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The race between complicated multiple
cation/anion compositions and stabilization
of FAPbIs for halide perovskite solar cells

Quanyao Lin, @22 Dominik J. Kubicki,® Mirkazem Omrani, 2@ Firoz Alam® and
Mojtaba Abdi-Jalebi () *?

Compositional modifications and passivating additives have been key enablers to achieve operationally
stable halide perovskite devices with excellent optoelectronic properties. The thermal and structural
instability of the most desirable single-cation metal halide perovskites motivates the use of multiple
cation and mixed-halide compositions that indeed lead to superior optoelectronic and photovoltaic
properties over the course of the development. The application of multiple cation/anion and additive-
based alloyed perovskites could, however, be hindered by the formation of non-perovskite phases and
bandgap increase. Recent studies have shown that exceptional performance can be achieved using
simpler compositions, such as FAPbls, with appropriate passivation methods. In this perspective, we will
present the current status of multiple cation/anion perovskites and discuss the role of common
monovalent cations such as FA, MA, Cs, Rb, and K on the stability, optoelectronic properties, and charge
transport behavior of lead halide perovskites. We further present the common stabilization and
passivation strategies for phase-pure FAPbls. We highlight the key role of solid-state NMR in determining
the atomic-level mechanism of action of the various dopants and passivation agents. We then
summarize the current understanding of the benefits and drawbacks of the cation alloying approach
relative to the passivated phase-pure FAPbIs. Finally, we discuss the perspective for future research
directions to achieve stable perovskite solar cells that approach the theoretical limit.
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focused on developing novel appro-

Metal halide perovskite materials have been universally
promoted as an economically and environmentally viable
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contender for traditional semiconductors for their use in
optoelectronic devices such as solar cells and light-emitting
diodes." In contrast to conventional semiconductors such as
¢-Si, inexpensive perovskites are easily modifiable to achieve
the desired properties and offer simple bandgap tunability and
low-temperature solution-processability, thus enabling low-cost
depositions such as roll-to-roll printing onto lightweight and
bendable substrates.” In addition, they have moderate defect
densities yet retain excellent bulk optoelectronic properties
including strong light absorption and long photogenerated
charge carrier diffusion lengths. This, in turn, facilitates effi-
cient charge transport, which results in a power conversion
efficiency (PCE) of 25.7%° in single-junction perovskite solar
cells (PSCs) through changes in materials composition,
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processing conditions, interface engineering, anion engineer-
ing and device architectures with ultra-low-cost fabrication via
low-temperature solution processes.”® Furthermore, perovskite
light-emitting diodes are achieved with external quantum effi-
ciencies of over 23%.° Recently next-generation perovskite-
silicon tandem solar cells have achieved a new record efficiency
value of 32.5% and have been documented in the NREL charts.’
However, the long-term stability of the perovskite devices
against light, humidity, and heat remains a pressing challenge
that hinders their commercialization and requires further
understanding of the optoelectronic properties of metal halide
perovskite devices and of how they can be controlled further
with materials chemistry and device architecture optimization.”
To address this challenge, chemical modification® and differ-
ent passivation approaches®'® have been intensively studied.
This includes the substitution of cations and anions in the
perovskite structure, most generally denoted as ABXj;, that
comprises at least one monovalent cation, methylammonium
(CH3;NH;" or MA"), formamidinium (CH(NH,)," or FA"), cesium
(Cs"), rubidium (Rb"), potassium (K') at the A-sites, a divalent
metal, lead (Pb>") at the B-sites and halides, chlorine (Cl7),
bromine (Br~), or iodine (I") at the X-sites.

Since the first implementation of perovskite materials in
photovoltaic devices,'" methylammonium lead iodide (MAPbL,)
has been the most widely studied material for perovskite solar
cells (PSCs)."* However, the thermal instability and significant
moisture sensitivity of this material have motivated the
research community to alter the A-site cation.'*'* Formamidi-
nium lead iodide (FAPbI;) has emerged as a promising alter-
native with its higher thermal, moisture, and photostability
from the relatively inert formamidinium proton. Additionally,
the replacement of the MA cation in MAPbI; with a slightly
larger FA cation in FAPbI; decreases the optical bandgap from
1.52 to 1.45 eV, due to changes in the cation radius, which allows
absorption of photons over a broader solar spectrum.'®'?
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It is well known in the literature that FAPbI; crystallizes into
two polymorphs: (i) the black cubic perovskite phase (a-phase)
with space group Pm3m; and (ii) the yellow non-perovskite
hexagonal phase (3-phase) with space group P6;mc.'®'” However,
the thermodynamically stable form of pure formamidinium lead
iodide at room temperature is a non-photoactive yellow poly-
morph (3-phase), which is formed preferentially owing to the
cation size mismatch, and which is essentially not usable for
optoelectronic purposes.® The most extensively studied method
to stabilize the photoactive black phase (a-phase) of FAPDI; is by
partial substitution of FA" with MA" and/or Cs" to form mixed-
cation perovskites."®"® Perovskite solar cells (PSCs) based on
these compositions with average PCEs exceeding 20% and
characterized by long-term stability have been widely reported.*®
So far, the most reproducible and stable compositions with
superior optoelectronic properties for state-of-the-art single
junction PSCs for outdoor applications include mixtures of
MA/FA,*' FA/Cs,?° and Cs/MA/FA,'® with lead on the B-site
and often a mixture of halides (I, Br—, and Cl7) on the X-site.
Other monovalent alkali cations, including Li,** Na,** K,>* and
Rb,>* have been studied as perovskite additives and suggested
to occupy various locations in the structrure.?” In particular,
potassium (K) and rubidium (Rb) have been widely used as
effective additives in order to achieve superior optoelectronic
properties in halide perovskites.>*>*

However, recently there has been a trend of moving towards
simpler perovskite compositions, particularly FAPbI;, whereby
the stability of the black photoactive polymorph is achieved
through more subtle means than direct A-site cation and halide
mixing, although most reports still required a small amount of
MA and other alloying cations to be introduced. These methods
include the addition of reagents such as methylammonium
chloride (MACI) combined with formamidinium formate
(FAFa),” methylammonium thiocyanate (MASCN),*® methylam-
monium formate (MAFa),”” methylenediammonium (MDA),*®
and cesium ions.*® These strategies have been very successful
leading to PCEs of up to 25.7% (certified 25.4%) in the case of
FAPbI; made in the presence of MACL>® Very recently, a new
strategy has been proposed that does not use MA or any other
cations that are incorporated into the perovskite structure.
Doherty et al. used ethylenediaminetetraacetic acid (EDTA)
and showed that it stabilizes the black perovskite phase of
FAPDI; by templating its growth from solution in a way that
leads to a slight octahedral tilt, with the highly disordered
EDTA molecules being attached to the grain surface of the
resulting solid.>® Fig. 1a summarizes the performance of the
state-of-the-art PSCs based on both FAPbI; and mixed-cation
perovskites. These recent developments raise the question of
whether using complex multiple cation/anion compositions is
truly necessary for achieving high-performance and stable
photovoltaic devices.

To answer this question, in this perspective, we first evaluate
the impact of common monovalent cations, including MA®,
FA', Cs', Rb", and K', on the phase stability, optoelectronic
properties and charge transport behavior in the context of
photovoltaic application. We highlight the use of solid-state

This journal is © The Royal Society of Chemistry 2023
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NMR as a quantitative atomic-level probe capable of identifying
where the dopants are located in the resulting material. Follow-
ing that, we discuss some common strategies to achieve stabili-
zation of the black o-FAPbI; phase, highlighting the atomic-level
mechanism of stabilization where it is known. Finally, we evaluate
the advantages and limitations of multiple cation/anion perovs-
kite systems and phase-pure FAPbI; for photovoltaic applications
and give an outlook on the future directions of developing
perovskite materials for highly efficient PSCs with long-term
stability.

