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SUMMARY

Halide perovskites are semiconductors that have impacted the
photovoltaic field in single and multijunction devices. Among
them, metastable FAPbl;-based (FA, formamidinium) and CsPbls-
based perovskites are frontrunner materials for perovskite solar
cells. However, they face the same challenge; their photoactive
black perovskite phases spontaneously transform into the yellow
non-photoactive d phases at room temperature. Synthesizing and
stabilizing the pure perovskite phase has been a great challenge,
leading to frequent updates of the reported record efficiency and
stability for organic-inorganic hybrid perovskite and all-inorganic
perovskite photovoltaics. In this perspective, we first discuss the
material properties of metastable perovskites FAPbl; and CsPbl;
and later review the most relevant strategies currently employed
for obtaining and stabilizing these perovskite phases. Finally, we
summarize the thermodynamic changes taking place during transi-
tion processes and outlook on the potential applications and scal-
ability of these metastable perovskites.

INTRODUCTION

Metal halide perovskites have attracted extensive research interest in solar cells,
light-emitting diodes, and detectors, owing to their outstanding optoelectronic
properties such as long carrier diffusion length, tunable band gaps, and high defect
tolerance.’™ In 2009, perovskite solar cells (PSCs) with power conversion efficiency
(PCE) of 3.8% were first reported based on MAPbl; (MA, methylammonium) and
MAPbBr; perovskite materials.” In recent years, FAPblz-based perovskites (FA, for-
mamidinium; with small amounts of dopants such as MA™, Cs*, or Br™) have pre-
sented the best efficiency values of PSCs. They also possess enhanced stability
due to their ideal band gaps and an outstanding thermal stability if compared to
the MAPbI3 perovskite (Figure 1A).>”~"" The highest certified PCE of PSCs belongs
to FAPbls-based perovskites with 26.1% record efficiency.'?

Inorganic perovskites with good thermal stability are attracting enormous interest in
photovoltaics.” In particular, CsPbls-based perovskites (pure CsPblz or with a small
amount of dopants such as Br™) with low band gap among Pb-based inorganic pe-
rovskites are guiding the best PCE of inorganic PSCs to 21% (Figure 1B)."* CsPbls-
based perovskites also show huge potential for their application in tandem solar
cells due to theirideal band gap and outstanding ability of anti-phase segregation.'*

However, FAPbl3 and CsPbls are currently facing the same challenge observed for
their black photoactive perovskite phases, namely the spontaneous transformation
into the yellow non-photoactive 3 phase at room temperature (RT).”'*'¢ The
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Figure 1. Brief introduction to FAPbI; and CsPbl;

(A and B) PCE evolution reported from 2010 to 2023 for hybrid organic-inorganic (FA- and MA-based) and inorganic (CsPbls- and CsPbl,Br-based) PSCs.
(C and D) Phase transition of FAPbl; and CsPbl; (. phase to 3 phase) at high temperatures and room temperature, respectively.

(E) Thermodynamic changes of phase transition for the formation and stabilization processes of FAPbl; and CsPbl; metastable perovskite phases.
Process I: reducing the formation energy barrier of the metastable perovskites by intermediate-phase engineering, strain engineering, and two-step
method. Process II: decreasing the Gibbs free energy is beneficial for the formation and stabilization of the metastable perovskites. Process IlI:
increasing energy barrier to suppress the phase transition from perovskite phases to non-perovskite phases. The 3 and a symbols in this figure indicate
the hexagonal non-perovskite and 3D perovskite polymorphs, respectively. This notation does notimply anything about the underlying crystallographic
symmetry of the perovskite phase.

formation and stabilization of metastable FAPbl; and CsPbl; black perovskites re-
sults in the increase of PCEs and an enhanced device stability for both the

organic-inorganic hybrid perovskites and the inorganic perovskites.”'’®

In this perspective, we first summarize the different types of perovskite phases and
their unique phase transitions as well as the corresponding mechanisms observed
on the formation of FAPbl; and CsPbls. In addition, we review the different forma-
tion strategies to obtain the metastable pure-phase perovskite films (including
intermediate-phase engineering, strain engineering, and two-step method) and
present the most recent developments reported in the literature, considering a
compositional, dimensional, additive, and surface engineering point of view.
Next, we analyze the future challenges that we are currently required to overcome
to increase our understanding of phase formation and stabilization. Finally, we
summarize the thermodynamic energy changes during the transition process of
metastable perovskite phases and discuss the potential applications of metastable
perovskites.

MATERIAL PROPERTIES

Properties of FAPbI;

FAPbl; is characterized by its two main phases: a metastable black cubic perovskite
phase (o phase, space group Pm3m) obtained at high temperature (over 150°C) and
a stable yellow hexagonal non-perovskite phase (3 phase, space group P63mc)
observed at RT (Figure 1C).? a-FAPbl; is considered one of the best candidates
for PSCs as it exhibits an ideal band gap (1.48 eV), very close to the optimal band
gap of 1.4 eV in the Shockley-Queisser limit curve, which can theoretically achieve
a device efficiency of above 32%.""”' Furthermore, a-FAPbI3 in comparison with
the traditional MAPbl; perovskite has excellent thermal stability that meets the re-
quirements for its application in PSCs.??° The acquisition of a-FAPblI; films generally
requires a high phase-transition temperature, which can also lead to the partial
decomposition of FAPbl; into Pbl,.?° The entropy contribution of the organic cation
to the Gibbs free energy plays a crucial role in the selection of structure and stability
of FAPbl; perovskite.'” In high-temperature a-FAPbls;, the FA" cations have
isotropic orientation with large entropy, which stabilizes the cubic structure. Upon
cooling, the FA™ cations acquire strong preferential orientation in the hexagonal
phase with lower entropy.'®

