in common for the X-ray detectors.*®

Recently, halide perovskite-based detectors and scintillators
have been considered low-cost and promising materials for
medical imaging applications.** In a direct conversion of X-rays
into electrical signals, i.e., in conventional detectors such as
silicon, Pbl,, Hgl,, CdTe, and CdZnTe, there are limitations
either in stopping power, stability, or having a significant signal
to noise ratio. In scintillators, indirect conversion of X-ray or
gamma-ray photons into the electrical signals occurs in which
the excited electrons re-emit photons which are detected by
a photomultiplier tube. The implemented conventional devices
are successfully developed; however, they still show drawbacks
such as high-cost and complicated fabrication methods and
non-tunable scintillation properties.**®

In comparison, halide perovskites can be fabricated by low-
cost methods with tunable properties. Recently, lead halide
perovskite materials have been used as very attractive and effi-
cient alternatives for X-ray detector and scintillator devices
making similar or even better detection qualities while having
advantages of tunable bandgap, spectacular physical properties,
excellent X-ray absorption capacity, very convenient sensitivity,
and ultra-low detection limits.”** The perovskite scintillators
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also have near-unity photoluminescence quantum yield (PLYQ),
high radiation, high light yield, fast scintillation response,
rather high stability.*®

As lead-based halide perovskites are still the most investi-
gated and efficient materials yet, tin-based perovskites have
been considered the main replica for the toxic lead with their
own drawbacks and benefits compared to the lead counter-
part.” For example, tin halides possess worser X-ray absorption
capability since the absorption stopping power for X-rays is
a quadratic power function of atomic number; however, it is
very feasible making thicker samples. As the samples became
thicker, the diffusion length of carriers needs to be improved
that is a function of 7-u product wherein 7 and u are mobility
and the lifetime of the carriers, respectively. The mobility 7 is
higher in the case of tin-based halide perovskites than the lead
perovskites. However, the lifetime is more material composition
dependent on a parameter that needs further study.

Moreover, the bandgap is not a very important parameter for
scintillation. Both lead and tin perovskites have the same flex-
ibility for bandgap tuning through compositional engineering
for special photomultiplier tube sensitivities. Still, some of the
conventional scintillators such as CsL:TI and YAlO;:Ce show
emissions that are not appropriate for many detectors used in
scintillation setups; however, the bandgap tunability of halide
perovskites will contribute to making faster and more powerful
responses by tuning the bandgap value close the most sensitive
point of the detector.

The transport time and bulk resistivity became important for
X-ray detectors to have a faster response and lower noise ratio.
The bulk resistivity, proportional to the inverse of the conduc-
tivity, is lower for the MAPbI; than MASnI; (Table 1).

A photon yield of up to 296 000 photon per MeV at lower
temperatures for MAPbI; has been recorded.'” MAPbBr; is the
most investigated perovskite material for the scintillators pos-
sessing a very fast response—as fast as 1 ns at low tempera-
tures—a high yield of more than 90 000 photon per MeV." The
emitted wavelength is close to the highest sensitivities for the
PMTs, but the MAPbCI; bandgap is even more suitable. There is
much ongoing research in material engineering to obtain
perovskite scintillators with superior physical properties and
better performance.

Table 1 Physical properties of methylammonium tin perovskite and comparison the lead-based counterpart

Properties

MAPDI; (ref. 27) MASnNI; (ref. 153)

Optical band gap

Crystal structure (room temperature)
Electron mobility

Hole mobility

Diffusion length

Typical lifetime

Absorption coefficient

Exciton binding energy

Carrier cooling time scale

Typical range of bandgaps for cation/exchange
Carrier concentration

Electric conductivity

6776 | Chem. Sci., 2022, 13, 6766-678]

1.6 eV
I4/mcm (tetragonal)
0.06-1.4 cm>V !
0.6-1.4cm?*Vv 's !

1.2 eV
Tetragonal
1.6cm*V st
1.6cm’>V st

1 micrometre 500 nm

5 ns 5-9 ns

3 x10°ecm™! 1.82 x 10* cm ™'
2-20 meV 29 meV

1ps —

1.4 to 1.75 eV 1.2-1.4 eV

10 ° cm? 10 * em?

3x10°*Sm™* 5x10%Sm*

© 2022 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusions

Halide perovskites have emerged as an exceptional material
with excellent optoelectronic properties such as high optical
absorption coefficients, tunable bandgaps, low exciton binding
energies, and long-range carrier diffusion. As a result, the
solution-processed optoelectronic devices with these materials,
such as perovskite solar cells (PSCs) and light-emitting diodes
(LEDs), have shown excellent performances. Despite the exten-
sive effort and significant progress, the toxicity of lead elements
in perovskite composition remains the main obstacle to the
widespread applications of perovskite materials. Among various
alternative metal ions to replace lead for environmentally
benign perovskites, tin element from the same group in the
periodical table has been considered the most promising
alternative to fabricate lead-free perovskites with similar opto-
electronic properties qualities to lead-based counterparts;
however, with much lower toxicity issues. So far, tin-based
perovskites have been successfully used not only for solar
cells but also for other optoelectronic applications. This
perspective covered the critical developments of tin-based
perovskite, as well as, drawbacks and challenges based on
their physical properties. Firstly, we provided a comprehensive
understanding of the fundamental atomic properties of tin-
based perovskite and compared it to the lead-based counter-
part. Based on this, we explored the possible degradation
mechanisms for tin-based perovskites and suggested possible
approaches for improving the stability of these materials.

The quality of the tin-based film is highly related to
controlling the nucleation and growth processes. Solvent and
additive engineering of tin-based perovskite precursors are
critical to suppressing Sn** oxidation as the main challenge of
tin-based PSCs. Moreover, perovskite phase engineering from
3D to 2D or a combination of 2D/3D is an efficient approach to
suppress tin oxidation, improve efficiency, and improve
stability. The efficiency progress of tin-based PSCs from the
beginning until the present is explored, providing the efficiency
records for each year. So far, by introducing reducing agents
and undertaking compositional engineering, the device
stability reached over 1300 h. However, still, device stability
remains the main issue for the technology commercialization of
tin-based PSCs.

Besides the thin films, we investigated the research progress
of nanocrystals and single crystals tin-based perovskites,
considering the challenges of synthesis and stabilization of
these materials. Additionally, we investigated beyond the
photovoltaic application of tin-based perovskites as light-
emitting devices, detectors, and scintillators. Regarding the
light-emitting devices, we showed that the tin-based perovskites
could fulfil the essential requirements for this application as
well. We showed that a new milestone in tin-based perovskite
LEDs progress could be achieved by changing the 3D to 2D
feature, delivering ultrapure and stable red emission devices.
We also showed that tin-based perovskites could be used for
detectors and scintillators applications as low-cost and prom-
ising materials for medical imaging applications.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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