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ABSTRACT: Tin-containing metal halide perovskites have enormous potential as photo-

voltaics, both in narrow band gap mixed tin—lead materials for all-perovskite tandems and for Euture sy
lead-free perovskites. The introduction of Sn(II), however, has significant effects on the Outlook Gxidaton
solution chemistry, crystallization, defect states, and other material properties in halide

perovskites. In this perspective, we summarize the main hurdles for tin-containing perovskites

and highlight successful attempts made by the community to overcome them. We discuss Sn/Sn-Pb
important research directions for the development of these materials and propose some pscs Film
approaches to achieve a unified understanding of Sn incorporation. We particularly focus on S coetaten
the discussion of charge carrier dynamics and nonradiative losses at the interfaces between

perovskite and charge extraction layers in p-i-n cells. We hope these insights will aid the

community to accelerate the development of high-performance, stable single-junction tin- “Defects

containing perovskite solar cells and all-perovskite tandems.
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B INTRODUCTION perovskite (all-perovskite) tandems have been achieved with
current record efficiencies of over 29%."” Although this is lower
than that of perovskite/Si, all-perovskite tandems employ much
thinner absorber layers and move away from the energy-
intensive production required for crystalline silicon, meaning

Metal halide perovskites are unique materials, possessing ideal
characteristics for photovoltaics: high absorption coefficients
(~10° cm™), tunable band gaps, and relatively benign defect
populations.”” Perovskite materials can be readily processed as

thin films with low-cost solution- and vacuum-processing that less energy-intensive production will be achievable at
fabrication routes and integrated into photovoltaic (PV) scale.”'* Efficiencies of over 30% are feasible for all-perovskite
devices, termed perovskite solar cells (PSCs). tandems with further optimization of the cell architecture and
Over the past decade, the power conversion efficiency (PCE) the quality of the wide- and narrow-gap subcells."” For
of single-junction PSCs has surpassed 25%, for devices realization of high-quality perovskites with narrow band gaps,
fabricated in both n-i-p (regular)’ and p-i-n (inverted)” alloying Sn and Pb (roughly half of each) at the B-site is
structures, on par with state-of-the-art crystalline silicon solar currently the single accessible strategy. Owing to the band gap
cells.”° Further improvements to the efficiency of single- bowing effect,'® mixed Sn—Pb perovskites exhibit a band gap of
junction devices will become increasingly difficult as the field about 1.2 eV, lower than their neat-Sn- and Pb-based
approaches the radiative efficiency limit. Tandem solar cells’ counterparts and the lowest possible for reported halide
made by combining several absorbing layers in one device perovskites, making this the most optimal material for
configuration offer a promising route to surpass the radiative integration into all-perovskite two-terminal tandems.”
efficiency limit for single-junction solar cells, increasing from Although lead is abundant and sustainable and the toxicity
33% to 45% for tandems in an idealized theoretical scenario.® impact when employed in PV modules is very low,"” ™ thereis a
When considering the total manufacturing costs to fabricate the desire to discover and develop perovskite PVs based on less toxic
cells, the most technoeconomically competitive devices are metals, for applications in consumer electronics, wearable PV,

likely to be two-junction monolithic tandems’ that have a
theoretical maximum efficiency of about 42% for the specific
band gaps obtainable for metal halide perovskites.'” For these
cells, the wide band gap absorber layer is typically made with
neat lead-based perovskites with a certain amount of Br~
(bromide) ions at the X-site of the ABX; perovskite structure, "
whereas the narrow gap subcells are typically conventional
silicon (Si) or the Sn-containing metal halide perovskite
materials.' Perovskite/Si tandems have recently been realized
with an efficiency of 32.5%."” In close pursuit, perovskite/

and powering of biosafe devices.”” Among the candidates, Sn-
based perovskites are the most promising alternative,”"** with
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Figure 1. (a) Frost—Ebsworth diagram for Sn demonstrating the favorable comproportionation reaction between Sn(IV) and Sn(0) to form Sn(II).
(b) Hlustration of the crystallization of Sn-, mixed Sn—Pb-, and Pb-based perovskite films: (i) perovskite precursor solution coated on a substrate, (ii)
films quenched with antisolvent, and (iii) final annealed films. Evolution of the color reflects the speed of crystallization. (c) Possible defect states in the
perovskite structure. E; denotes Fermi level. V,, Vi, and Vy denote A-, B-, and X-site vacancy defects. Ag and Xy denote antisite defects where the B-site
is substituted by an A-site cation or X-site anion, respectively. X; denotes a halide (X) at an interstitial site. (d) Illustration of carrier dynamics in PSCs
with the p-i-n structure. TCE, transparent conducting electrode; HTL, hole-transport layer; ETL, electron-transport layer.

the PCE of neat-Sn perovskite solar cell devices approaching
15%.>'7* The introduction of tin, however, raises several
pressing issues for the perovskite films and consequently the
corresponding solar cells:*° for example, the instability caused
by the facile oxidation of Sn(II) to Sn(IV), the substandard film
quality associated with the rapid crystallization process, and
accordingly the increased structural defect densities in the
films.””*® All these drawbacks pose challenges that could
hamper any potential advantages over neat-lead perovskites,
considering that these neat-Sn perovskites have a band gap close
to the ideal value, around 1.34 eV, that should result in the
highest achievable efficiency for single-junction cells,” and the
relatively hi§h charge carrier mobility compared to that of the Pb
analogues.””*’

In this perspective, we summarize the challenges for
processing Sn-containing PSCs fabricated with the most studied
and relevant compositions and highlight successful efforts made
toward solving these individual issues; we also propose potential
solutions and future research directions relating to each point.
We hope that the insights presented can aid the community in
realizing the next wave of Sn-containing PSCs with improved
efficiency and durability.