2. Role of monovalent cations in metal
halide perovskites
2.1 Predicting the stability of perovskite phases

For 3D perovskites, the ABX; crystal structure consists of
corner-sharing [BXe]'~ octahedra structurally stabilized by
monovalent A cations located in [AX;,] cubo-octahedra (Fig. 1b).
The size of the monovalent cations influences the bond lengths
and angles with the adjacent octahedra and therefore has a direct
impact on the crystal symmetry and phase stability. The formation
and stability of an arbitrary perovskite structure can be estimated
phenomenologically using the Goldschmidt tolerance factor (¢):
t=(ra+ rx)/[\/E(rB +rx)], where r,, rg, and rx are the ionic
radii of the A, B and X components. In stable perovskite struc-
tures, the Goldschmidt tolerance factor is empirically observed to
take values 0.8 < ¢ < 1.0. For lead-based perovskites, FA", MA"
and Cs' lead to values that fit within this range, with MAPbI,
at ¢ = 0.91, FAPbI, at ¢ = 0.99, and CsPbl; at ¢ = 0.80,%% as shown in
Fig. 1c. Notably, the two latter structures have tolerance factors at
the limit of the stability threshold and are experimentally
observed to be unstable at room temperature. They transition to
&-FAPbI; and 8-CsPbl;, respectively, which are both yellow hexa-
gonal (non-perovskites) polymorphs. In contrast, considering the
smaller ionic radius of Rb" (152 pm) compared to Cs" (167 pm),
RDbPDI; (¢ = 0.78) only forms a yellow hexagonal polymorph at
room temperature with no phase transformation until its melting
point, therefore is not suitable as a light absorber material for
PSCs.*

The o-to-6 phase transition in FAPbI; is especially exacer-
bated in the presence of humidity and thermal stress.** Partial
substitution of FA" with the smaller MA" reduces the average ¢
value and the strain in the lattice structure, achieving cubic
phase stabilization at room temperature. Pellet et al first
showed that MA-FA mixing leads to the stabilization of the
black perovskite phase.*® Later on, Binek et al. showed that the
black perovskite phase was stabilized at room temperature with
as little as 15% MA content.*® In addition, the authors have
tentatively suggested that owing to the large dipole moment of
MA, its addition reduces the formation energy for FA/MA
perovskites, improves the moisture stability of FAPbI; and
inhibits phase separation.’®"” PSCs based on different compo-
sitions (FA;  MA,PbI; or FA;  MA,PbI; ,Br,, where 0 < x < 1)
demonstrated high crystallinity of the o-phase with greatly
suppressed d-phase and significantly improved device

J. Mater. Chem. C, 2023, 11, 2449-2468 | 2451


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2tc04529j

Open Access Article. Published on 22 December 2022. Downloaded on 3/14/2026 3:47:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

0,
7 21,99, 23:1% 23.6% 28.8% 23.2%

View Article Online

Journal of Materials Chemistry C

25.2% 24.8% 25.2% 25.6% 25.7%

23.1% 241%

W

Fig.1 (a) Summary of state-of-the-art lead halide PSCs based on

lonic size(pm): 102 137 152

& QP AR 2) 2D .M
N @0 oP\G “Pf'oc’ \\x\Pg A N \@P‘
QV\"’ \ @ \ Q ?‘0\'5 P‘G 2 ?‘0\'5

EPpRO g B (BT P
\4
<™
1.2
(c)
1.1
?1.0 e
° Established perovskites
©
' 0.9- .
2
o
2 0.8 ..
.2 -
0.7 4
0.6 T T T T T r r T T

K Rb Cs MA FA DMA EA GA
167 217 253 272 274 278
MAPDI3,>* MAPD(l; Cls*® FAo.93MAG 07Pbl5,*® (FAPbI3)0.o5(MAPDBr3) 0s,*

A cation = Na

Cs0.05FA 88MAg 07Pbl5 56Bro 44,°8 (FAPDI3)0 902(MAPDBBI3)0 08.%° FAPDI3 (MDA),*° FAPbls (MDA/Cs), %t FAPbls (MASCN),2® FAPbIs (MAFa),?” FAPbls (MACL,

FAFa)® and FAPbls (MACL).* (b) Schematic of the crystal structure of an

ABXz metal halide perovskite.*? Reproduced with permission from ref. 42.

Copyright © 2019, The Royal Society of Chemistry. (c) Calculated tolerance factor of APbls perovskite with common monovalent cations (Na, K, Rb, Cs,

MA, FA, DMA, EA, GA). The ionic radii are obtained from Kim et al.*®

efficiencies.***® However, since MA" forms a smaller number of
hydrogen bonds with its adjacent ions, it is more volatile
compared to FA', resulting in decreased thermo- and photo-
stability of perovskite films. Phase stabilization of «-FAPbI;
with the more thermally stable Cs™°~>" and Rb***>* was there-
fore developed. The inorganic Cs" and Rb" have a much smaller
ionic radius than FA", providing improved interaction between
FA" and I and enabling structural stability of FAPbI; without
the aid of MA" or Br~ while also enhancing the environmental
stability of the materials.”>”> More complex mixed cation
systems such as triple cation (FA/MA/Cs'® or FA/MA/Rb>*>%)
and quadruple cation (FA/MA/Cs/Rb>®) were also extensively
studied and a substantially improved photo- and phase stability
and resistance to halide-induced phase segregation were
observed compared to their single- or double-cation counter-
parts, indicating a contribution of entropic stabilization to the
system.>’

2452 | J Mater. Chem. C, 2023, 11, 2449-2468

2.2 Where are the cations located? Speciation studies using
solid-state NMR

To understand the microscopic role of cation dopants in halide
perovskite compositions, it is essential to elucidate their
speciation, that is to identify the phases in which they are
present. Solid-state magic angle spinning (MAS) nuclear mag-
netic resonance (NMR) is perfectly suited to achieve this goal
because it probes each of the cations separately, providing well-
resolved peaks for species with different local environments.
In practice, this means that cations present in different crystal
structures (e.g., Cs" in Csl, a-CsPbl;, 3-CsPbl;, and Cs' incor-
porated into the perovskite structure of FAPbI;) each have a
distinct peak shift which unambiguously and quantitatively
identifies it in a mixture of phases. The use of solid-state
NMR to study the speciation of dopants and other aspects of
the atomic-level structure of halide perovskites has recently
been reviewed.”*"°

This journal is © The Royal Society of Chemistry 2023
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The speciation of Cs”, Rb*, and K" in lead halide perovskite
compositions has been elucidated using '**Cs, *Rb, and *°K
solid-state NMR, respectively.®>®" Even before those studies,
there was a general agreement that Cs* forms solid solutions
with MA and FA in mixed-cation perovskites such as cesium-
formamidinium (Cs/FA) and cesium-methylammonium-for-
mamidinium (Cs/MA/FA) lead iodide-bromides. However, the
role of the other cations such as Rb and K had been widely
disputed. Kubicki et al. have shown using MAS NMR that Cs’ is
indeed incorporated into a variety of lead halide perovskites,
but the same is not true for Rb* and K*.°>®" These two cations
have been shown to phase segregate resulting in non-perovskite
Cs/Rb- and Cs/K-rich phases. The formation of these phases
necessarily led to the depletion of the photoactive perovskite
phase of cesium. In addition, it has been suggested that this
may simultaneously affect the I-to-Br ratio in the resulting
perovskite. These two factors have been suggested as the key
microscopic effects that lead to the structural and optoelectronic
changes observed in Rb- and K-doped halide perovskites.®*¢!
Qualitatively similar results have been obtained using energy
dispersive X-ray spectroscopy (EDS) and high-angle annular
dark-field scanning transmission electron microscopy (HAADF
STEM), although in those cases establishing the exact composi-
tion of the non-perovskite phases is more challenging.>*** X-ray
photoelectron spectroscopy measurements (XPS and HAXPES)
did not show significant changes in the binding energies of the
Pb 4f, I 3d and Br 3d core levels, further corroborating the result
of no incorporation.”> While the solid-state NMR results are
unambiguous, they were obtained on materials made by
mechanosynthesis under thermodynamic conditions. It is con-
ceivable that under specific growth conditions, for example,
controlled by growth kinetics, the speciation of that cation could
be affected. Mishra et al. have recently shown this to be the case
for Cs/dimethylammonium lead iodide perovskites.®! In this
context, two studies are noteworthy. Usiobo et al. have used
nanoscale mass spectrometry imagining to study Cs, K, and Rb
doped hybrid halide perovskites and found that, while Rb
preferentially occupies grain boundaries as an Rb-rich, non-
perovskite phase, there is also a detectable Rb signal originating
from the perovskite grains.®® Son et al. conducted a systematic
study of K doping on the structural and optoelectronic properties
of various hybrid halide perovskites and concluded that it leads
to a substantial reduction in J-V hysteresis.®® Those authors
attributed the effect to potassium incorporation on the A site
in the perovskite structure. Conversely, HAADF STEM results of a
K-doped hybrid perovskite indicated that K is preferentially
located at grain boundaries, with no detectable signal within
the perovskite grains.>> We suggest that more atomic-level
studies are needed that compare materials made under different
conditions (solid-state synthesis, thin films deposited without
and with an antisolvent, thermal evaporation), to better under-
stand how growth conditions affect the speciation of dopants.
It is important to highlight that the compositional complexity
resulting from phase segregation is conceivably one of the key
factors determining the optoelectronic properties,®® stability
under ambient conditions®*®* and other types of time-dependent

