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1. Introduction

Metal-halide perovskites have attracted 
enormous interest for optoelectronic 
applications, such as solar cells,[1–3] light-
emitting diodes (LEDs),[4–6] lasers,[7] photo-
detectors,[8] and radiation detectors[9] due 
to their exceptional properties, such as 
high absorption coefficients (>105 cm−1), 
tunable bandgaps, long charge-carrier dif-
fusion lengths, and low exciton binding 
energies.[10–14] Perovskite solar cells (PSCs) 
have shown unprecedented rises in power 
conversion efficiency (PCE) from 3.8%[3] 
in 2009 to a certified value of 25.7% in 
2022[15–17] by optimizing the composi-
tion,[1,18] crystallization,[19] and interfaces 
of perovskite films.[16,20] This remarkable 
rise in PCE puts PSCs at the forefront of 
emerging PVs, including dye-sensitized 
solar cells (DSCs),[21] organic photovol-
taics (OPVs),[22,23] and quantum dot solar 

Over the past few years, lead-halide perovskites (LHPs), both in the form of 
bulk thin films and colloidal nanocrystals (NCs), have revolutionized the field 
of optoelectronics, emerging at the forefront of next-generation optoelec-
tronics. The power conversion efficiency (PCE) of halide perovskite solar cells 
has increased from 3.8% to over 25.7% over a short period of time and is very 
close to the theoretical limit (33.7%). At the same time, the external quantum 
efficiency (EQE) of perovskite LEDs has surpassed 23% and 20% for green 
and red emitters, respectively. Despite great progress in device efficiencies, 
the photoactive phase instability of perovskites is one of the major concerns 
for the long-term stability of the devices and is limiting their transition to com-
mercialization. In this regard, researchers have found that the phase stability 
of LHPs and the reproducibility of the device performance can be improved by 
A-site cation alloying with two or more species, these are named mixed cation 
(double, triple, or quadruple) perovskites. This review provides a state-of-the-
art overview of different types of mixed A-site cation bulk perovskite thin films 
and colloidal NCs reported in the literature, along with a discussion of their 
synthesis, properties, and progress in solar cells and LEDs.
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cells.[24] These low-temperature processed PSCs have perfor-
mance that are comparable to the best crystalline silicon solar 
cells.[25] Moreover, the tunable bandgap of perovskite materials 
(1.2 to 3.0  eV) provides the opportunity to use them as both 
the top and bottom cells in tandem structures, overcoming 
the Shockley–Queisser efficiency limit of 33.7% for single-
junction solar cells.[26–28] Generally, metal halide perovskites 
are described with the ABX3 formula, where the A-site is an 
organic (typically CH3NH3

+ (MA+) and NH2CHNH2
+ (FA+)) 

or inorganic cation (typically Cs+, Rb+, K+),[29,30] the B-site is 
a metal cation (typically Pb2+ or Sn2+),[31,32] and X is a halide 
(typically, Cl−, Br−, or I−).[33,34] In structurally 3D perovskites, the 
central metal cation is octahedrally coordinated with 6 halides, 
that is, [BX6]4−. The A-site cations fill the cuboctahedral voids to 
compensate for the negative charge of [BX6]4− and stabilize the 
perovskite lattice. Depending on the number of A-site cations in 
the crystal lattice, they can be differentiated into mono, double, 
triple, and quadruple A-cation perovskites. The most common 
A-cations that can fit into cuboctahedral voids of the perovskite 
structure are MA, FA, and Cs, while the position of small 
cations (such as K, Na, and Rb) and the large cations (such 
as methylenediammonium (MDA) cations) is being debated. 
Therefore, herein we named them dopants, and they can either 
occupy the A-site vacancies or interstitial sites. The possibility of 
forming different perovskite crystal structures and their phase 
stability can be predicted by the Goldschmidt tolerance factor 
(GTF), defined as t = (rA + rX)/√2(rB + rX), where rA, rB, and rX 
are the ionic radius of ions in A, B, and X sites, respectively.[35] 
Generally, it has been empirically found that when the GTFs 
are in the range of 0.8 < GTF <  1.0, the perovskite structure 
presents a stable crystallographic phase (see Figure 1b).[36,37]  
The size of A-site cations in the perovskite structure is crucial 
for determining the crystallographic phase that forms. For 
example, A-site cations with smaller (Na+, K+, Rb+, or Cs+) or 
larger sizes (FA+) than ideal cations lead to GTFs lower than 
0.8 or higher than 1.0 values, resulting in the 3D-symmetric 
structure with corner-sharing octahedra transitioning to hex-
agonal non-perovskite phases with edge or face-sharing octa-
hedra (Figure 1b).[36–38] Although the GTF has been successfully 
used to predict the phase stability of various perovskite compo-
sitions, there are still many exceptions that cannot be entirely 
interpreted by this empirical formula, and there have been 
efforts to define refined versions that are accurate in predicting 
which compositions give rise to perovskite structures.[37–39]