B CHALLENGES AND SOLUTIONS FOR
TIN-CONTAINING PEROVSKITE SOLAR CELLS

Oxidation of Sn(ll)

The preferred oxidation state of Pb is +2, where the Pb 6p orbital
is involved in bonding and the outer s electrons are more tightly
bound to the nucleus than the orbitals for the other group 14
elements because of the combined effects of relativistic
contraction (particularly affecting s and p orbitals) and the 6s
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electrons being poorly shielded from the nuclear charge by 4d
and 5f orbitals.>’ Without these effects, the two Ss electrons of
Sn(II) are easier to lose with respect to the 6s electrons of
Pb(II), leading to Sn(IV) being a slightly more stable oxidation
state.* Consequently, for Sn-containing perovskite films, the
required Sn(II) environment results in the notorious instability
of these materials against external stimuli, especially oxygen.
Given that, reducing agents and antioxidants are generally
effective additives that reduce Sn(IV) in perovskite precursor
solutions.

The reducing agent most widely used by the community is
Sn(0) species in a powder”” or nanoparticle’* form, which reacts
with Sn(IV) to generate Sn(II) via a comproportionation
reaction (Figure 1a). In this way, the resulting solutions may also
contain an amount of Sn(II) larger than that required for the
designated stoichiometry, thus resulting in Sn-rich growth
conditions, which could result in films with reduced Sn(II)
vacancies. On the other hand, because the Sn(0) sources
introduced have a small particle size, this approach generally
leaves residual metallic Sn(0) in the resultant perovskite films,
even when fabricated with finely filtered precursor solutions.”
Metallic Sn(0) is a mild reducing agent, which may result in
further adverse chemical reactions, or simply introduce
morphological defects with larger area processing. Regarding
tin-wire>> and other organic reducing agents and antioxidants,
we refer the reader to a comprehensive review from Cao and
Yan,”” with promising directions toward alternative additives
without detrimental side effects.

SnF, has also been found to be indispensable for fabricating
Sn-containing perovskite films with high quality and can prevent
undesirable p-doping.’**” The fluoride ion is a hard Lewis base,
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so in solution it preferentially complexes to higher oxidation
state Sn(IV) species, with the effect of converting Snl, to SnF,,
preventing Sn(IV) from being incorporated into the perov-
skite.”® There are however several additional effects with SnF,
addition. For instance, fluoride ions have been found to
preferentially accumulate at the transport layer/perovskite
interfaces,”” and SnF, can cause secondary phases to form at
the film surface,®” which may lead to the undesirable effects on
the cell performance. Although the optimal amount of SnF, for
minimizing the background hole density may be as little as 1 mol
%, based on the photophysical properties of the films,*” in films
used for efficient PSCs, SnF, addition is typically about 10 mol %
with respect to the total Sn(II) content. Variability in secondary-
phase behavior has been observed as dependent on the A-site
and metal composition;*' therefore, the optimal SnF, loading
for ideal optoelectronic performance of a particular stoichiom-
etry is necessary. Further understanding of the chemistry of
fluoride and other halide additives in Sn-containing precursor
solutions, and decoupling this from the concomitant effects of
Sn-rich growth conditions,”* could accelerate the development
of alternatives that can outperform SnF,.

For additives that do not incorporate into the perovskite
phase, most are bulky and inhibit moisture or oxygen ingress,
providing the films with a substantially improved ability to
withstand oxidation, which is initiated—and most likely remains
concentrated—at grain surfaces rather than in the perovskite
bulk.*>** In particular, this can be by reducing the
“dimensionality” of the perovskite from a continuous ABX;
corner-sharing structure (3D) by the insertion of organic cations
in a spacer layer that are too large to fit within the A-site
perovskite cage.””~*” Forming such 2D or quasi-2D materials, or
surrounding the 3D perovskite with such phases,”*” is an
effective strategy to enhance the durability of the perovskite
against external stimuli’® while maintaining or even improving
the efficiency of photovoltaic devices further.””**>"

Alternatively, varying the chemical composition of the
perovskite phase itself by alloying may create a greater ability
to mitigate oxidation as it could change the chemical
surroundings of the active center to make it energetically less
vulnerable. For example, in comparison to that of neat-Sn
perovskites, the degradation is greatly hindered when Sn is
blended with Pb to form mixed Sn—Pb perovskite materials,
increasing the oxidation reaction activation energy and slowing
down the kinetic process.””* For mixed Sn—Pb perovskites
specifically, air exposure is thought to result predominantly in
the formation of deep trap states, rather than the significant
electronic doping generally observed in neat-Sn perovskites.”
This could be related to the energetic alignment of the same
defect state(s), or the propensity for different defects to form
depending on the composition.””** Doping the material with
Ag(1I), which has a six-coordinate ionic radius (1.15 A) close to
that of Sn(II) and Pb(II), was found to be effective for
suppressing the oxidation of mixed Sn—Pb perovskite films.”
The effectiveness of different metal-ion-doping strategies has
been examined and proposed for both the A-*® and B-site***”**
cations. Additionally, as with Pb, accidental trace elemental
doping is not broadly investigated in the community and may
have undesirable effects. Many doping strategies developed in
mixed Sn—Pb PSCs will also be applicable to neat-Sn PSCs and
vice versa, considering the underlying mechanism of Sn(II)
oxidation is analogous between these material systems. For this
purpose, the ionic radius should be taken as a prerequisite
condition for the choice of ions that can form a true alloy.
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Despite this, metal halide additives such as Znl, (zinc iodide)
have still shown benefits in mitigating oxidation, despite being
too small to incorporate into the perovskite phase.>”