Properties of CsPbl3

CsPbl; perovskite with a band gap of ~1.73 eV is the most typical and popular ma-
terial among highly efficient inorganic PSCs. CsPbl; has three photoactive black
perovskite phases, the cubic (o) phase (space group: Pm3m), tetragonal (B) phase
(space group: P4/mbm), and orthorhombic (y) phase (space group: Pbnm), and a
more thermodynamically stable “yellow” orthorhombic (3) phase at RT (Fig-
ure 1D).>"® The a phase of CsPbl; can be obtained under 360°C. With the
decrease of temperature to 260°C and 175°C, the a phase transforms into the
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lower-symmetry B phase and vy phase, respectively, with the increasing tilt of PbX,

octahedral.??

At RT, these desirable black phases spontaneously transform into a
yellow non-perovskite phase with a band gap (Eg) of 2.82 eV. It is widely reported
that the phase instability of black CsPbl; mainly originates from the large lattice
distortion of the octahedral perovskite structure with a low tolerance factor of

0.81.2%:24

Progress and challenges of metastable perovskite phases

Even though a popular explanation of the instability of perovskite phases for
FAPbl; and CsPbls is their high (0.987) or low (0.81) tolerance factor, the mecha-
nism behind the phase stabilization of the FAPbl; and CsPbl; perovskites at high
temperatures is still under debate in the scientific community. The stable perov-
skite phase of FAPbI; under high temperature has been attributed to the isotropic
orientation of FA" cation with large entropy.’> Nevertheless, there is no clear un-
derstanding of the isotropic orientation mechanism for the cubic-to-hexagonal
structural phase transition of the CsPbl; perovskite under different temperatures.
The phase transition is determined by the thermodynamic stability of the yellow
non-perovskites and black perovskites. Until now, most reports have focused on
the discussion about the black perovskite phases, and thermodynamic studies
about the yellow non-perovskite phases get less attention and thus need more
comprehensive research.

FORMATION OF FAPbI;- AND CsPbl;-BASED PEROVSKITE PHASES

The high energy barrier of the transformation from yellow phase to black phase
restrains the formation of pure black FAPbl3-based and CsPbls-based perovskite
phases.””?® Intermediate-phase engineering, strain engineering, and the two-
step solution method play important roles in promoting the formation of their
black perovskite phases by reducing the formation energy barrier (process | in
Figure 1E).?%%7

Intermediate-phase engineering

Formation of intermediate phases by introducing volatile additives in FAPbls-based
and CsPblz-based precursor films can avoid the generation of the yellow 3 phases
and reduce the formation energy barrier of the perovskite phases, promoting the
formation of the pure black perovskite.””

In early PSC research, MACI and FACI were used to prepare the a-FAPbl; phase. In
the process, the 1:1 ratio of FAPbls/additive was commonly used in the precursor
solution, allowing the formation of an intermediate phase of FAPbI3-MACI or
FAPbI;-FACI. These intermediate phases prevent the formation of the yellow phase
and promote the direct transformation into the black FAPbl; perovskite phase once
the MACI or FACI is removed during the annealing process (Figure 2A).%°

Consequently, the role of MACI additive on the perovskite crystal structure was

investigated based on three major aspects as follows.*"

(1) Clthermodynamically stabilizes the FAPbI; perovskite structure by enhancing
the intensity of the p orbital of | at the HOMO state, leading to a strengthened
interaction between FA and |.

(2) MA™ allows total volume shrinkage of the incorporated FAPbI; perovskite sys-
tem compared to the system without MA*. Moreover, it contributes to the
lower formation energy of the incorporated system, thanks to the dipole
moment of MA*, which is ten times larger than that of FA™.
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Figure 2. Formation of the metastable perovskite phases of FAPbI; and CsPbl;
(A) Schematic illustration of FAPbl; phase evolution mechanism taking place through intermediate phases on mesoporous TiO; scaffolds. Reused from

Wang et al.,?® with permission, copyright ACS Publications (2015).
(B) Stable and phase-pure MASCN vapor-treated FAPbI; perovskite films. Reused from Lu et al.,”® with permission, copyright AAAS (2021).
(C) Schematic illustration of PbS QD assisting in forming pure FAPbl; perovskite films. Reused from Masi et al.,”” with permission, copyright ACS

Publications (2020).
(D) Schematic illustration of formation of black FAPbl; and CsPbls perovskite films by two-step method.

(3) The optimized MACI concentration is influenced by the pre-annealing
doping formation energy of MACI into the a-phase FAPblz perovskite struc-
ture and the post-annealing formation energy of the perovskite materials
along with MAI.

Alkylammonium chlorides (RACI), such as propylamine hydrochloride (PACI) and bu-
tylamine hydrochloride (BACI) together with MACI, further lower the activation bar-
rier and promote the formation of the pure black FAPbl; perovskite phase.'® Dime-
thylammonium chloride (DMACI) is also employed as a crystallization agent to the
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gradual transition via the 2D hexagonal face-sharing perovskite polytypes toward a
3D corner-sharing perovskite, resulting in highly crystalline and textured thin films
with a face-up perovskite unit cell orientation.”'