This journal is © The Royal Society of Chemistry 2023
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changes (e.g., photobrightening and photodarkening).®” The
interplay between nanoscale phase composition and the resulting
optoelectronic properties phenomena have been recently studied
using spatially resolved electron microscopy techniques.®®*°

An important question is related to the detection limit of the
various species in solid-state NMR, which as an analytical
technique is characterized by intrinsically low sensitivity
compared to optical spectroscopies. The ease with which the
NMR signal is detected is dependent on the isotope of interest,
and in the present case, it can be estimated that doping levels
as low as ca. 0.1 mol% (for Cs, Rb) and ca. 1 mol% (for K) are
viable for NMR studies.”®’° Table 1 summarizes the results on
Cs, Rb, and K speciation derived from solid-state NMR in
compositions most pertinent to optoelectronics research today.
The overarching conclusions are that: (a) Cs, in general, incor-
porates into hybrid halide perovskites based on MA and FA, (b)
Rb does not incorporate into halide perovskites based on MA
and FA, (c) K does not incorporate into hybrid or all-inorganic
perovskites, (d) attempts to incorporate Cs and Rb, or Cs and K
simultaneously, lead to the formation of Cs/Rb and/or Cs/K
non-perovskite phases which effectively reduce the amount of
Cs in the perovskite structure. It is important to highlight that
these studies have focused on the compositions most relevant
to current solar cell research, and while they lead to useful
general conclusions about the underlying chemistry, there still
remain unexplored areas in the phase diagrams characterizing
the multicomponent halide perovskites. Some examples
include the formation of Cs-MA solid solutions of the type
Cs,yMA,_,PblI;, incorporation of Rb into all-inorganic halide
perovskites (CsPbX3), incorporation of Cs, Rb, and K to hybrid
halide perovskites with lower dimensionalities (2D/3D) and
into compositions containing substantial amounts of chloride
on the X-site.

There is scope for substantially decreasing the NMR detec-
tion limit in these cases by applying signal-enhancing strate-
gies, such as MAS dynamic nuclear polarization (DNP).”* Some
work has been done exploring these concepts but effective
application of MAS DNP to a wide range of halide perovskite
materials has a tantalizing potential and is yet to be
realized.”””> Very recently, MAS DNP has been demonstrated
for the first time on an organic passivation layer in a single
perovskite thin film with the total amount of passivation agents
within the sample estimated to be 6 pg.”> One of the areas
where MAS DNP could be particularly insightful is the hypoth-
esis that potassium ions passivate surface defects in hybrid
halide perovskites, which is suggested to be their main mecha-
nism of action.>®> MAS DNP has a unique capacity to enhance
the sensitivity of surface NMR signals and, consequently, could
be used to detect the hypothetical potassium species bound to
perovskite surfaces. This approach may enable the detection of
highly dilute species present at concentrations well below
0.01 mol%.

Another largely unexplored area is the use of solid-state
NMR to study the speciation of other alkali and alkaline earth
ions such as Li, Na, Mg, Ca, Sr, and Ba, which have also gained
some prominence as dopants in halide perovskites but whose

J. Mater. Chem. C, 2023, 11, 2449-2468 | 2453


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2tc04529j

Open Access Article. Published on 22 December 2022. Downloaded on 3/14/2026 3:47:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

Table 1

View Article Online

Journal of Materials Chemistry C

Incorporation and phase segregation of Cs™, Rb™ and K* in lead halide perovskites from solid-state MAS NMR. The table is partly adapted with

permission from ref. 79 and 80. Copyright © 2017, American Chemical Society

Incorporation into 3D lattice

Formal stoichiometry

Non-perovskite

of perovskite composition Cs Rb K impurity phases Related works exploring composition in devices
Cs,FA,_,Pbl; I 3-CsPbl; (for >10% Cs) As reported in Adv. Energ. Mater. 2015, 5,
(x = 0.10, 0.15, 0.20, 0.30) 1501310-1501318 (Lee et al.)*
CSo.10(MAg.17FA¢.83)0.0Pb(Io.83Bro 17)3 ¥ — Triple cation composition as reported in Energy
Environ. Sci. 2016, 9, 1989-1997 (Saliba et al.)"®
Rb,FA; ,PbI; (x = 0.05, 0.10) X 8-RbPbI; Similar to Science 2016, 354, 206-209 (mixed
I/Br materials)**
Rbg 0sMA, 55FA¢ 70PbI; X RbPbI; As above
Rby.05CSo.10FA¢.g5PbI3 v partial X Cs;_,Rb,PbI; As above
Rbg.05CS0.10MAg 25FA¢ 60Pb13 V* partial X Cs;_xRb,PbI; As above
(Rb,Cs,MA,FA)Pb(Br,I) v partial X RbLBr; quadruple cation composition as reported in Science
(non-stoichiometric) 2016, 354, 206-209 (Saliba et al.)**
Cs;_,Rb,_,Pbl;_,Br,
Rb,Pb,Br,
Ko.10MA . ooPbI; X KI, KPbI; As reported in J. Mater. Chem. A 2017, 5,
7905-7911 (Zhao et al.)®'
Ko.10FAo.9oPbI; X KI, KPbl; Not previously reported in PSCs
Ko.05sMA(.10FAg.55PbI5 X KI, KPbl; Not previously reported in PSCs
Ko.05sMA 25FAg 70PbI; 75B1g 25 X KI, KBr As reported in Nano Energy 2018, 45, 184-192 (Tang
et al.)®® and J. Am. Chem. Soc. 2018, 140, 1358-1364
(Son et al)®
Ko.05CS0.10FA( g5PbI3 v partial X K1, Cs;_,K,Pbl; Similar to J. Am. Chem. Soc. 2018, 140, 1358-1364
(Son et al.)** and Energy Environ. Sci. 2017, 10,
2509-2515 (Bu et al.)** (mixed I/Br materials)
Ko.075CSo.925PbI,Br v partial X Cs; K1y _Bry, As reported in Nano Lett. 2017, 17, 2028-2033