Oxidation of Sn(II) triggered by the extra layers at the
interfaces of the devices is another serious issue. The interfaces
contain abundant active species that could potentially catalyze
the oxidation process. Given the p-i-n cell as an example, both of
the commonly used inorganic and organic hole-transport
materials (HTMs), NiOy and PEDOT:PSS (poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate)), could in-
duce Sn(II) oxidation. The oxidation routes, however, are to
some extent different. For NiOy, depending on the processing
route, redox-active oxygen and Ni** species may be present at
the surface and could potentially oxidize Sn(II) at this
interface.”” Some small molecules that adsorb or bind to the
metal oxide, such as self-assembled monolayer (SAM)
molecules, or desirable metal oxide species, like GeO, formed
in situ at the interface,”’ could passivate interfacial traps and
probably suppress redox reactions at the surface. For
PEDOT:PSS, its acidity appears to catalyze the formation of
L,, which subsequently oxidizes Sn(II) to Sn(IV).* As L, is a
common decomposition product of perovskites, preventing any
phase degradation will be crucial to avoid this redox chemistry
feedback loop.

The redox routes outlined are comparable among different
potential sources of oxidation, and a more unified understanding
of Sn(II) oxidation routes, including those in perovskite
solutions, is gradually forming but still worthy of more
investigation. For example, the interesting findings on Sn(II)
oxidation by DMSO (dimethyl sulfoxide), a near-ubiquitous
solvent in the precursor solution of Sn-containing perovskite
films, provides remarkable insight for further study. It was
revealed that, under the film-processing temperature, hydroiodic
acid can catalyze a redox reaction between the DMSO and
Sn(1I), resulting in Snl, to Snl,, with additional effects on the
organics present in solution.”>**

All of these routes lead to imperfect materials and accordingly
reduce the efficiency of Sn-containing PSCs. Alternative
strategies, such as modified PEDOT/PEDOT-free HTLs/
SAM-based HTLs (HTL denotes hole-transport layer),*>*>~¢
surface/interface postmodification,”*"** DMSO-free® or
solvent-free’””" processing systems, and material encapsulation
techniques,”” that efficiently work for Sn-containing perovskites
are thus a pressing area for reducing the effect of Sn(II)
oxidation in perovskites.

Crystallization of the Films

The differences in chemistry between Sn(II) and Pb(II) have
stark effects on the crystallization of Sn-containing perovskite
phases. This is immediately evident by the faster reaction rate of
Snl, with MAI (methylammonium iodide) or FAI (formami-
dinium iodide) compared to that of Pbl,, which affects the
nucleation and growth rate of Sn perovskites during the film
formation process (Figure 1b).>*7%”* Both Sn and mixed Sn—
Pb materials are consequently able to crystallize from solution at
room temperature,”’® which necessitates better control over
the formation process to avoid poor crystallinity. Control over
crystallization in Sn perovskites has been achieved via many
strategies, which are comprehensively covered for neat-Sn
compositions in recent reviews.”””® Here we outline research
highlights as well as the key differences and challenges compared
to neat-Pb compositions.

https://doi.org/10.1021/prechem.3c00018
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For solution processing, to understand crystallization we must
begin in the liquid state, where perovskite solutions contain
colloidal particles. Reported dynamic light scattering (DLS)
measurements on Sn-containing solutions show up to three
different size populations of particles, and in some cases the
largest colloids or agglomerates present in solution are
significantly larger than those for neat Pb.””~® The size
distribution of the larger particles is also affected somewhat
inversely to the behavior in Pb perovskites, where the addition of
acid leads to a reduction in colloid size through reaction with
DMEF (dimethylformamide).** In current reports the addition of
acids,”” bases,®® diammoniums,®> or chloride salts®"® all
seemingly increasing the average size of the large particles in
Sn-containing perovskites. With use of small-angle X-ray
scattering, which is a more direct measure of size distributions
in films than DLS,86 small nanometer-size colloids are confirmed
to be present in FASnl;, as have been observed directly in neat-
Pb perovskites,”” along with larger species. Notably, when the
DMSO solvent is exchanged for DMF, and in conjunction with
SnF,, these larger species are no longer evident, and the presence
of the smaller colloids are more pronounced.

As with Pb, solvents and halides coordinate to Sn and are in
competition. Absorption spectroscopy on Pb solutions has
revealed more highly coordinating solvents inhibit the formation
of higher valency solvated polyiodide plumbates (PbL,>™"*).*
These may exist as isolated complexes, as bridged chains, or
within the colloidal species.*** Moving to strongly coordinat-
ing halide ligands (Cl™ > Br™ > I”), the absorption from more
highly valent polyhalide plumbates is reduced.” As there are few
reports presenting absorption spectra of Sn perovskite solutions,
and most being only Snl,,*””"”* the effect of solvents and
halides on halogenostannate complexes (SnX,,>") in solution
is yet to be understood, although undoubtedly impacts the
crystallization.