Moreover, a deposition technique utilizing MASCN or FASCN vapor treatment to
convert 3-FAPbI; to the preferred pure o phase under the thermodynamic phase
transition temperature (100°C) was re|oorted.28 In this study, a yellow 3-FAPbl; film
was first obtained by conventional spin-coating method. The corresponding film
was annealed at 100°C for 1 min and underwent MASCN vapor treatment for ~5 s
until the color changed to black. In the reaction process, SCN™ anions can displace
the iodides to form an intermediate phase with Pb2* on the surface of 3-FAPbl; due
to its strong affinity to Pb?* ions. This gives rise to the rearrangement of ions at the
surface of 8-FAPbI; and facilitates the phase transition to edge-sharing intermedi-
ates and further corner-sharing a-FAPbI; (Figure 2B).

For the formation of black CsPbl; perovskites, the addition of hydriodic acid (HI)
in CsPblz-dimethylformamide (DMF) precursor solution or using the so-called
hydrogen lead iodide (HPbls) as an alternative precursor to Pbl; has been widely
employed.*?* However, Kanatzidis and colleagues reported that HI can react
with DMF to form dimethylammonium iodide (DMAI) and that the so-called
HPbls is in fact DMAPbI3.>° The exact composition of CsPbl; annealed at a temper-
ature lower than 180°C is actually Cs;_,DMA,Pbls. Since then, DMA* additive has
been widely employed for preparing CsPbls inorganic perovskite films. Based on
the regulation of the Csl/DMAPbI; ratio in precursor solutions, high-quality
Cs1_xDMA,Pbl; (0 < x < 1) perovskite films can be preparecl,?’4 It has been re-
ported that the concentration of DMAI in CsPbl; precursor solutions can determine
the CsPbl; perovskite phase annealed at 210°C. CsPbl3-DMAI and CsPbls-
1.5DMAI lead to the formation of B-CsPbl; with an Eg of 1.68 eV, and y-CsPbl;
(Eq = 1.73 eV) can be obtained from CsPbl3-0.5DMAI and CsPbl3-0.75DMAI.?>*¢
Based on choline iodide surface treatment, the B-CsPbl; film is constructed into
PSCs with a PCE of 18.4%."® Pang et al. verified that CsPbl;-DMAI film annealed
at 180°C transforms into the thermodynamically stable DMAg 15Csg g5Pbls (Eg =
1.67 eV) film with a small amount of CssPbl, residue after 15 min. By extending
the annealing time, DMAg 15Csg gsPbls film with Cs4Pblg residue transforms into
v-CsPbl; film and then spontaneously converts to 3-CsPbls.% It is reported that
a CsPbl3/Cs;_DMA,Pbl; bulk heterojunction structure can be spontaneously
formed, which facilitates the charge separation and collection process by
enhancing the built-in potential. However, this is also detrimental to the carrier
recombination loss and the increase of the open-circuit voltage.®®

CsPbl; perovskite films with high crystallinity can also be obtained by adding DMAI
and excess Csl in the perovskite precursor solution using the leaching method at
RT. DMAI suppresses the generation of 8-CsPbls at the initial stages of thin film
formation, and an excess of Csl can compensate for the inevitable loss of Csl dur-
ing the leaching treatment. A Cs-rich Csg gsFAg.15Pbl3 perovskite film can be pre-
pared by a Cs4Pbls-mediated synthesis method.>? FAI-0.85Csl-Pbl, precursor can
form a OD CssPblg and an FA-rich FA,Cs;_,Pbl; perovskite phase due to their
lower free energy at low temperature. Cs4Pbl, with a low Cs cation diffusion barrier
offers Cs* for the transformation of the FA-rich perovskite phase into the Cs-rich
FA,Csy_xPbls perovskite with the evaporation of FAI during annealing. The forma-
tion of Cs4Pbl, efficiently restrains the generation of the undesired 3-CsPbls in the
perovskite films.”” MAI as an additive is also employed for the pure CsPbls perov-
skite phase. A MAPbls-based perovskite template with excess Csl is firstly formed,
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which transforms into pure y-CsPbl; perovskite phase by the ion exchange of MA*
with Cs* with the evaporation of MAI during annealing at 330°C.*" It is also
reported that annealing the precursor film with stoichiometric CsAc/MAI/Pbl,
(Ac:acetate) under the low crystallization temperature of 100°C for 2 min can
form pure-phase black CsPbls perovskite film.*?

Strain engineering
Strain engineering is one of the key factors for the formation and stabilization of the
pure perovskite phases of FAPbl; and CsPbls.