Cs;_xK,Pbi,

atomic-level mechanism of action remains uncertain.’®
All these cations have NMR-active nuclei suitable for analogous
speciation studies, albeit with varying degrees of experimental
difficulty. For example, “Li and >*Na are highly receptive and
straightforward to implement, while °Li, >*Mg, **Ca, ®’Sr, and
135/137Ba are moderate to highly challenging owing to the
combination of low natural abundance and large quadrupole
moment, which leads to broad spectra. However, even in the
most challenging cases, there exist protocols enabling NMR
studies, which are greatly aided by high magnetic field instru-
ments (> 20 T).>® We suggest that atomic-level studies of their
speciation are urgently needed since these cations have also
been successfully used to modulate the optoelectronic perfor-

mance of metal halide perovskites.”*”®

2.3 Enhancing optoelectronic properties of halide perovskite

2.3.1 Bandgap engineering via modification of A site
cation. According to the detailed balance limit, a semiconduc-
tor should ideally have a bandgap of ~1.34 eV for an optimal
PCE under full sun.*® For lead halide perovskite, its band
structure is determined by the divalent cation B and the halide
X. The valence band edge originates from the strong antibonding
coupling between the Pb 6s orbital and the I 5p orbital, whereas
the conduction band edge arises from the bonding orbitals of Pb
6p.** On the other hand, the ionic bonding with the A-site cation
is not located at the band edges and therefore has a less direct
influence on the bandgap compared to the covalent interactions
between the B-site and X-site ions. However, the cation influences
the bandgap of the material indirectly by impacting the lattice
straining or tilting the [BX¢]'~ octahedra in the structure.”” It has

2454 | J Mater. Chem. C, 2023, 11, 2449-2468

(Nam et al.)®

been reported both computationally and experimentally that the
bandgap of lead halide perovskite increases with smaller mono-
valent cations.”>®**° Consequently, FAPbI; has a better bandgap
for single-junction outdoor solar cells at 1.45 eV, compared to
MAPDI; at 1.52 eV, due to its larger monovalent cation size that
results in a higher symmetry of the cubic phase and a reduced
bandgap,"® while replacing MA* with Cs" increases the bandgap
to 1.73 ev.”° Fig. 2a shows the bandgap energy for a range of
common perovskite materials.

Partial substitution of monovalent cations also exhibits
similar effects. Syzgantseva et al. have performed a computa-
tional study comparing the influence of MA*, Cs’, and Rb"
monovalent substitution on the properties of the doped FAPbI;
system. The authors reported that the absorption spectra for
doped FAPDbI; exhibit a blue shift of the order of 0.1-0.2 eV
observed in all the cases, where MA" doped FAPbI; provides a
slightly better onset compared to Cs* and Rb*.°> The observed
blue shift increases monotonically with dopant concentration
and is more pronounced in the case of Rb". These computation
findings are consistent with experimental reports, according to
which Cs* and Rb" incorporation increases the bandgap.'®%*%?
A similar trend was observed by Prasanna et al
FA;_,Cs,Pbl; (Fig. 2b).”" Surprisingly, they also reported that
substitution of FA with Cs in tin-based perovskite, where
cesium cation is smaller than formamidinium cation, does
not increase the bandgap of tin iodide perovskite, but steadily
decreases it, contrary to what is observed for lead-based
perovskite. Accordingly, they concluded that the change in
bandgap energy of a particular perovskite composition is
inversely related to the B-X orbital overlap. For FAPbI;, upon

for

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Effect of A-site cation on the perovskite bandgap. (a) The theoretical efficiency and short-circuited current (Js.) of various perovskite
compositions compared to the detailed balance limit. Reproduced with permission from ref. 90. Copyright © 2022, WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim. (b) Bandgap energy of Pb- and Sn-based perovskites FA;_,Cs,Mls (M = Pb, Sn) with varying Cs content. (c) Relationship between lattice
distortion (contraction and tilting) and the energy levels of the perovskite. (b) and (c) are reproduced with permission from ref. 91. Copyright © 2017,

American Chemical Society.

partial Cs substitution, the FAPbI; crystal structure changed
from cubic to tetragonal by tilting the Pbls octahedra to
compensate for the change in perovskite lattice, as supported
by synchrotron X-ray diffraction (XRD) measurements. This
tetragonal distortion reduces the B-X-B bond angle and con-
sequently reduces the extent of overlap between the metal and
halide orbital, resulting in an increase in bandgap energy.
Meanwhile, the XRD results showed that tin-based perovskites
retained their cubic structure during the cesium substitution,
with no octahedral tilting. The incorporation of Cs induced a
reduction in the cubic unit cell size and therefore an increase in
metal-halide orbital overlap, which subsequently decreased the
bandgap energy (Fig. 2b and c).

This journal is © The Royal Society of Chemistry 2023

More recently, oversized (¢ > 1) ammonium cations (e.g.
methylenediammonium (MDA), guanidinium (Gua), and acet-
amidinum (Ace)) with an effective ionic radius of more than
260 picometers have been widely investigated as A site cations
that form wide-bandgap 2D/quasi-2D perovskites.”* In these
2D/quasi-2D perovskites, the insulating bulky ammonium
cations located in between layers of 3D perovskite and their
bandgap can be tuned by varying the number of 3D layers by
quantum confinement phenomenon.***> While this perspec-
tive is mainly focused on 3D perovskite compositions, it should
be noted that instead of directly using 2D perovskites as solar
absorbers, 2D perovskites can also be used to passivate 3D
perovskites, which is one of the key enablers for stable and
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high-performance FAPbI; PSCs with minimized change in
bandgap,’®°® as will be discussed in Section 3.

2.3.2 Evolution of carrier dynamics in mixed cation per-
ovskite. After charge generation, the performance of photovol-
taic devices is governed by the competition between the
recombination of charges and extraction. An efficient photo-
voltaic device requires a combination of high light absorption,
slow charge recombination (ie. long carrier lifetime), and
sufficiently high charge mobility. To efficiently increase the
charge carrier lifetime, an understanding of the impact of
monovalent cations on the intrinsic charge carrier dynamics
is essential. Although the bandgap and charge transport seem
to be mainly governed by [BX,]*~ octahedra rather than the
monovalent cations, experimental evidence shows that A-site
cations significantly impact carrier lifetimes.** It was reported
that FAPbBr; devices exhibit a longer carrier lifetime compared
to CsPbBr;”° and FAPbI;, as well as significantly longer life-
times compared to MAPbI;, despite its inferior crystallinity and
poor phase purity.'°”'°" A previous solid-state NMR study
suggested a correlation between the faster reorientation dynamics
of the monovalent cation and the longer charge lifetimes,'*>
although another study has shown that the dynamics of MA
and FA are not appreciably different."®® Computational results
show that the formation of polarons on the inorganic sub-
lattice plays a key role in stabilizing the photogenerated charge
carriers, with the effect of the organic cation dynamics being
negligible.'®*'* Charge carrier dynamics in perovskites is pre-
dominantly influenced by the trap-assisted recombination, which
is tightly associated with the density of the deep sub-bandgap
states induced by the perovskite composition, processing method,
and various other factors, which significantly hindered the inves-
tigation of the intrinsic influence of monovalent cation on the
carrier dynamics.*®

To evaluate the impact of each monovalent cation on the
charge carrier dynamics in mixed-halide perovskites, Feldmann
et al. studied a range of very well-known mixed cation perovs-
kite compositions with the same B-site cation (i.e., Pb) and
mixed X-site halide (i.e., I g3Br( 17) including single cation (SC),
double cation (DC) and triple cation (TC) in MAPb(I, g3Brg.17)3,
MA 2FA sPb(Ip.83Bro.17)s and  Csg.0sMAg2FAg sPb(I.53Bro.17)3
systems respectively.’®® 5% Rubidium and 10% potassium were
also added as passivation agents for triple cation perovskites,
denoted as Rb-TC and K-TC respectively. Transient PL spectro-
scopy showed a significant increase in the lifetime of PL
kinetics after the incorporation of FA into MA-based films,
indicating a decrease in non-radiative recombination. Similar
improvement is observed for all FA-containing samples.
Furthermore, the external photoluminescence quantum effi-
ciency (PLQE) also dramatically increased from 2.7% to 22.6%
after the inclusion of FA in MA perovskites (Fig. 3a), further
evidencing a reduced trap-assisted recombination loss with
cation mixing. The successful passivation of Cs/MA/FA perovs-
kites with Rb or K cations is indicated by the further improve-
ment of the external PLQE from 21.6% to 26.4% for
Rb/Cs/MA/FA and 40.9% for K/Cs/MA/FA. The effect of cation
mixing in reducing the non-radiative recombination losses is