As yet, there are few reports on the intermediate
crystallization pathway, with to the best of our knowledge no
solvate crystal structures reported containing organic cations or
deviating from Snl,-n(solvent) stoichiometry, other than with
bidentate ligands.”' Possible relevant intermediates so far
reported are all SnX, solvate phases, Snl,DMSO,” Snl,-
2DMSO,”® Snl,-3DMSO,”* Snl,-DMF, and 3(Snl,)-2DMF as
well as solvates with Br, Cl, and F.* Although Pbl,-solvate
phases generally adopt NH,CdCl;-type 1D structures with edge-
sharing six-coordinate holodirected octahedra,”>”° the coordi-
nation geometries of SnX, solvates are generally hemidirected.””
In comparison to Pb, this is likely due to the higher
stereochemical activity resulting from interactions between the
Sn 3s antibonding orbital and donor orbitals.”*”* Similarly, the
O—Sn bond lengths are shorter in Snl,-n(solvent) than for Pbl,-
n(solvent), and the strength of the coordinating bond of DMSO
to Sn is stronger than that to Pb. Beyond solvate intermediates,
the widely known polytype phases with Pb'*’ have not been
reported for Sn with FA* cations.'”"'?* Despite this, several
studies do show XRD data from intermediate phases, which do
not match the reported structures.””'*"'%® Few reports have
investigated the crystallization pathway via in situ methods,”® so
further study is required to confirm the nature of these potential
phases and their impact on crystal quality. This could be
supported by a clearer understanding of the degradation
products from Sn-containing perovskites.

In common with Pb, almost all reported devices utilize thin
films processed by antisolvent quenching the perovskite
precursor film with a solvent orthogonal to the primary solvents
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(typically chlorobenzene, anisole, or toluene).'”* This can be
avoided, for example, through gas quenching,105 which
necessitates finer process control but is ultimately closer to a
viable industrial process, or vacuum annealing.”> Alternatively,
options include two-step processes where the organohalide is
coated onto a metal halide template,“””106 or the use of
alternative solvent systems such as ionic liquids.'””'*® Both of
these approaches constitute substantially alternative crystal-
lization pathways that will consequently affect the crystal quality
and defect formation. More varied efforts to alter the
crystallization route for Sn-containing perovskites could yield
significant advances in material quality. Similarly, thermal
evaporation has huge potential for commercially relevant
perovskite deposition,”””" despite relatively few reports at
present. This is likely because of the necessity for dedicated Sn
or mixed Sn—Pb evaporation chambers to avoid trace Sn
contamination, which in neat-Pb materials can have a
deleterious effect on the optoelectronic quality of the materi-
al.*%1% A drawback, however, is the more limited range of
evaporable materials and consequently additive approaches that
can be employed.

Beyond SnF, discussed above and other Sn halides, additive
engineering to alter Sn-perovskite crystallization has been used
across a vast array of compounds,” from pseudohalides such as
SCN~ (e.g, NH,SCN,""“ Pb(SCN),'"”) to amino acids,”" along
with a variety of other acids and bases.”” Although it is
understood that these can alter the colloidal chemistry,
nucleation, and growth, a unified understanding of the effect
of different functional groups or ions specific to Sn-containing
materials has yet to be realized. For example, amino acids have
proven to be very effective at improving the performance of
mixed Sn—Pb PSCs,”' suggesting great potential for further
study. Alloying “small” cations (such as guanidinium,'"’
ethylammonium, and ethylenediammonium’'?) has also yielded
enhancements in performance. Several of the highest efficiencies
for FASnl; (>14%) have come through the addition of bulky
ammonium halide additives, commonly used as spacers in 2D
phases.””** These result in highly oriented films; however, much
as with thermal degradation of methylammonium,'" other
alkylammoniums may suffer from thermally induced chemical
decomposition or reorganization in films."'* Orientation and
high efficiencies have also been achieved by the use of FACI
(formamidinium chloride),” mirroring the widely used MACI
(methylammonium chloride) additive in FAPbI,.''° It remains
unclear, as with Pb perovskites, if orientation is itself beneficial
for performance, or whether this is an outcome of better
controlled growth, bicontinuous grain structure between charge
extraction layers, and/or facet control at the top surface, which
may enable more precise control over surface defect states.''®

Defect States in the Films

The rapid crystallization process leads to the formation of
abundant imperfections initially present in Sn-containing
perovskite films. In addition, the vulnerable nature of the
films, especially to the effect of external stimuli, leads to films
having a high probability of forming defects. In general, defects
in the films can be classified with dimension, that is, 0D to 3D
defects."'” Zero-dimensional defects (point defects) include
interstitial, vacancy, and substitutional defects. One-dimensional
defects are linear defects such as edge or screw dislocations.
Two-dimensional planar defects include stacking faults and
grain boundaries, whereas 3D defects are in the form of pinholes,
cracks, precipitates, and impurities.28 Electronically, any of these

https://doi.org/10.1021/prechem.3c00018
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defects that introduce new energetic states within the band gap
of the primary phase can also be described in terms of the trap
state they introduce: “shallow” for states close to a band edge
and “deep” defects that are toward the middle of the band gap
(Figure 1c).""®""” These can be directly introduced trap states
within the primary phase, or other defects can also introduce
trap states—such as in secondary phases or interfaces with a
secondary phase—all of which may be nonradiative recombi-
nation pathways, with deep traps being the most problematic.'*’

For ASnl; perovskite films, the point defects with the lowest
formation energy are generally calculated to be tin vacancies
(Vg,), with variation dependent on the cation and growth
stoichiometry conditions.”"*'~"** Luckily, this is thought to
not introduce a deep level trap state; however, the facile
formation of Vg, is reflected in the stability of the material. Given
the facile formation of Vg, or loss during degradation of
Sn(II),"** halide interstitials (X;), antisite substitutions (Ag, and
Xs,), and undercoordinated 1™ ions are point defects that could
more readily form, particularly under Sn(II)-deficient con-
ditions. Depending on the composition, these defects may
constitute deep level traps in the perovskite films, which will
increase nonradiative recombination.”®** Note that the surface
of the perovskite films is prone to interact with the external
reactive species such as H,O and O,,'*° leading to the
accelerated degradation and mass loss of the materials.
Therefore, stabilizing exposed surface sites where these defects
are more likely to form and suppressing the movement of the
ions in the perovskite should be able to reduce the formation of
deep level traps. Coordinating or adsorbed molecules, such as
Lewis acids/bases, could help in this aspect, as they likely create
some covalent bond and/or electrostatic interactions with these
defects."*® In particular, zwitterions would be particularly
worthy of further study for defect passivation, as their
combination of positive and negative functional groups may
enable simultaneous passivation of defects with either charge.
Intriguingly, in mixed Sn—Pb perovskites, we recently found that
V; (iodide vacancies) formed in mixed Sn—Pb films will mostly
be at Sn rather than at Pb centers, as the formation energy at
these sites is more favorable.'”” Accordingly, when passivation
strategies are applied, targeting Sn-based defects selectively for
passivation in films is desirable.