A strained epitaxial growth strategy of FAPbl; perovskite single-crystal thin films
on lattice-mismatched halide perovskite MAPbBr; 5sCly s substrates has been re-
ported by Chen et al.”® They described the effective modification of the crystal
structure, reduction of band gap, and increase in hole mobility of the a-FAPbI;
induced by strain. Strained epitaxy is also shown to have a substantial stabilization
effect on the a-FAPDbI; phase owing to the synergistic effect of epitaxial stabiliza-
tion and strain neutralization. First, the interfacial energy of cubic a-FAPbls/cubic
substrate is much lower than that of hexagonal 3-FAPbls/cubic substrate, which
is the most critical factor for the formation and stabilization. The epitaxial lattice
is constrained to the substrate owing to the strong ionic bonds between them
and, therefore, the phase transition of the perovskite is restricted by the substrate
lattice. Second, the driving force of the a-to-3 phase transition is believed to be
the internal tensile strain in the a-FAPbI; unit cell, which can induce the formation
of vacancies and subsequent phase transition. In this study, the epitaxial film is un-
der compressive strain, which neutralizes the effect of the internal tensile strain.
Therefore, the synergistic effect of the low-energy coherent epitaxial interface
and the neutralizing compressive strain are the key to a-FAPbl; stabilization.** It
is also reported that layered perovskites can template the solid-state phase con-
version of FAPbl; from its hexagonal non-perovskite phase to the cubic perovskite
phase, where the growth kinetics are controlled by a synergistic effect between
strain and entropy.44 In another example, PbS colloidal quantum dots (QDs)
have been introduced into FAPbI; perovskite precursor solutions to form a stable
perovskite FAPbl; black phase at low temperatures (Figure 2C). The surface chem-
istry of PbS plays a pivotal role due to the formation of strong bonds with the black
phase but weak ones with the yellow phase.”” PbS QDs with similar lattice param-
eters with inorganic perovskites have also been reported to transform and stabilize
inorganic perovskite phases by lattice anchoring. The extent of improvement in
film stability depends strongly on the lattice mismatch between QDs and perov-
skite. A lattice-matching QD/perovskite interface without strain is the most ener-
getically favorable, and a certain amount of elastic strain can be accommodated
without generating dislocations or defects.”> FAPbl; and CsPblz perovskite films
can also be stabilized via the formation of substrate-clamping-driven texture
with large biaxial strain at RT.?>¢

Two-step method

Pure FAPbl; perovskite films cannot be formed by the one-step method based on
pure FAPbl; precursor solution, especially on top of the mesoporous TiO, sub-
strates.”” The two-step method using dipping or spin-coating technology can avoid
the formation of the yellow 8-FAPbl; phase for high-quality FAPbI; perovskite films
(Figure 2D).?%*” Recently, PSCs with a certified efficiency of 25.6% were obtained via
the two-step method and RbCl addition.”® Furthermore, efficiencies over 24% were
obtained by applying an oriented nucleation mechanism for PSCs processed with
the two-step method.”” The critical point of this strategy is to avoid the presence
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of undesirable phases during the nucleation process that takes place in the precursor
solution, which can largely lead to the formation of high-quality pure black perov-
skite phase in the following crystallization process. High-quality CsPbl; perovskite
films with Br~ and In®** doping have been also fabricated by the dipping method.*°

Progress and challenges of the formation of metastable black perovskite
phase

Intermediate-phase engineering is a simple and effective way to develop metastable
perovskite phases. Despite the tremendous progress that has been made, the un-
derstanding of the role and mechanisms for intermediate-phase engineering is still
in its infancy.”’ The accurate crystal structures and compositions of the ABX3-A'X’ in-
termediate phase have been rarely reported. Thus, it becomes difficult to accurately
calculate the energy barrier values for the intermediate-to-perovskite phase forma-
tion. The choice of A’X’" additive is still empirical with insufficient mechanisms as
guidance. The associated mechanisms deserve further exploration in combination
with the information on their crystallization kinetics.

Strain promoting the formation of perovskite phase is also related to the decrease in
formation energy barrier. The process is sometimes accompanied by the transition
of the intermediate phase. For example, MASCN vapor facilitates the phase transi-
tion from 3-FAPbl; to edge-sharing intermediates and further corner-sharing
o-FAPbI3. The strain of formed pure a phase on the surface reduces the formation
energy barrier from 3-FAPbI; to a-FAPbI; in the bulk and promotes the formation
of a pure a-phase film."’

Currently, very few reports can be found discussing the role of the two-step method
for the preparation of pure metastable perovskite phases. This has been observed
even though it has been verified that the two-step method can promote the forma-
tion of FAPbls-based and CsPbls-based perovskite phases. We believe that the key
point is to avoid the formation of the yellow 3-FAPbl; phase during the entire pro-
cess. Together, the formation of the intermediate phases and strain engineering
play important roles in the application of the two-step method, promoting the for-
mation of metastable perovskite phases.

STABILIZATION OF FAPbI3;- AND CsPbl;-BASED PEROVSKITE PHASES
Composition engineering

Composition engineering or element doping is an effective strategy to stabilize
metastable FAPbl; and CsPbl; perovskite phase.

For FAPDbl3, it was reported that doping with MA™, Cs™, Rb™, or Br™ can stabilize its
perovskite phase.” For instance, incorporation of 15% MAPbBrs into FAPbI; results
in the formation of stable (FAPbl3)g gs(MAPbBr3)g 15 perovskite phase.7 It has been
reported that asymmetric MA™ exhibits a dipole moment ten times larger than sym-
metric FA™, which can stabilize the 3D arrangement of the Pbl octahedra.”’ The
stronger interaction between Br~ and surrounding ions compared to I also plays

an important role in stabilizing the FAPbl3-based perovskite phase.*”

When 10% or 15% of HC(NH,)," is replaced by Cs*, photostability and moisture
stability of perovskite film are significantly improved, which is attributed to the

* and iodide due to contraction of

enhanced interaction between HC(NH,),
cubo-octahedral volume.® Meanwhile, another explanation attributes Cs* stabiliz-
ing a-FAPbI; to the decrease of tolerance factor.”” To further explain this phenom-

enon, the entropy and energy of related materials are calculated.®® The 5 phase of
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FAPbI; consists of 1D pillars made of face-sharing Pbls octahedra. The 3-CsPbls
crystal is also made of 1D Pbl; pillars surrounded by the cation, but these pillars
consist of stacked and shifted edge-sharing Pbls octahedra. This also leads to
the significant difference of the volume per stoichiometric unit. This suggests
that the replacement of the organic cation FA* by the inorganic cation Cs* leads
to a significant destabilization (an increase in energy) with respect to the two pure
FA and/or CsPblz & phases, which is too large to be compensated by the mixing
entropy. Thus, cation mixing cannot take place in the 3 phase. On the contrary,
the a- and B-FAPbI; perovskite phases are very similar to the perovskite phase
of CsPbl;, and the volume per stoichiometric unit of the three crystals is also com-
parable. The sum of the energy and mixing entropy contribution leads to a reduc-
tion of the free energy, resulting in stabilization of the mixed 3D perovskite over
the 3 phase. Replacement of iodide with a limited amount of bromide in mixed
Cs/FA perovskites is thermodynamically favored (a decreasing energy) for perov-
skite phases.™