2456 | J Mater. Chem. C, 2023, 11, 2449-2468
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also confirmed by Ledinsky et al. They examined various
perovskite compositions with temperature-dependent PL micro-
spectroscopy (Fig. 3b) and the calculated Urbach energy (E,)
shows that the electronic disorder in the perovskite decreases
with increasing cation multiplicity of the composition.'®” Indeed,
the substantial improvement in PLQE and Urbach also translates
to improved device performance. We have summarized the device
performance of PSCs based on different perovskite compositions
(SC,'*® DC,"® TC,* Rb-TC,* and K-TC>®) from various reports that
share the same device structure (FTO/c-TiO,/mp-TiO,/perovskite/
Spiro-OMeTAD/Au) in Fig. 3c and d. As expected from the relation-
ship between PLQE and V,, the changes in V,. of the devices
closely follow the PLQE trends, showing huge improvement with
cation mixing. Furthermore, a similar trend is seen for /. peaking
for the TC-based perovskites, mainly caused by their enhanced
carrier lifetime.'® Significantly higher values of fill factor (FF) are
also achieved by Rb- and K-passivated perovskites, indicating
suppression of trap-assisted recombination due to their passiva-
tion effect at the grain boundaries and interfaces. Finally, the
improvement in V., Js., and FF reflected in the average PCE of the
mixed-cation perovskite devices, which reached 20.2% and 20.6%
for Rb- and K-passivated TC PSCs, respectively, while achieving
10.7%, 16.4%, and 18.9% for SC, DC, and TC PSCs.

The significant improvement in optoelectronic properties of
FA-containing films compared to MA single cation films can be
attributed to increased crystallinity, reduction in defects in the
bulk material, and suppression of ion migration, which will be
discussed in a later section, due to the introduction of FA
cation.”®'°® However, it has been reported by Philippe et al.
that a significant amount of unreacted organic cation halides
was present in the FAMA perovskite films (Fig. 3e), which act as
non-radiative recombination centers and exacerbated the
optoelectronic performances.'®® The addition of Cs and Rb
cations has been shown to affect the phase mixture such that
the unreacted organic halides were not present anymore, as
confirmed by XRD measurements from previous reports, con-
tributing to a further reduction in trapping centers for non-
radiative recombination in the films.'®'*® It should be noted
that the addition of Rb" alone, i.e., in Rb-doped FA/MA lead
iodide-bromide, has been reported to increase the trapping
density and result in reduced carrier lifetime.'*® The authors
attributed it at the time to the distorting of the perovskite
crystal structure, although with the current insight from
87Rb solid-state NMR it can be attributed to the presence of
the non-perovskite impurity phase RbPbI;.”” On the other
hand, Cs* incorporates into FAMA easily and results in good
film quality."*°

While both rubidium and potassium are effective additives
for passivating FAMACs perovskites, they differ in how they
undergo phase segregation and their subsequent effect on the
optoelectronic properties.®® By studying thin films of the triple
cation perovskite doped with 10 mol% of Rb and K using
HAADAF STEM (Fig. 4), Abdi-Jalebi et al. reported that in the
case of the K-doped film, the non-perovskite phase was finely
dispersed along grain boundaries and was found to mostly
contain K and Br that is validated using multivariate statistical

This journal is © The Royal Society of Chemistry 2023
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(a) External PLQE of perovskite thin films with a variety of compositions. Films were ~550 nm thick on glass substrates, measured at an excitation

density of 1015 cm™* (approximately solar illumination conditions). Figure plotted based on data from ref. 106. (b) Temperature dependence of Urbach
energy (E,) for perovskite thin films with various compositions. The inset shows the static part of Eu. Adapted with permission from ref. 107. Copyright ©
2020, American Chemical Society. (c) Vo, Jsc and (d) PCE and fill factor of perovskite solar cells based on MAPb(lg g3Bro17)5'°8 (SC), MAg 17FAq 83-
Pbllo.g3Bro17)s™ (DC), Csg.05sMA017FA083Pblloe3Bro17)s> (TC), RDoos(Cs0.0sMAg17FA0 83)0.9Pbl(l0.83Bro17)s** (Rb-TC) and Kg1(Cso.0sMAg 17FAG 83)0.9-
Pb(lg.g3Bro17)s>> (K-TC) reported in different literature. All PSCs are fabricated in FTO/c-TiO,/mp-TiO,/perovskite/Spiro-OMeTAD/Au structure with
no other modifications. Error bars are included in all data points except for SC PSCs, where only error bars for PCEs were shown in the original report.
(e) Schematic illustration of the chemical distribution of perovskite materials with multiple cation systems based on HAXPES (Hard X-ray Photoelectron

Spectroscopy). Adapted with permission from ref. 109. Copyright © 2017, American Chemical Society.

analyses with the combination of scanning transmission
electron microscopy (STEM) and energy-dispersive X-ray spectro-
scopy (EDS).**'"* On the other hand, the Rb-doped film exhibited
large, micron-sized grains of a rubidium-rich phase with no
evidence of grain boundary passivation. The rubidium-rich phase
has been previously identified to be a mixed-halide rubidium
haloplumbate.®** The differences in microstructure, as probed
by STEM, observed for the two types of films are strongly corre-
lated with the corresponding PLQE results: K doping increased it
from 18% to as much as 52% (for 20 mol% K) while Rb doping
yielded ~24% (for 5 mol% Rb), with no further increase at higher
Rb loading ratios. Since PLQE is related to the concentration
of surface trap states, with fewer trap states leading to higher

This journal is © The Royal Society of Chemistry 2023

PLQE,""* the pronounced increase in PLQE for the K-doped
material is consistent with K passivation of the surface defects
present at grain boundaries.>® The authors proposed that the
morphological differences of the K- and Rb-rich phases as well as
the different optimal doping levels can be explained by differences
in solubility of the doping precursors (KI and RbI) in the precursor
solution, leading to differences in crystallization dynamics during
the film formation.

2.3.3 Inhibition of ion migration in mixed halide perovs-
kites. Unlike conventional inorganic solar cell materials, the
charged ions of perovskite are mobile under light illumination,
electric field, or elevated temperature. The migration of ions
creates vacancies or other defects in the crystal structure and
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(a) HAADF STEM image of a cross-section triple-cation (TC) perovskite thin film with 10% K content. (b) Non-negative Matrix Factorization (NMF)

showing the KBr phase and (c) the EDX spectra. (d) HAADF STEM image of the cross-section TC perovskite thin film with 10% Rb content. (€) NMF
showing the Rb-I-Br phase and (f) the EDX spectra. (g) PLQE, (h) Vo and (i) Jsc of the K- and Rb-passivated TC perovskites as a function of K and Rb
content. Adapted with permission from ref. 63. Copyright © 2018, American Chemical Society.

provides a pathway for phase segregation, current-voltage
hysteresis, and the degradation of PSCs during operation.
Fig. 5a shows the possible migration pathways in perovskite
thin films. How easily an ion species migrates in the bulk
material is evaluated by its migration rate (r,), which is

determined by the activation energy (E,) and the relationship
£y
Im o< €87, where kg and T are the Boltzmann constant and

temperature, respectively. The smaller the E,, the more easily
the ion migrates in the bulk. Based on this, two general
strategies are implemented to mitigate the ion migration
phenomenon: (1) increasing the activation energy for ion
migration and (2) reducing the density of mobile ions in the
perovskite film ref. 32.