Defects with higher dimensions sometimes form with the
accumulation and transformation of those of lower dimension.
Thus, to some extent, reducing the formation of point defects
may also accordingly reduce the density of extended defects.
The formation of high-dimensional defects is more directly
associated with the film crystallization process. Thus, exploring
approaches that are able to manipulate the crystallization route
to form films with reduced grain boundaries, reduced stacking
faults, better homogeneity, and a lower concentration of
impurity phases is essential, as discussed above. Further
fundamental study of the effect of secondary phases, inclusions,
and twin boundaries in Sn-containing perovskites, mirroring
work on Pb perovskites,'**~** would be highly useful in this
regard.

Considering that the defect formation and material
degradation is largely initiated at and dominated by exposed
sites,*” that is, the surfaces and grain boundaries, these locations
should take priority when conceiving of passivation strategies.
Given the different populations of defects that can form and the
tendency for p-type charge transport,'*"'** particular attention
must be paid to passivating electron traps. This is most critical at
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the top surface in p-i-n devices where the perovskite/ETL
interface is located.

Charge Carrier Dynamics and Energy Level Matching

The defects discussed above will accordingly affect the charge
carrier dynamics in solar cells by forming states that can trap
carriers (Figure 1d). Carrier diffusion lengths must be long
enough to reach the interfaces that make contact with the
extraction layers in the cells. Once the carrier lifetime is
sufficiently long, thereafter, efficient extraction is indispensable
for realizing efficient cells. Additionally, for Sn-containing PSCs,
similar to Pb perovskites, charge carrier extraction will be
modulated by mobile ions, which can induce hysteresis effects in
photovoltaic device measurements."*>~"** These mobile ions
can induce instability through a variety of redox reactions
discussed earlier, as well as migrating into transport layers such
as fullerenes, further altering the interface energetics.w5
Reaching a complete understanding of the effects of mobile
ions and the effects they have on device performance requires
further study; however, it has been suggested that ion migration
may be less severe in mixed Sn—Pb perovskites than neat Pb
since the activation energy for ion migration could be relatively
higher.135136

The highest efficiencies for Sn-containing PSCs are generally
obtained with the p-i-n cell structure.””*"'* This is because,
first, the energy level alignment at the interfaces of the perovskite
and charge-transport layers in p-i-n cells is better than that in n-i-
p cells;** second, HTL dopants'*” and ETLs such as TiO,"*"
employed for n-i-p cells will react more readily with the
perovskite, causing damage to the films. However, in our
experience, Sn PSCs in the n-i-p configuration generally
demonstrate higher output current than those in the p-i-n
configuration, most likely because (in cases where the perovskite
is p-type) the minority carriers are generated close to the
incident light side where they can be more easily extracted, even
with short diffusion lengths. Therefore, manipulating the carrier
dynamics and developing charge-transport materials and
interfaces that minimize losses by having energy levels well-
aligned to the perovskite, together with no detrimental chemical
reactivity, could result in n-i-p cells with efficiencies at least
comparable to those in p-i-n cells. Although unbalanced carrier
conductivities due to p-doping may limit the photovoltaic
performance compared to an intrinsic absorber layer in the same
architecture, there are some applications where this could be
desirable, for example, transistors, >>'3%140