5% Rb* is also employed to dope FAPbI3 perovskite phase for stable Rbg osFAg 95Pbl3
perovskite films.?>>¢ However, solid-state NMR shows that Ro* cannot enter into
the FAPbI; perovskite lattice.®” Thus far, the role of Rb doping in pure FAPbI; perov-
skites is still under debate. Triple-cation FAMACs-based perovskites and quadruple-
cation FAMACsRb-based perovskites are also reported for stable perovskite
phases.”®>’

The low tolerance factor of CsPbls (0.81) leads to a large lattice distortion, which is
widely reported as the main reason for phase instability at RT.?* Increasing the radius
of A" (ra™), or reducing the rg?* and ry~ in the ABX; crystal structure, will increase the
relatively low tolerance factor of inorganic perovskites and, therefore, the phase
stability."’-%°

The smaller-size Br™ can substitute I” in CsPbl; to form CsPbl;_,Br, perovskites,
which improves the stability of the black perovskite phase but also leads to an unde-
sired blue shift of the absorption edge with an enlarged band gap for PSCs."’

Cs is the largest-size non-radioactive element in group IA of the periodic table,
which indicates that no suitable monovalent inorganic cation (larger than Cs*)
is available for doping into the perovskite lattice, increasing the t of black-
phase CsPblz. The larger-size organic cations FA* (r = 0.253 nm) and DMA*
(r = 0.272 nm) can be incorporated into the perovskite lattice to form Cs-rich
Cs1_xFA,Pbl; and Cs;_,DMA,Pbls, leading to an increase of tolerance factor and

stability in comparison with CsPbls.*37-40

Sn?* (112 pm) with slightly smaller ionic radius compared to Pb2* (119 pm) can sub-
stitute Pb?* to form CsPby_,Sn,l5 alloys such as CsPbg ¢Sno.4ls (Eqg = 1.38 eV), which
can effectively increase tolerance factor and stability and adjust band gaps
(Figures 3A and 3B).°" CsPbg ¢Sng 4l3 also shows superior stability in anti-oxidation
compared to their hybrid counterparts. Cs* being smaller than MA™ or FA™ leads
to stronger antibonding of Sn 5s with | 5p and smaller formation energy of Sn defects
in inorganic |z:>erov5ki‘ces.(ﬂ

The incorporation of EuCls into CsPbl; can stabilize the black phase under ambient
conditions.®® The smaller-size europium (Eu) can be doped into Pb-based inorganic
perovskite lattice, which is verified by solid-state NMR and high-angle annular dark-
field scanning transmission electron microscopy.®® Mn?* can be doped into CsPbBrs
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Figure 3. Stabilization of the metastable perovskite phases of FAPbI; and CsPbl;

(A) Schematic crystal structure of CsPby_,Sn,l5.
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(B) Variation of experimental (solid circles) and calculated (open circles) Eg as a function of x in CsPb;_,Sn,ls. (A) and (B) are adapted from Hu et al.’’
Reused with permission, copyright 2020, Springer Nature.
(C) PEA,Cs,_1PbnX3,+1's unit cell structure and disintegration energetics via first-principles density functional theory of perovskite with various nvalues.

Reused from Jiang et al.,*” with permission, copyright 2018, Elsevier.

(D) The PVP-induced CsPbl; cubic phase stability mechanism. Reused from Li et al.,°® with permission, copyright 2018, Springer Nature.
(E) Standard deviation envelopes and operation stability for capped CsPbl; PSCs operating at 35°C, 59°C, 85°C, and 110°C. Reused from Zhao et al.,*"

with permission, copyright 2022, AAAS.
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and CsPbCl; perovskite lattice up to at least 8 mol % and 3 mol %, respectively.®’
The incorporation of Mn?" also stabilizes the black phase of CsPbl; nanocrystals,
which promotes the improvement of PCE of solar cells.®“? Aliovalent Bi** can be
incorporated into CsPbl; lattice, reducing the band gap and improving the phase
stability.”” Sb®* incorporated in CsPbls also increases the phase stability of the
films.”" More examples of the effect of B-site doping in all-inorganic CsPbls-based
absorbers on the performance and stability of perovskite photovoltaics can be found

in a more detailed review.”?

Dimensional engineering

It is widely reported that reducing perovskite dimension to form 2D (or quasi-2D)
perovskites or perovskite nanocrystal can improve the perovskite phase stability of
FAPbI; and CsPbls.