The formation energy of anion and cation vacancies and the
activation energy for ion migration are strongly related to the
Coulomb interaction between ions within the crystal lattice.
Therefore, one of the main methods to suppress ion migration
is by mixing cations of different sizes. The local distortion in
crystal lattice results in a larger energy required for ions to migrate
within the lattice and subsequently inhibits ion migration,
improving the thermo- and photostability of the devices.
For example, Tan et al. performed a temperature-dependent

2458 | J Mater. Chem. C, 2023, 11, 2449-2468

conductivity measurement on FAPDbI;, MA, ¢sFA,osPbl;, and
Csg.05FAg.o5PbI; lateral devices to obtain the ion migration
activation energy."'* They observed that E, increases with the
increasing mismatch in A-site cation sizes (Fig. 5b-d), with
both mixed cation perovskites showing an increased energy
barrier for ion migration compared to FAPbI;. However, excess
lattice strain can induce new defects in the lattice to relieve the
residual strain, creating new pathways for ion migration
and detrimentally reducing the activation energy.”® Therefore,
finding an optimal amount of cation substitution is important
for ion migration using mixed cations. Furthermore, Mosconi
et al. reported that the MA cations can promote ion migration
by reorienting their charge distribution according to the ion
movement."'* Mixing MA" with less polar cations that exhibit
lower orientational mobility such as FA" and Cs', combined
with the tuning of local distortion within the lattice, effectively
suppresses ion migration and improves device operational
stability, as evidenced by various reports.*>*¢

Apart from point defects such as cation and anion vacancies,
the existence of grain boundaries is also a major pathway for
ion migration. The addition of alkali cations such as Rb" and K*
is also widely used to reduce ion migration by partial blockage

This journal is © The Royal Society of Chemistry 2023
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Inhibition of ion migration using multiple cations. (a) Schematic diagram of ion migration pathways in perovskite thin films. Adapted with

permission from ref. 117. Copyright © 2016, American Chemical Society. (b)-(d) Temperature-dependent conductivity and the calculated activation
energy for ion migration of the (b) FAPDbIs, (c) MAg.0sFA0.95Pbls and (d) Csg.05FA0.95Pbls lateral devices. Adapted with permission from ref. 118. Copyright ©
2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Long-term device stability of TC perovskites based on (i) SnO, and (ii) TiO, with varying level
of doped KI.**? Adapted with permission from ref. 119. Copyright © 2020, The Royal Society of Chemistry.

of ion migration pathways and defect passivation. Son et al.
demonstrated that the addition of a small amount of Na*, K" or
Rb" suppressed the hysteresis of PSCs based on MAPbI;,
FAPDbI;, FAgsMAg 15PbI; 55Bro45 and FAg gsMAg 1Csg osPbI, 7Bl 3
to different extents."*” In particular, adding an optimal concen-
tration of KI completely eliminated the hysteresis effect.
Theoretical studies indicate that these undersized alkali addi-
tives increase the formation energy of interstitial defects and
subsequently suppress the ion migration."" Abdi-Jalebi et al.
also demonstrated significant mitigation of ion migration with

This journal is © The Royal Society of Chemistry 2023

potassium passivation.?®> However, they attributed the effect to
the excess iodide that reduces the halide vacancies and K'
immobilized the halide ions by forming benign, potassium-rich
compounds at the grain boundaries and surfaces. However,
both Rb- and K-doped perovskites exhibit considerable instabil-
ity under humid conditions. While both types of cells exhibit
relatively good stability under dry nitrogen (a drop to 95% after
500 hours and ~80% after 300 hours for Rb and K doping,
respectively),>*** reports have shown that Rb-doped perovs-
kite thin films have been found to be particularly unstable,
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compared to their undoped counterparts.®® Hu et al. reported a
~70% drop in PCE for Rb- and Rb/Cs-doped perovskite devices
after 1 day of 75% RH exposure, while the undoped reference
films of MA/FA and Cs/MA/FA have only lost ~25% of the
initial PCE during the same period. This result was rationalized
by the rapid formation of the Rb-rich RbPb,1,Br non-perovskite
phase, as evidenced by EDX mapping. K-doped perovskite thin
films showed relatively better humidity stability compared to
Rb-doped thin films, as evidenced by the fact that the exposure
to 30% relative humidity (RH) for 1 week in the dark leads to
the formation of needle-like crystals in the Rb-doped thin film,
while no changes are apparent in the K-doped material.*®
However, under higher humidity (~50%), undesired non-
perovskite KBr phase segregated on the film surface. Indeed,
Alanazi et al. reported that perovskites passivated by 5% or 10%
KI in the initial precursor suffer from phase instability under
35-45% relative humidity and at a temperature of 42 + 3 °C
over 500 hours of illumination, resulting in a worse perfor-
mance compared to the undoped devices, whereas devices
doped with 20% KI experienced rapid, critical failure due to
the formation of KBr (Fig. 5e).

3. Towards simpler perovskite
compositions

Composition engineering by mixing FA" with MA", Cs", Rb", K,
and the addition of Br~ have been demonstrated to be effective
strategies to improve the optoelectronic properties and stability
of FA-based perovskites by improving their carrier dynamics,
ion migration, crystallinity, and the overall stability, as dis-
cussed in the above section. Nevertheless, mixed-cation halide
perovskite still faces the challenge of phase stability, such as
light-induced halide segregation. More importantly, the sub-
stitution of FA" inevitably increases the bandgap and sacrifices
the light absorption in the near-infrared region. Therefore, to
preserve the preferred bandgap of FAPbI;, more subtle phase
stabilization strategies other than composition engineering
have been researched extensively in recent years.

One of the most widely used methods to stabilize phase-pure
a-FAPDI; is using chloride-based additives (e.g. formamidinium
chloride (FACI) and methylammonium chloride (MACI)) in
precursor solution for intermediate phase engineering.'*?
During fabrication, MACI first induces the formation of inter-
mediate mixtures to the pure o-FAPbI; phase at room tempera-
ture while suppressing the growth of the J8-FAPbI; phase
(Fig. 6a). Upon further annealing, MACl decomposes into
MA" and FACI, which can readily evaporate with annealing,
while the intermediate mixtures are converted into highly
crystalline o-FAPbI; phase with only small traces of residual
MA" (~5 mol%) even with a high initial MACI concentration
(~40 mol%) in the precursor solution. The resulting films only
exhibit a minor blueshift of the bandgap (~1.50 to 1.53 €V),
which leads to a PCE of 24.02% (certified 23.5%) for PSCs based
on this method (Fig. 6b and c). Similarly, FACI as an inter-
mediate additive was reported by Mu et al. and a PCE of over
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20% was achieved."”® Seok et al also reported that adding
isopropylammonium chloride (iPAmHCI) together with MACI
to the precursor solution could further stabilize the a-FAPbI;
phase.* After thermal annealing, the remaining iPAmHCI
passivated the grain boundaries of FAPbI; and reduced the
defects, which resulted in a certified PCE of 23.9%. Further-
more, formamidinium formate (FAFa) was introduced recently
as a co-additive with MACI in order to produce highly stable
o-FAPbI; perovskite films.? The close interaction of the pseudo-
halide formate (HCOO™) anions with the Pb*>" and FA cations
causes a plummet in iodide vacancies at the grain boundaries.
The resulting perovskite film with enhanced crystallinity led to
450 hours of operational stability and a certified substantial
PCE of 25.2%.