The inorganic octahedral metal-halide framework, that 
is, [BX6]4−, is responsible for the optoelectronic properties of 
perovskites. As shown in the energy level diagram of the halide 
perovskite (Figure 1c), the 6s orbitals of Pb2+ hybridize with the 
outer p orbitals (3p, 4p, and 5p for Cl, Br, and I, respectively) 
of the halide, leading to bonding and antibonding states that 
form in the valence band, while the empty 6p orbitals of Pb2+ 
hybridize with outer p orbitals of the halide to form bonding 
states within the valence band and an antibonding state in the 
conduction band minimum.[40] A slightly different energy level 
picture has also been proposed, in which the outer s electrons 
of halides also interact p and s orbitals of Pb, leading to an s 
orbital contribution in the conduction band.[14,41] The A-site 
cation in the perovskite structure typically directly affects the 
intrinsic and extrinsic stabilities, as well as physiochemical 

properties. However, in lead-halide perovskites (LHPs), the 
bonding with the A-site cation is ionic, such that the inor-
ganic or organic cation does not contribute states to the band-
edges. As shown in Figure  1d, these states are dominated by 
the hybridization of the B-site and X-site orbitals, which have 
more covalent interactions. These species therefore more 
directly influence the bandgap and optoelectronic properties of 
the halide perovskites.[42] That being said, the A-site cation can 
also play an indirect role in the band structure by influencing 
the bond lengths, and thus bandgap, and angles between the 
B- and X-site species, such as through octahedral tilting of 
the inorganic sub-lattice, or through steric interactions.[43] 
The bandgap slightly decreases with increasing the size of the 
A-cation from Cs to MA to FA due to decreased tilting angle of 
PbXPb bonds. Therefore, the properties of the A-site cation, 
including their size, shape, and charge distribution, can change 
the electronic structure of perovskites near the band edges.[41] 
For example, FA+ is, from a thermodynamic perspective, 
too large to fit into the cuboctahedral voids at room tempera-
ture, leading to non-photoactive phases with an unfavorable 
bandgap for photovoltaic applications (Figure  1b). However, 
mixing cations with different sizes and shapes into the A-site 
can stabilize the stable black photoactive phase at room tem-
perature by altering the GTF.[44] For instance, the reduction in 
GTF obtained by partially substituting FA+ in FAPb(I/Br)3 with 
a smaller cation (MA+ or Cs+) compensates for the increase in 
GTF caused by the replacement of I with Br.[45] In this regard, 
combinatorial libraries for perovskite materials were introduced 
to facilitate effective compositional engineering and high-
throughput screening of novel metal–halide perovskite mate-
rials.[46] In principle, the number of the possible combinations 
can be deduced from the well-known Pascal triangle, using  

2n
k

k

n
n∑



 = , referring to possibility to choose a subset of k 

elements from an overall set with n elements. Various single, 
double, triple, and quadruple formulations at the A-site could 
be achieved based on different types of cations in the perov-
skite composition.[42,46,47] However, the theoretical predictions 
for different perovskite compositions do not always lead to a 
stable and photoactive perovskite structure. Therefore, besides 
theoretical predictions, experimental proofs of concept are still 
useful to find optimized perovskite compositions. In addition 
to the mixed A-site cations, mixed metal cations and halides 
can also be considered for compositional combinatorial engi-
neering of metal halide perovskite thin films, which are beyond 
the scope of this review.