Incorporating 2D perovskites such as phenylethylammonium lead iodide
(PEAZPbly) can fabricate phase-pure FAPbl; with high optoelectronic quality and
stability, due to the large PEA molecules from 2D perovskite precursors interacting
with FAPbI; crystals, and suppresses the formation of 3 phase.”® During the pro-
cess, there is spontaneous formation of 2D perovskite at the grain boundaries of
FAPbI; film, suppressing moisture attack and ionic transport, giving rise to an
improved stability of the a-FAPbls. It is also reported that the surrounding PEA*
ions act as molecular locks to strengthen FAPbl; domains and passivate the sur-
face defects, leading to improved phase stability.”* Long-chain alkylammonium
bromides have been widely and commonly adapted for defect passivation and sta-
bilization of FAPblz-based PSCs, and the mechanism behind this is closely related
to the formation of stable low-dimension perovskites via the reaction with surface
excess Pbl,.”>””7 In addition, 2D/3D heterojunction engineering at the buried
interface was realized by incorporating a small amount of 2-aminoindan hydrochlo-
ride toward high-performance inverted methylammonium-free PSCs.”® One has to
note that although 2D engineering can improve the phase stability of metastable
FAPbI;, it does not guarantee the device stability under heat and light. Recent
findings have proved that the surface 2D perovskite cations tend to diffuse into
the bulk of 3D perovskite, causing the deterioration of the 2D/3D interface and
decline of performance of the solar cells. In light of this, a crosslinked polymer
into the interface or non-reactive ammonium ligand intercalation was employed
to inhibit the ion diffusion and improve the long-term operational stability.””*° Be-
sides, the introduction of 2D perovskite into CsPblz leads to the formation of
BA,CsPbyl; and PEA,Cs,_1Pbplzne (1 < n < o) quasi-2D perovskites or the
CsPbl3-0.025EDAPbI, perovskite, increasing phase stability against humidity and
heat (Figure 3(C).5562:81

While bulk CsPbl; can easily transform into the yellow phase in ambient conditions,
black-phase FAPbl; and CsPbls nanocrystals have been reported to be stable due to
the contribution of surface energies.®” For nanocrystals of CsPbl; with diameters
larger than 5.6 nm, the formation of 3-CsPbls is favored, while for diameters smaller
than 5.6 nm, the y-CsPbl; phase is energetically more stable than the 3-yellow
phase. Decreasing the diameter below 3.7 nm, a-CsPbl; becomes thermodynami-
cally stable.®?

Additive engineering

Additive engineering is a technique employed to stabilize FAPbls-based and
CsPblz-based perovskite phases by enhancing the activation energy barrier or pro-
tect perovskite films from moisture attack.>?
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Organic ammonium salts such as benzylammonium (Bz) iodide are introduced into
FAPbI; precursor solutions. The Bzl can interact with a-FAPbI; at the atomic level
through hydrogen bonding, stabilizing it against the detrimental a-to-3 phase tran-
sition.®" 1-Hexyl-3-methylimidazolium iodide ionic liquid was employed as an addi-
tive to stabilize FAPbI; perovskite due to grain coarsening caused by the decrease in
activation energy of the grain boundary migration.®> Methylenediammonium di-
chloride (MDACI,), with a slightly larger cation, creates a stronger hydrogen bond
between MDA2* and perovskite lattice, leading to a structurally stabilized
a-FAPbI3.%¢ Recently, anion-m interactions by an additive of hexafluorobenzene
were introduced to suppress phase impurities in FAPbl; for highly efficient and sta-
ble PSCs.®” Furthermore, for FA;_,Cs,Pbls (x < 0.1) perovskite, the phase stability is
closely related to the homogeneity of cation distribution in-plane and out-of-plane
of the absorber, which can be enhanced by the addition of selenophene and
1-(phenylsulfonyl)pyrrole, respectively, leading to better performance with effi-
ciency and stability of devices.®®?

Oleylammonium and phenylethylammonium additives introduced into inorganic
perovskite precursor solution led to the formation of metastable a- and B-CsPbls
films, respectively. These ligands can prevent grain aggregation and growth,
preventing the interaction of moisture with the perovskite films. Both black-
phase films were able to remain stable for more than 4 months under ambient
conditions.”

Polyvinylpyrrolidone (PVP) introduced into CsPbl; precursor solution forms extra-
long-term stable CsPbl; perovskite film. The acylamino groups of PVP increase
electron cloud density on the surface of CsPbls, which lowers surface energy
and stabilizes a-CsPbl; (Figure 3D).°® Furthermore, a small quantity of poly(eth-
ylene oxide) (PEO) introduced into the CsPblz precursor solution effectively pro-
motes the formation of the black phase at a low crystallization temperature, re-
duces the grain size during crystallization, and enhances the phase stability of
the CsPbl; perovskite film. PEO coordinates with the ionic surfaces of the CsPbls
grains during crystal impingement and passivates the grain boundaries in the intra-
grain regions.”’

Adding sulfobetaine zwitterion into the precursor solution impedes crystallization
and leads to the formation of CsPbl; perovskite film, with average grain size of
30 nm, via electrostatic interactions between the zwitterion and the Pbl,-DMSO col-
loids in the precursor solution.””

Surface engineering

Organic molecules have been applied to improve the stability of perovskite thin films
by forming a stable surface layer, reducing surface energy, or passivating the defects
on FAPbl;-based or CsPbls-based perovskite surfaces.