Surface energy manipulation is another promising strategy
to stabilise a-FAPbI;.>®*! Lu et al recently demonstrated the
use of methylammonium thiocyanate (MASCN) vapor treat-
ment to convert the non-photoactive 3-FAPbI; to the a phase
at 100 °C, significantly under the thermodynamic phase-
transition temperature.”® By surrounding a spin-coated yellow
8-FAPDI; film in a MASCN vapor environment for ~ 5 min, pure
a-FAPDI; film was formed, as evidenced by minimal change in
bandgap energy and XRD results compared to the reference
pure FAPDbI;. By performing solid-state NMR and molecular
dynamics simulations, they confirmed that MASCN was not
incorporated into the perovskite lattice. Instead, SCN-ions dis-
place the iodides and bond with Pb>* ions on the surface of
8-FAPDI;. This process disrupts the top surface of face-sharing
octahedra and encouraged the formation and stabilization of
corner-sharing Pb-I-SCN structures of o-FAPbI;, which in turn
triggers the full conversion to o-FAPbI; below the thermo-
dynamic phase-transition temperature. Once the phase-pure
a-FAPbI; was formed, it remained kinetically stable in its
photoactive phase even after 500 hours of annealing at 85 °C
and PSC devices with >23% and long-term stability were
achieved. Very recently, Doherty et al. showed that the black
perovskite phase of FAPDbI; can be stabilized without the use of
MA-containing additives.?’ The authors used 5 mol% EDTA
added to the precursor solution of FAI and Pbl, and found that
thin films made using this composition lead to materials stable
in ambient air for at least 1000 hours, under 1 sun illumination
for at least 100 hours and resistant to heating at 100 °C in
ambient air for at least 24 hours. This exceptional stability has
been attributed to two factors: (a) EDTA binding to the per-
ovskite surface elucidated by solid-state NMR and NQR
(Nuclear Quadrupole Resonance), and (b) slight crystal symme-
try modification induced by the EDTA molecules, during the
crystallite growth phase (templating effect). This symmetry
modification consists of the introduction of a small octahedral
tilt which prevents the transition to the hexagonal § polymorph
of FAPbI;. Notably, it does not compromise the optical proper-
ties of the resulting material, which makes it highly promising
for PSCs.

For solution-processed perovskites, the solvents used for
dissolving the perovskite precursors play a key role in the
crystallization of perovskites. Lewis base additives as solvents

This journal is © The Royal Society of Chemistry 2023
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(a) Theoretical calculations of the crystal structure and the formation energy of FAPbls and the ones prepared with Cl, MA, or MAC

l.122

(b) Efficiency distribution and (c) J-V curves of FAPbls devices prepared with various amounts of MACL*?? Panel (a)-(c) adapted with permission from
ref. 122. Copyright © 2019, Elsevier Inc. (d) Schematic diagram of the FAPbIs crystallization process with the assistance of DMSO Lewis base. DMSO
molecules are intercalated in Pbl, and exchange with FAI.X%® Adapted with permission from ref. 125. Copyright © 2019, The American Association for the
Advancement of Science. (e) Schematic illustration of the fabrication process using DMSO as a Lewis base and the effect of DMSO and NMP on the
morphology of perovskite thin films.*?® Adapted with permission from ref. 105. Copyright © 2018, American Chemical Society. (f) Schematic diagram of
strain relaxation of a-FAPbIs after incorporation of MDA™ and Cs.28 (g) Comparison of thermal stability between MDA/Cs incorporated PSC with the
reference FAPbIz PSC.28 Panel (f) and (g) are adapted with permission from ref. 28. Copyright © 2019, The American Association for the Advancement of

Science.

offer a way to control the intermediate phase to stabilize phase-
pure o-FAPbI;. The introduction of Lewis bases with lone-pair
electrons from O-donors, S-donors, or N-donors forms inter-
mediate complexes with the undercoordinated Pb>* in the
perovskite precursor solution and has been suggested to
mediate the crystallization process to form high-quality
0-FAPDI; films.'2>'2¢ In 2015, Seok et al. used the Lewis acid-
base adduct FAI-PbI,-DMSO by introducing DMSO into the PbI,
layer during a two-step sequential deposition to form o-FAPbI;
films with large grains and efficiencies exceeding 20%"%
(Fig. 6d). Later, Lee et al. demonstrated a more stable perovskite
intermediate FAI-PbI,-NMP that produced high-performance
o-FAPDI; devices with high reproducibility (Fig. 6e). Although
DMSO was replaced with NMP, the phase purity was still not
guaranteed, and Cs"* ions were required to improve it."*® They
also concluded that an effective Lewis base to stabilize the
intermediate should have (1) hydrogen bond accepting ability,

This journal is © The Royal Society of Chemistry 2023

(2) a sterically accessible electron donating group, and (3)
matching hardness between the Lewis acid and base. Other
Lewis bases such as thiourea as the S-donor Lewis base,'?” and
-NH, phenylalkylamines have also been used to control the
perovskite intermediates."”® Later, Salim et al interestingly
demonstrated that the use of NMP also enables ambient
fabrication of FAPbI; PSCs (RH 40-60%) with drastically
improved long-term stability (T, = 112 days, unencapsulated)
and slightly improved PCE (15.53%) compared to reference
devices fabricated under nitrogen (Tg, = 21 days, 14.36%),"*°
despite multiple reports evidencing accelerated o to § phase
transition of FAPbI; triggered by the presence of
moisture."**"*! By comparing FAPbI; samples fabricated under
ambient air or N, with Raman spectroscopy and XPS, the
formation of Pb-O bonds was observed for FAPbI; (air) samples
during aging whereas FAPbI; (N,) samples directly transformed
into the d-phase. They suggested that PbO, species form
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intrinsically under ambient conditions with the use of NMP
additive and the presence of Pb-O bonds blocks the expansion
of the d-phase, stabilizing the black o-phase. Moreover, the
addition of PbS quantum dots (QDs) under ambient conditions
further improved the Tg, to 145 days with device efficiency
reaching 17.1%. Further addition of MACI boosted the
champion device efficiency to 19.4%. The potential of ambient
fabrication of FAPbI; devices with great efficiency and stability
paves the way to future industrialization of such devices,
though the detailed mechanism of such stability improvement,
especially the role of NMP and water during the process, still
needs further investigation.

The incorporation of layered two dimensional (2D) perovs-
kites is another available option to stabilize black FAPbI;.
Although these 2D perovskites on their own possess exceptional
stability, their efficiency is still lagging behind their 3D counter-
parts, mainly due to the limited out-of-plane charge transport
ability caused by the bulky organic cations.”” However, when
the layered perovskites are used as capping layers on top of 3D
perovskites or inserted into the grain boundaries of 3D per-
ovskites (Fig. 7a and b), they can stabilize the cubic FAPbI;
phase with excellent device performance and stability. For
example, Liu et al. introduced a 2D IBA,FAPb,I, as a capping
layer by spin-coating an IPA solution of isobutylammonium
iodide (IBAI) on top of the FAPbI; perovskite layer.”® The
presence of a stable layered perovskite significantly reduced
the trap density and promoted the formation of high-quality
FAPbI; films. In addition, the hydrophobicity of IBA" can
greatly improve the moisture stability of the perovskite. The
resulting 2D/3D perovskite devices achieved an efficiency of
22.7% and maintained around 85% of their initial efficiency
after 500 hours at 80 °C under full-sun illumination. Apart from
IBA", phenylethylammonium (PEA) is also a common cation to
stabilize FAPbI;.°”°® When PEA' cations are introduced into
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the precursor solution, they promote the formation of high
crystallinity FAPbI; and form 2D PEA,Pbl, perovskites at the
grain boundaries, which substantially enhances the moisture
stability (Fig. 7c) and inhibits ion migration through grain
boundaries. Moreover, the relatively low charge transport
ability of 2D perovskite facilitates longitudinal charge transport
and reduces the non-radiative recombination at the grain
boundaries. Lee et al. reported that the incorporation of
1.67 mol% of PEA,PbI, resulted in the formation of phase-
pure FAPbI; with the bandgap energy being unchanged
(1.48 eV) and improved carrier lifetime.”” PSC devices based
on this 2D/3D perovskite exhibited a stabilized PCE of 20.64%
and significantly improved the operation stability (Fig. 7d).
Another example of such 2D perovskite as the capping layer
is pentafluorophenylethylammonium (FEA) lead iodide
[(FEA),Pbl,],"** where the perfluorinated benzene ring in the
molecule provides ultrahydrophobicity compared to PEA"
based perovskite. Apart from mitigating the exposure of 3D
perovskite to moisture, the perfluorinated benzene ring also
promotes hole extraction and inhibits interlayer ion migration.
The device efficiency was improved to 22.2% for 3D/2D PSCs
compared to 20.0 for the 3D reference and an impressive Js. of
25.8 mA cm™ > was achieved. The 3D/2D PSC retained 90% of its
initial efficiency after 1000 hours under 1 sun irradiation at RH
40% while its 3D counterpart dropped to 43%.