Because p-i-n cells account for the vast majority of high-
efficiency reports, and for the current advantages outlined above,
we mainly focus on a discussion of this architecture. Current
reports almost entirely employ Cu (copper) or Ag (silver) as the
back contact in this architecture, which is problematic for
stability in conjunction with mobile ions, for example, resulting
in Agl (silver iodide) formation. Ways to mitigate this could be
by inhibiting contact between I and Ag or replacing the metal
electrode with less redox active materials such as carbon.
Notably, the most stable low gap perovskite cells reported to
date employ an SnO, buffer layer and a sputter-coated
transparent conducting oxide (TCO) top contact.'*' Regarding
metal oxide interface-induced degradation, this can be greatly
suppressed by modification with SAM molecules, which can
work both as buried interface passivation and as a charge-
selective contact. In Pb perovskites, hole-selective SAMs are
outperforming conventional polymer or metal oxide HTLs; in
the best performing carbazole derivative SAMs most likely by
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reducing the interfacial electron trap density and by efficiently
transferring holes into the TCO contact."*'** However, the
best SAMs currently developed perform less efficiently for Sn-
containing PSCs, as evident from the limited successful
attempts. " "'*> There are several reasons for this: first, the
unsuitable energy level alignment. The reported 2PACz and Me-
4PACz carbazole SAMs have HOMO levels around —5.6 to
—5.9 eV."*>!*% This is deeper than the VBM of Sn PSCs,
nominally around —5.20 to —5.4 eV,”>'*” or even shallower in
some mixed dimensional compositions.”’ This is much
shallower than that for neat Pb where the valence band is
formed from orbital hybridization between I Sp and (deeper) Pb
6s orbitals, rather than (shallower) Sn Ss in neat Sn and mixed
Sn—Pb perovskites.'® Therefore, tuning the work function of the
SAM-based contact by mixing SAM molecules with different
energy levels'*® and/or developing new SAMs with energetics
better tuned to Sn-containing PSCs'** are directions worthy of
exploration. Second, an issue may be poor coverage of the SAMs
on the TCO substrate. With other transport materials, this can
lead to current leakage in devices through the loss of shunt
resistance due to the perovskite contacting the TCO directly. If
the impacts of this are more severe in Sn-containing perovskites,
this could be due to higher hole conductivity (if p-type), causing
shunt pathways to be more detrimental, or generally poor
processing tolerance of the Sn-based perovskite films affecting
the crystallinity at this interface. To mitigate this if this is an
issue, improving the quantity of SAM molecules binding to the
TCO substrate is critical. Improving the SAM coverage could be
realized by, for example, increasing the active —OH groups at the
TCO substrate surface, as this would increase the sites that are
able to react with the proton(s) from the terminal group of the
SAM molecules, usually —PO(OH), and —COOH. Therefore,
developing new SAM molecules that promise more suitable
energy level alignment and/or improved coverage on the metal
oxide electrode is key to release the potential of SAM-based
charge-selective contacts that have proven so successful for Pb
PSCs. Regarding this, adding additional small phosphonic acid
molecules that can bind to metal oxide surface sites that have not
been coated by the primary SAM molecules has proven effective
for Sn-containing PSCs.'*® Furthermore, new SAM molecules
with multiple phosphonic acid anchoring groups that would
bind more strongly and allow control of the molecular
orientation of the SAM on the metal oxide surface would be
an effective way to realize well-performing SAM-based Sn-
containing PSCs."’

Beyond the already problematic reproducibility of Sn-
containing PSCs, in our experience consistent fabrication on
SAMs with the quality that meets the requirement of Sn-
containing perovskite films is even more challenging. Further
understanding of how the final SAM/TCO contact is affected by
the layer processing, for example, the concentration of the SAM
solution, solvent, annealing temperature, and surface state of the
TCO substrate etc., is more critical than that for Pb
compositions. In addition, the currently employed additive
mixtures may be optimized for PEDOT:PSS, and the require-
ments on SAM layers may be different. FASnI; specifically has
been shown to form an interfacial SnS (tin sulfide) phase at the
buried interface with PEDOT:PSS, which was not observed for
mixed Sn—Pb, but other beneficial reactivity may occur.'>'

Besides the HTL, the ETL interface is also critical in
determining the performance of PSCs, particularly the V. For
Sn-containing PSCs, the most common ETLs are the fullerenes
Cgoand PCBM (phenyl-Cy;-butyric acid methyl ester), owing to

S
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their good conductivity and reasonable alignment. For facile
processing, thermal evaporation can be used for Cg, enabling
fine control over the film thickness, conformality, and
homogeneity. On the other hand, it is thought to introduce
deep trap states when in direct contact with the perovskite,
which can cause severe interfacial losses, even within the first
monolayer.">> One approach to mitigate this is using an
interlayer inserted between the perovskite and the Cg, layer to
avoid their direct contact and suppress interfacial losses. For
example, fullerene derivatives, such as Cg, pyrrolidine tris-acid
(CPTA)"*” and fullerene-n-butyl-pyridine, > would reduce the
interfacial recombination caused by the C4, ETL, thanks to their
apparent ability to bind to undercoordinated metal centers while
maintaining efficient electron transport. Accordingly, for
maximizing the efficacy of the inserted interlayer, both
passivation and carrier transporting characteristics may be the
criteria that need to be fulfilled.

Regarding the interfacial loss, energy level matching between
perovskite films and charge-transport layers is also key to
unleashing the efficiency potential of Sn-containing PSCs, as the
materials optimized for Pb ;Jerovskites may be less suited to their
shallower energy levels.”” For example, mixed 2D/3D Sn
perovskite films with a phenethylammonium (PEA") spacer
have a conduction band minimum of —3.69 eV,>’ resulting in a
large energy level offset between the conventional C4y ETL, with
the LUMO level of —4.21 eV.>* Fullerene bisadducts, for
example, indene-Cq, bisadduct’' and diethylmalonate-Cg
bisadduct,">* can reduce the energy offset as they exhibit
shallower LUMO levels compared to Cy,. However, processing
high-quality fullerene ETLs is quite challenging, as the weak
intermolecular forces between the fullerenes can result in a
variety of packing arrangements and disorder.">> Energetic
disorder in this layer may result in density of states broadening
and less defined band edge or midgap states, both of which result
in a reduction of the quasi-Fermi level splitting and thus voltage
loss in PSCs. It may be possible to mitigate these effects through
a better understanding and control of the packing of these
ETLs.">*"” This could be achieved by optimizing the
processing solvent and/or temperature during the annealing
process, resulting in a high degree of molecular ordering and
consequently minimal energetic disorder.'*® Alternatively,
molecular ordering of the fullerene layer could be controlled
by functionalization, targeting molecules with specific terminal
groups that would chemically interact, bind, or even chelate to
metal centers in the perovskite underneath.">” More generally,
developing alternative fullerene or nonfullerene ETLs that are
well-matched to the Sn-containing perovskite conduction band
together with acceptable conductivity should lead to reduced
interfacial losses.