Meanwhile, the field of colloidal perovskite NCs has 
received increasing attention owing to their high photolu-
minescence quantum yield (PLQY), facile synthesis, and 
enhanced stability over bulk thin films.[6,48–55] Over the last 7 
years, research on perovskite NCs has explored their synthesis, 
surface chemistry, optical and electronic properties along with 
their applications.[6,14,50,56–58] The concept of A-site cation com-
positional engineering has also been extended to colloidal 
LHP NCs to fine-tune their optical properties as well as to 
improve their phase stability.[47,59–61] The mixed A-cation LHP 
NCs are of great interest for the fabrication of durable LEDs 
and solar cells.[14,47,61,62] Unlike bulk thin films, mixed A-site 
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cation LHP NCs can be prepared relatively easily through 
post-synthetic A-site exchange or cross-exchange similar to 
halide exchange.[47,59,63] In this review article, we first discuss 
the development of various types of mixed A-site cation and 
mixed cation perovskite thin-film systems developed over the 
years for improving the long-term stability of solar cells. The 
role of the A-site cation on the structure, optoelectronic prop-
erties, and halide migration in halide perovskites is discussed. 
We then provide an overview of the synthesis of mixed A-site 
cation colloidal LHP NCs and their application in solar cells 

and LEDs. Finally, we conclude with an outlook on future 
research directions of mixed A-site cation perovskite NCs that 
address the outstanding questions in the field.

2. A-Site Mixed Cation Perovskite Bulk  
Thin-Film Solar Cells
After the first emergence of PSCs,[3] huge research efforts 
were focused on engineering and fundamental understanding 

Adv. Optical Mater. 2022, 10, 2200423

Figure 1. a) Schematic illustration of ABX3 perovskite structure, as well as the full illustration of all possible multication combinations including single, 
double, triple, and quadruple components. b) Dependency of GTF of APbI3 perovskites depending on A-cation radius. Colored part means region for 
stable cubic structure (0.8 < t < 1). The ionic radius values are obtained from ref. [39]. Figure is inspired by Refs. [64,65]. Note: There is a slight variation 
in the tolerance factors reported in different works due to differences in the ionic radii used for its calculation. c) Schematic illustration of the forma-
tion of bonding/antibonding orbitals in lead iodide perovskite through the hybridization of lead and iodide atomic orbitals. d) The calculated density 
of states (DOS) of MAPbI3 differentiated into cation and anion s and p orbitals of iodide and lead. The A-cation does not introduce any new state at 
the band edge. Panels (c,d) are reproduced with permission.[40] Copyright 2015, The Materials Research Society.
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of this type of solar cells. Composition engineering of halide 
perovskites has been continually progressing during the PSCs 
development history to improve the PCEs and increase the 
device stability. However, introducing a new ion to a general 
ABX3 perovskite composition can trigger unwanted effects 
such as phase segregation, emergence of lattice strain, and for-
mation of vacancies and anti-site defects. Therefore, selecting 
a further ion for this purpose needs to be carefully pondered 
(both theoretically and experimentally) to achieve the best opto-
electronic properties for the mixed perovskite compositions. 
Consequently, we review here the efforts made on A-site cation 
engineering in the perovskite crystal structure and its effect 
on the optoelectronic properties of perovskites with the aim of 
achieving highly efficient and stable PSCs. Regarding the PCE 
development of PSCs over the years,[25] except for the initial 
record for the pure MAPbI3 with the PCE of 14.1%, most the 
best PCEs have been achieved for mixed A- and/or X-site hybrid 
perovskites, that is, mixed perovskites (Figure 2).[3,15,25,30,31,66–74]  
In this review, we limit our discussion to mixed A-cation 
perovskite systems. These systems with different combination 
A-cations are being intensively investigated across the globe to 
enhance the device operational stability, reproducibility, and 
PCE of PSCs. In this section, we provide a comprehensive dis-
cussion on the efficiency and stability progresses of thin-film 
PSCs by using different mixed cation perovskite systems such 
as double, triple, and quadruple A-Site cations.