Surface functionalization can enable the stabilization of the metastable perovskite
phase in pure FAPbI; without cation or anion alloying. The long-chain alkyl or aro-
matic ammonium cations bind to the surface of perovskite structure and reduce
the surface energy, which plays a dominant role in stabilizing the metastable perov-
skite phaselg3 An ultrathin and highly uniform 2D (FEA),Pbl, (FEA, pentafluorophe-
nylethylammonium) layer on the 3D FAPbl3-based perovskite layers is prepared by
absorbing the non-perovskite phase of FAPbI; present at the surface of 3D perov-
skite layer, via the reaction FAPbI5(3) + 2FEAI = (FEAI),Pbl, + FAI. When combined
with the hydrophobicity of (FEA),Pbly, the resulting non-encapsulated PSC achieved
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outstanding operational stability at the maximum power point under 1 sun irradia-
tion in ambient conditions (40% relative humidity).”*

PEAI forms a defect-passivating organic cation terminated surface on a CsPbls film
that improves phase stability and moisture resistance.”® Phenyltrimethylammonium
bromide (PTABr) leads to simultaneous gradient Br doping and surface passivation
of organic PTA cation, which enhance the phase stability of CsPbl3.”* The application
of a stable CsPbl; QD film can be employed as a surface layer to protect the black
perovskite phase CsPbl,,Bri_, of a graded band gap, and achieves proper band-
edge bending for improved carrier collection.”” Combining the CsPbl3 QD as the
absorbing layer and the CuSCN inorganic hole transport layer, all-inorganic PSCs
with a 2D inorganic perovskite modified layer achieve an excellent operating stabil-
ity, with Tgg > 2,100 h at 110°C under constant illumination. The latter corresponds
to an extrapolated Tgo of more than 5 years at 35°C (where Tgg is the time taken for
device efficiency to be reduced to 80% of its initial value) (Figure 3E).%*

Progress and challenges of the stabilization of metastable black perovskite
phase

For stabilizing metastable perovskite phases, composition engineering is nowadays
the most effective method. Modifying the tolerance factor is widely considered a key
factor. It is usually considered that decreasing the tolerance factor is beneficial for
stabilizing FAPbl; perovskite phase with a large tolerance factor (0.987), and
increasing the tolerance factor is conducive to stabilizing CsPbl; perovskite phase
with a low value (0.81). However, this cannot explain why Br doping stabilizes the
FAPbI; perovskites, since Br leads to an increase in tolerance factor.”'*”® Another
observation suggests that the contraction of the cubo-octahedral volume stabilizes
the perovskite phase. This is difficult to reconcile with the observation that Rb*
(smaller ion radius than Cs*) lattice doping in inorganic perovskites leads to
increasing phase instability.””'°° Entropy or free energy can explain some phenom-
ena of Cs lattice doping in FAPbIs increasing phase stability,">>*'%" but the theory is
still in its infancy. As element lattice doping leads to changes of intrinsic material
properties, composition engineering is expected to reduce the Gibbs free energy
(process Il in Figure 1E) of perovskites themselves and increase the energy barrier
(process lll in Figure 1E) from perovskite phases to non-perovskite phases for stabi-
lizing perovskite phases. As phase transformation between black perovskites and
yellow non-perovskites is determined by the competitive relationship of their ther-
modynamic stability, the role of the doping element in the yellow non-perovskite
phases has to be studied further to explore the mechanisms of metastable perov-
skite phase stabilization.

Dimensional engineering, additive engineering, and surface engineering are mainly
expected to modify the surface energy, reducing defects and adjusting strain to in-
crease the energy barrier (process lll in Figure 1E) from the perovskite phases to non-
perovskite phases. Further increasing the stability of grain boundary and surface is
the key to large-area solar panels.””'%?

CONCLUSIONS AND OUTLOOK

Summary of thermodynamic process

Figure 4 summarizes the thermodynamic process for the formation and stabiliza-
tion of FAPbls-based and CsPbl;-based metastable perovskites. Intermediate-
phase engineering and the two-step method promote the formation of FAPbI;-
based and CsPbls-based metastable perovskites by reducing the formation energy
barrier. Composition engineering can reduce the Gibbs free energy of perovskite
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Figure 4. Summary of the thermodynamic process of Gibbs free energy change and energy
barrier are presented qualitatively for the formation and stabilization of FAPbl;-based and
CsPbl;-based metastable perovskites, applying various strategies

materials and increase the energy barrier from perovskite phases to yellow non-
perovskite phases. The latter is one of the most effective strategies to stabilize
the metastable perovskite phases. It is also an important strategy for the formation
of pure metastable perovskite phases as the Gibbs free energy decreases. Other
widely reported strategies to stabilize the perovskite phases include dimensional
engineering, additive engineering, and surface engineering, which mainly increase
the energy barrier from perovskite phases to the non-perovskite phases. Strain en-
gineering can not only promote the formation of metastable perovskites by
reducing the formation energy barrier but also suppress the transition from perov-
skite phases to yellow non-perovskite phases by increasing their energy barrier.
Strain engineering can also accompany the other aforementioned strategies.

Above all, for the formation of metastable black perovskite phase, the critical point is
to avoid the formation of the stable non-perovskite phase during crystal nucleation
and growth from the beginning. Once the stable yellow phase is formed, it will be
very difficult to fully convert it into metastable black phase during the subsequent
annealing process. This is due to the non-equilibrium thermal condition applied
(annealing time is limited to tens of minutes to less than 1 h) and gradient heating
starting from the bottom to the top of the thin film using a hotplate.’®® When a
non-uniform film is formed under thermal treatment, the non-perovskite phase will
remain after cooling down. This point of view is also true for other photovoltaic ma-
terials with multi-element composition, e.g., kesterite Cu,ZnSn(S,Se)s (CZTSSe).
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Thermodynamically, kesterite has a very narrow single-phase zone in the phase dia-
gram, which promotes the formation of secondary phases such as binary and ternary
phases in the absorber films. Thus, a pure kesterite phase is usually difficult to
achieve. The world record efficiency remained below 13% for more than 5 years until
a recent breakthrough achieves almost 15%, due to thermodynamic control of the
crystal growth to form a kesterite phase directly and avoid the formation of second-
ary phases from the beginning.'?'%* The lesson learned here may provide enlight-
enment for other metastable semiconductors.