From the perovskite side, interfacial recombination can also
be suppressed by modifying the perovskite surface. For the top
exposed surface in the p-i-n cell, post-treatment is an efficient
and direct way to tune surface defects. In general, molecules
applied for this purpose contain ammonium and/or amine
functionalized units, thanks to their differing interactions with
the perovskite films being modified. For the ammonium-based
treatments, electrostatic interactions enable —NH;" terminal
groups to reside at the A-site of the perovskite surface. On the
other hand, the amines, —NH,, have different potential
reactions, such as reacting with organics (primarily FA*)*'*
or potentially coordinating to exposed metal sites via the lone
pair. For p-i-n cells, an n-type top surface would theoretically
reduce the trapping of the photogenerated electrons, reduce the
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hole density at the surface, and enable efficient charge transfer at
the ETL interface, thus suppressing nonradiative charge carrier
recombination. Specifically, an n-type surface can be realized
with both small diammonium cations and diamines, that is,
ethylenediammonium (EDA")*"'%" /1 ,3-6propane diammo-
nium (PDA*)'®* /piperazinium (PP>*),'”* and ethylenedi-
amine'**'% / piperazine,127 despite different proposed mecha-
nisms. However, primary ammoniums like butylammonium
(BA*)'* have mostly proven ineffective for p-i-n cells including
mixed Sn—Pb and Sn materials.

For linear diammonium cations, the length of the alkyl chain
can alter the dimensionality of compounds that can form. For
iodide-dominated perovskite compositions, EDA?" and PDA?*
cations cannot act as a spacer to form 2D layered materials."’ In
contrast, when diammonium cations with size greater than or
equal to 1,4-butane-diammonium (BDA?*), a Dion-Jacobson
phase perovskite can form.*® The potential to form different
dimensionality phases that will drastically alter the electronic
properties at the surface must be considered when interpreting
the effect of different modifications. Since the small linear
diammoniums EDA*" and PDA*" are unable to form 2D phases,
they can instead enable different kinds of surface regulation. We
have proposed with EDA** that electrostatic interactions force
one ammonium group to sit at the A-site of the perovskite
structure with the other facing out of the film surface.®*’ The
stereochemistry with the longer chain PDA** perhaps means this
does not occur, so if the passivation is indeed similar, then
further investigation of the precise mechanism is needed. The
likely origin of the performance enhancement is through n-
doping or tuning of the surface dipole that will reduce the hole
density at the interface and inhibit nonradiative recombination
between the perovskite and ETL.*"'®" If confirmed, this would
be analogous to the mechanism of field effect passivation by LiF
(lithium fluoride), a widely used interlayer that can enhance the
perovskite/Cq interface.'®

Back to the neutral diamines, the active lone pairs will modify
the surface through different routes. Thanks to the basicity of the
diamine, they can potentially interact with the organic cation(s)
at the perovskite surface or grain boundaries, that is,
formamidinium (FA*) and methylammonium (MA*), with
effects dependent on the diamine. For piperazine (PP), 4-
aminopiperidine (4APP), and 4-(aminomethyl)piperidine
(4AMP), this is thought to be by scavenging protons from the
cations.'*” In these cases, the working mechanism of the diamine
treatments is likely comparable to the diammoniums, but with
any additional effects caused by the deprotonation of A-site
cations. Alternatively, for other amines, amine-FA" condensa-
tion reactions expelling ammonia can take place, as first
identified for methylamine (MA) in solution.”®® This could
happen at the surface, such as when modified with 3-
(aminomethyl)pyridine (3-APy)," and most likely ethylenedi-
amine (EDA) and all other linear alkylamines.mo’167 In the case
of 3-APy having the product MPyFA* (N-(3-methylpyridine)
formamidinium), or for amine-MA?, a simple transfer or sharing
of acidic protons happens, forming 3APy". The authors of this
study propose the MPyFA" cation sites at the A-site of the
perovskite, with the pyridine ring promoting the formation of
positively charged V; (iodide vacancies), which act as shallow
donors and induce a field that facilitates electron extraction. In
one of the few reports showing some benefit with a primary
ammonium treatment (PEA*), this mechanism has also been
proposed.'®® These top surface modifications seem to ensure
less interfacial recombination, and accordingly better perform-
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ance for the resultant cells, but further work is necessary to fully
understand multiple concurrent, unusual effects. For example,
the effect that some amines “polish” or “erode” the perovskite
surface.*"">7

Some approaches to top surface modification could also be
applicable for modifying the buried interface. For example,
targeted field engineering could also be achieved'®”'”" by
controlling the dipole on the substrate surface or perovskite
buried surface to improve charge carrier extraction at the bottom
interface. Alternatively, molecular passivation approaches might
be possible to apply to the perovskite buried surface.
Experimentally, it is more challenging to achieve these effects
than with a top surface post-treatment, and could be
implemented either by depositing a molecular layer on the
substrate before the perovskite film or by adding it into the
perovskite precursor solution. For the predeposition method,
surface binding (analogous to SAMs) is necessary to prevent
dissolution by the perovskite solvents. The alternative of
introducing molecules in the precursor solution requires
preferential accumulation at the bottom region of the films,
for example, by using molecules that have chemical interaction
with the substrate’”' and/or by engineering top-to-bottom
heterogeneous crystallization of the perovskite.'’”” Vacuum-
based processing of the interfacial layer and/or perovskite
(avoiding solvent redissolution) with precise layer thickness
tuning might enable more precise control over this interface.

Interface modifications, irrespective of the charge-transport
layer and/or perovskite films, are playing important roles for
improving the interfacial charge carrier dynamics. In particular,
the interesting in situ chemical reactions occurring between the
neutral amines and the organic cation(s) of the precursor
material offer huge potential for further exploration in PSCs and
other perovskite-based electronics: highly targeted chemical
reactions or surface species can be implemented into the
perovskite system for specific aims.'””"”*7'7® In the end, we
expect that most of the efficiency gains in Sn-containing PSCs
will come through efficient management of charge carriers at the
interfaces.