The use of FAPbI; powder as a precursor instead of the
commonly used solution mixture of FAI and Pbl, is a promising
method to achieve high-performance FAPbI; PSCs with excel-
lent stability. The direct dissolution of FAPbI; avoids the
problem of nonstoichiometric perovskites and high defect
density that are detrimental to the stability, performance, and
reproducibility of the PSC devices."*>"** The a-FAPbI; single
crystal powders are prepared using the inverse temperature
crystallization method where the solvents and anti-solvents of
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Fig. 7 (a) and (b) Schematic diagrams of the PSC devices with 2D perovskite as (a) a capping layer and (b) grain boundary passivator.®” (c) Moisture
stability of FAPbIs, FAPbls with PEA*, FAPbIs with PEA* and Cs* under 80 + 5% relative humidity (RH).%” (d) Stability of FAPbls with 1.67 mol% of PEA,Pbl, in

the dark with controlled humidity and maximum point tracking (MPP) of the devices under ambient conditions under 1 sun without encapsulation.
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Panels (b)—(d) are adapted with permission from ref. 97. Copyright © 2018, Jin-Wook Lee et al.
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perovskite precursors are carefully chosen based on their solubi-
lities in different temperatures, and o-FAPbI; single crystal
powders are directly formed during the controlled cooling-
induced crystallization.”*> Most importantly, the use of single
crystal powders can be combined with composition engineering,
intermediate phase engineering, and other approaches, which
have been the main driving forces for a-FAPbI; based PSCs to
reach efficiencies beyond 25%.>*° Another straightforward way
for preparing halide perovskite powders is by means of mechan-
osynthesis, and PSCs made using this strategy have also been
gaining prominence, although it has not yet been applied to
o-F APbI3.136’137

Apart from the strategies mentioned above, other phase
stabilization strategies, such as the addition of hydrohalic
acid (HI,"*® HCI"*°) and temperature regulation during crystal-
lisation,*®'*" all showed great potential for stabilizing
a-FAPDI; and led to device performances on par or beyond that
of multiple cation/anion perovskites.

4. Conclusion and outlook

Fabricating highly efficient PSCs with long-term stability has
been the ultimate goal in the field of perovskite photovoltaics.
As aresult of its optimal bandgap of 1.47 eV, FAPbI; is currently
one of the most promising perovskites for high-efficiency solar
cells. However, under ambient conditions, its black phase is
less stable. Composition engineering by cation and halide
mixing enables the long-term stabilization of FA dominant
perovskites under operational conditions through entropic
stabilization, reduction in non-radiative defect states, and
increased carrier lifetime. Further passivation through the
addition of a small amount of alkali monovalent cations such
as Rb and K also significantly improves the optoelectronic
properties of the perovskite and leads to more efficient solar
cells. So far, triple-cation (Cs/FA/MA) perovskites with domi-
nant FA and a small content of MA and Cs have been able to
give highly reproducible efficiencies above 22%. Furthermore,
Miyasaka et al. demonstrated that highly reproducible and
high-quality triple-cation perovskite solar cells can be fabri-
cated even in ambient air (<RH 25%), achieving PCEs of over
20% with long-term stability of up to 18 weeks," which is
essential for the future development of cost-effective manu-
facture since it allows the elimination of an expensive inert
atmosphere that is usually required for PSC fabrication.
However, the replacement of FA" with smaller cations such as
MA" and Cs' induces an inevitable increase in the bandgap
energy and loss of photocurrent in the near-infrared region,
limiting its potential for more efficient solar cells. Furthermore,
the inclusion of additional cations adds exceptional complexity
to the phase composition of the resulting solid material. Solid-
state NMR has been essential in unraveling this complexity.
With its wide range of isotope-dependent experimental strategies,
it provided unparalleled information on the fate of Cs’, Rb*, and
K' in multicomponent halide perovskite compositions, eviden-
cing various phase segregation phenomena that are directly

This journal is © The Royal Society of Chemistry 2023
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responsible for the observed modulation of optoelectronic
properties. This complexity is also reflected in the optimization
of the perovskite composition, which becomes a multidimen-
sional problem. This is illustrated well by the observation that
the amount of unreacted organic species in halide perovskite
thin films increases with the increasing number of cations
used.'®® The addition of multiple cations also introduces extra
sources of instability in the system. Apart from MA" which
is known for its volatile nature, both K- and Rb-passivated
perovskite devices show significant susceptibility to moisture
degradation, limiting the device performance under ambient
conditions.®® Since any variation in the A-site cation composi-
tion will impact the phase transition, crystallization, and
optoelectronic properties of the system, finding the suitable
composition of the perovskite experimentally is an energy-
intensive task. A more in-depth understanding of the role of
the monovalent cations in these aspects is critical to further
boosting the performance and stability of multiple cation/
anion PSCs. Considering the complexity of multiple cation/
anion perovskite systems, the use of computational chemistry
and machine learning is expected to be crucial for finding new,
improved compositions using the cation mixing approach.

More recently, investigating alternative ways to stabilize
phase-pure o-FAPDI; that retains its desired bandgap has been
the focus of the research field. Various strategies have been
successfully developed to achieve the stabilized black phase,
including additive engineering, dimensionality engineering,
temperature regulation during crystallization, and the use of
FAPDI; single crystal powder, pushing the efficiency of PSCs
based on FAPbI; above 25%, exceeding those of multiple
cation/anion perovskites. However, most of these stabilization
strategies only realize a metastable photoactive phase which
eventually converts back to the equilibrium hexagonal non-
perovskite phase.®” Interestingly, surface energy manipulation
has been recently discovered to be a promising approach to
stabilize the black perovskite phase of FAPbI; by using SCN™ or
EDTA to template the crystal growth of perovskites to favor the
formation of a-FAPbI;.>>"*?> More understanding of the factors
that impact the thermodynamic stability of a-FAPbI; is required
to identify the exact origin of this stabilization effect and
whether this is a manifestation of a more general phenomenon,
or perhaps just one of many possibilities to stabilize the black
FAPDI; without the need for cation mixing. One other problem
for FAPbI; based PSCs is that the widely used MACI as a
stabilizer inevitably introduces the unstable MA® into the
system in addition to slightly blue shifting the bandgap. Alter-
native stabilizers that are less prone to degradation and do not
affect the bandgap need to be developed.

Due to the rapid development of PSCs in terms of both PCE
and long-term stability, industrialization of the technology has
attracted enormous interest in the field. Ambient fabrication
of solar cell modules is one of the key factors to produce cost-
effective FA based PSCs. Since the o- to d-phase transition is
accelerated in the presence of moisture and oxygen, ambient
fabrication of FAPbI; is extremely challenging compared to the
mixed-cation approach,"****" though fabrication of high-efficiency

J. Mater. Chem. C, 2023, 11, 2449-2468 | 2463


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2tc04529j

Open Access Article. Published on 22 December 2022. Downloaded on 3/14/2026 3:47:44 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

PSCs with controlled humidity (RH < 20%) has been reported
by several works™® and the use of NMP as an additive for PSC
fabrication under moderate/high RH of 40-60% looks promis-
ing for the future development of ambient fabrication of PSCs
in an industrial setting. However, mechanistic investigations as
well as in-situ structural analysis on the formation and degra-
dation of FAPbI; perovskite are required to truly understand the
role of these additives on the perovskite stability and improve
the reproducibility of devices. In addition, although large-scale
preparation of PSCs with methods such as blade coating,'*?
screen printing,'** slot-die coating'®® and inkjet printing'*®
have been developed for other PSCs, their compatibility with
phase-pure FAPbI;-based PSCs still requires improvement.
Ultimately, we believe that with appropriate, stable passivat-
ing agents and fundamental understanding of the perovskite
materials, phase-pure FAPbI; is a highly promising candidate for
the next generation of PSCs approaching the theoretical limit.
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