For the stabilization of the metastable perovskite phase, the strategies are mainly ki-
netic: extremely increase the transition energy barrier from metastable phase to sta-
ble phase in order to vastly slow down the conversion rate from the metastable
phase to stable phase. The example is ready-made: glass. It is well known that glass
is amorphous material, and it is metastable at RT. Given the super-high conversion
energy barrier from amorphous glass to crystal, glass needs hundreds or even thou-
sands of years to convert into crystal and lose uniform transparency, and thus we can
use it as a stable material for tens of years. Therefore, it is possible that PSCs
following the same strategy can overcome the metastability issues and match the
benchmark of commercial standards of 25 years.

Multiple-junction application of metastable perovskites

Multijunction solar cells offer routes to increase PCE, which can extend beyond the
S-Q efficiency limit of single-junction photovoltaics.'”*'°® CsPbls- and FAPblIs-
based perovskites show potential application in multiple junctions.’®’""% FAPbl5-
based perovskites can be employed in middle subcells in perovskite/perovskite/Si
triple-junction solar cells.’®’-"%"'9 The band gap (~1.5 eV) of FAPbl; perovskite
films is still too large compared to the ideal band gap (~1.45 eV) in middle sub-
cells.""""""? The FAPbl; single-crystal film with ~1.43 eV band gap shows great po-
tential for its application as the photosensitive layer in the middle subcell.?""?
There are still many challenges to overcome for the preparation of high-quality
perovskite crystal films on industry-relevant textured crystalline silicon solar cells.
CsPblz-based perovskites with ~1.7 eV band gap are ideal candidates for perov-
skite/Si tandem solar cells, which deliver good light and thermal stability. "4
The low-temperature fabrication of high-quality and thick CsPbls-based perovskite
films on textured crystalline silicon is still an important challenge to overcome before
achieving highly efficient CsPbls perovskite/Si tandem solar cells.*”'%® Intermedi-
ate-phase engineering and strain engineering are the candidate strategies for over-
coming these challenges.

Innovative application of the metastable perovskites

Even though the reserve transition between black perovskite phases and yellow non-
perovskite phases is detrimental to long-term stability of photovoltaic devices,
metastable perovskites can be employed in smart photovoltaic windows and sensors
as stimuli-responsive materials."'*""® Smart photovoltaic windows represent a
promising green technology to harvest solar energy as well as controlling the
amount of incoming light into buildings. Inorganic halide perovskite cesium lead io-
dide/bromide with reversible phase transition between the photoactive perovskite
and transparent non-perovskite phases has been employed in smart photovoltaic
window applications. The solar cell showed PCE of 4.69% versus 0.15% and visible
transparency of 35.4% versus 81.7% in its perovskite and non-perovskite states,
respectively. Over 85% of its peak PCE was retained after 40 switching cycles. How-
ever, switching between the states involved high-temperature annealing (>100°C)
and was relatively slow, taking up to several hours. To decrease the transition
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temperature and achieve a quick transition rate, decreasing the energy barrier be-
tween black perovskite phases and yellow non-perovskite phases is necessary, which
is different from that in photovoltaic applications.

Scalable fabrication and commercial viability of metastable perovskites

Even though a wide variety of approaches has been studied to resolve the phase sta-
bility of metastable perovskites in laboratory-scale cells, these issues should still be
noted when processing techniques are employed in industrially upscaled modules.
The scalable fabrication of perovskite films mainly includes scalable solution-depo-
sition methods such as blade coating, slot-die coating, meniscus coating, spray
coating, inkjet printing, screen printing, and electrodeposition and vapor-phase
deposition such as vacuum-evaporated deposition and chemical vapor deposi-
tion."'® The crystallization process of scalable fabrication is often different from
that of laboratory fabrication, and the former has a larger challenge in uniformly
coating a compact perovskite absorber with photoactive phases. Itis thus important
to assess the impact of scalable processes on pure perovskite phase and film quality
of these metastable perovskite films together. In scalable solution deposition, a
longer process window than that in laboratory fabrication is necessary, and the for-
mation of the pure intermediate phase is beneficial for increasing the quality of
perovskite films.?”"""® Thus, a relatively stable intermediate phase before annealing
should be beneficial for improving the performance and repeatability of perovskite
modules. Compared to scalable solution-deposition methods, vapor-phase deposi-
tion is a high-throughput fabrication technique because of its solvent-free character-
istic, precise control of film thickness, and compatibility with large-scale production.
To date, the efficiency and working lifetimes of minimodules manufactured by va-
por-phase deposition still lag far behind solution-deposition processed photovol-
taics, mainly due to the defects caused by phase impurities, element non-uniform
distribution, and non-stoichiometry.""’-'"® A recently reported intermediate-phase
process with integrated Cl facilitates perovskite phase transition from the 8 phase
to the o phase and increases the crystallinity of the resulting perovskite nanocrystals,
leading to a high-quality film with fewer defects.”'” Besides, the hybrid processing
technique that combines scalable solution deposition and vapor-phase deposition
allows modules to have an obvious improvement in efficiency and stability.”'” Over-
all, the formation and stabilization of the metastable perovskite phase should
demand more attention in upscaling fabrication to accelerate the commercial appli-
cation of perovskite photovoltaics.
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