Steps toward Commercialization

Regarding the sensitivity of Sn-containing perovskite films, there
is a need to develop simple and universal protocols that have
reasonable processing tolerances, along with a detailed reporting
of methodologies, to avoid possible “hidden variables” that may
be crucial for material quality. Doing this would facilitate more
effective comparison of approaches invented in different
laboratories to improve lab-to-lab reproducibility. This will
accordingly lead to better reliability of the strategies when
transferring to commercial environments.

With regards to stability, when Sn is incorporated, the
development of effective encapsulation techniques is even more
critical for the potential commercialization of this materi-
al."*"'”7 Once encapsulation is sufficiently robust to eliminate
extrinsic stressors (moisture, O,), causes of intrinsic instability
(heat, light, and electrical bias) are the most important areas to
address as these will be experienced in operational conditions
even with the best encapsulation. Understanding how the
perovskite structure will decompose/react under these con-
ditions is the most crucial area for future stability research across
all compositions. To this end, removing volatile organic content
from the perovskite (such as MA*)'"” will likely be necessary.
For mixed Sn—Pb PSCs, reducing the efficiency gap between
MA-containing and MA-free cells will need significant further
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investigation,”®” especially on understanding/altering the

crystallization dynamics.

Most commonly used solvents are toxic with damaging
environmental impacts and therefore are heavily regulated in
industry, so alternative less toxic solvent systems should be a
priority for Sn perovskites, as with Pb.'”® Avoiding the usage of
solvents can be achieved with vacuum-based film deposition
protocols, that is, thermal evaporation, sputtering, and atomic
layer deposition. For the perovskite layer, thermal evaporation
has the advantages of minimizing dynamic variables in solution,
reducing material consumption in terms of solvent waste, and
enabling uniform, conformal deposition over large areas. This in
turn allows for coating on textured and flexible substrates with
ease. However, the vast majority of current research is directed
to solution processing because of limited access to vacuum
fabrication equipment and the challenges with thermal
evaporation of Sn—Pb perovskites.”””" Direct industrial
implementation of vacuum-processed films is expected in the
coming years.179

Regarding the development of all-perovskite tandem solar
cells, the strategies that have been developed for suppressing the
voltage losses in single-junction solar cells can be directly
incorporated into all-perovskite tandems. In particular, there are
emerging parallels between passivation approaches for the ETL
interface, which seem to be effective for both Sn-containing
perovskites and ~1.8 eV neat-lead perovskites, perhaps because
of the similarities in the conduction band energies and ETL
materials. For optimal tandem devices, reducing the current
mismatch between the subcells is key.'*" Besides careful
optimization of each band gap, increasing the absorption of
the narrow-gap mixed Sn—Pb junction, especially in the near-
infrared (NIR) region, will be beneficial. This could be realized
by increasing the thickness of the films, reducing the parasitic
absorption of the interconnecting layer, or introducing reflective
or light-trapping nanostructures at the back contact to increase
photon absorption. Alternatively, this may include consideration
of bifacial all-perovskite tandem solar cells with transparent back
contacts.””'*"'%> As well as harvesting additional albedo
intensity to increase the energy yield, this could also decrease
the optimal band gap of the wide gap junction. This would also
reduce the necessary incorporation of Br™ ions at the X-site for
the wide gap material, making higher efficiencies and stability
easier to achieve, together with reduced halide segregation and
interfacial losses. Bifacial configurations may be preferred
industrially in the long term, with bifacial modules expected to
account for a 55% share of the global PV market by 2031."*° In
addition, developing interconnecting layers that have good
vertical conductivity with maximized horizontal resistance to
mitigate shunt pathways, as well as high NIR transmittance, is
also key to minimizing losses in the tandem cells and the optical
loss for the narrow-gap mixed Sn—Pb perovskite rear absorber.

Bl CONCLUSIONS AND OUTLOOK

In this perspective, we have outlined critical issues for further
development of Sn-containing PSCs and provided some
potential strategies toward each. In general, the facile oxidation
of Sn(II) and reactivity of Sn-containing perovskite films is the
first issue to be addressed by all laboratories in the field. This
leads to irreproducibility and poor material quality, severely
impacting the efficiency and stability of cells. Improving the
understanding of Sn(II) oxidation and other degradation
pathways in the perovskite system, as well as finding the most
effective ways to mitigate these effects, will require more efforts
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by the community, both experimentally and computationally.
The film crystallization routes of Sn-containing perovskites,
which differ from Pb-based materials, are still yet to be
understood fully. More research on understanding the solution
chemistry and the role of different additives, especially using in
situ measurements, will guide the design of the materials and the
optimization of cell fabrication processes. However, a global
picture of how the molecules affect the precursor solution stage
and how this affects the following crystallization process, and
their impacts on defect states and improved carrier dynamics in
cells, is mostly lacking. Beyond solution processing, the
development of vacuum-based methods for film growth must
continue to be explored. Modifying the perovskite surface is
critical to carrier extraction at the interfaces of PSCs but relies on
a detailed understanding of the complex surface chemistry with
many potential avenues of study. In parallel, improving the
stability of Sn-containing perovskites is key to realizing their
practical application. This will require a deeper scientific
understanding of the origins of instability as well as advancement
of the techniques to realize robust passivation and encapsulation
methods. With continued research of the chemistry of Sn(II)
oxidation, crystallization, defect characteristics, and electronic
properties of films, the reproducibility and precise control over
fabrication of efficient and stable Sn-containing PSCs can be
achieved.
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