2.1. Thin Films

At the beginning of the development of PSCs, ABX3 perovskite 
compositions with single A, B, and X species (e.g., MAPbI3, 
FAPbI3, CsPbI3, etc.) were extensively explored due to their 
simplicity. However, these perovskites have not delivered the 
highest PCEs and stabilities in PSCs.[75] For example, MAPbI3 
is one of the most explored simple single A-site cation perov-
skite compositions, but with this composition it is challenging 
to reach PCEs beyond 21%.[76,77] On the other hand, due to the 

hygroscopic and volatile properties of the MA+ cation, this com-
position readily undergoes irreversible degradation and phase 
transition under ambient conditions such as moisture, oxygen, 
heat, and light, which limit the long-term operational and 
thermal stability of MAPbI3 based PSCs.[78,79]

In this regard, FA+ or Cs+ cations have been used as alterna-
tives for MA+ in MAPbI3, that is, FAPbI3 and CsPbI3, improving 
the solar cells operating temperature range to over 80 °C.[80,81] 
Apart from thermal stability, FAPbI3 and CsPbI3 provide band-
gaps of 1.48 and 1.73 eV, respectively, which makes them excel-
lent candidates for single-junction and tandem solar cells appli-
cations, respectively.[82] However, phase instability is a major 
challenge for these compositions because their black perov-
skite phases undergo a transition to a non-photoactive yellow 
phase at room temperature.[83,84] The fact that tilting angles of 
the [PbI6]4− octahedra in all-inorganic CsPbI3 can easily vary 
explains the existence of various crystal polymorph, that is, 
the cubic phase (α-, Pm3m), the tetragonal phase (-, P4/mbm), 
the orthorhombic phase (γ-, Pbnm) and an orthorhombic non-
perovskite phase (δ-, Pnma). The possible formation of so 
many polymorphs influences the photovoltaic properties and 
device stability.[85] Similarly, FAPbI3 has four types of crystal 
polymorph phases: cubic (α-, P3m1/Pm3m), trigonal (b-, P3/
P4mbm), tetragonal (γ-, P4mbm), and hexagonal non-perovskite 
phase (δ-, P63mc), all leading to different optoelectronic proper-
ties.[84] Mixing cations and halides has become a hot topic to 
simultaneously improve both the structural stability and PCE of 
PSCs. In this section, we discuss the state-of-the-art of all pos-
sibilities of mixed-cation perovskites based on multiple substi-
tutions on the A-site of the perovskite and their effect on effi-
ciency and long-term stability of perovskites in solar cells.

2.1.1. Double A-Site Perovskites

The partial substitution of the A-site cation in MAPbI3, FAPbI3, 
or CsPbI3 thin films has been exploited to control the phase, 
humidity, and thermal stability, as well as tune the optical  

Adv. Optical Mater. 2022, 10, 2200423

Figure 2. Some of the record PCE values reported for PSCs made of different A-cation compositions reported over the years (some of the data points 
obtained from NERL).[25] The data point number is given in brackets at each composition. The PCEs and the compositions are obtained from the refer-
ences ((data point)[Ref.]:(1),[3] (2),[31] (3),[66] (4),[67] (5),[68] (6),[45] (7),[69] (8),[30] (9),[70] (10),[71] (11),[72] (12),[73] (13),[15] (14)[74]).
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properties.[45,86–92] Although both pure MA- and FA-based 
perovskite compositions are sensitive to ambient conditions, 
the double A-site cation perovskites, that is, a mixture A site 
cation of MA+ and FA+, has shown a great potential to stabilize 
the crystal lattice.[18,93,94] In this regard, Grätzel et al. achieved 
a pure black phase of double-cation perovskites composition 
via the sequential deposition method by dipping the PbI2 thin 
films in a solution of mixed FA+ and MA+ cations.[92] Figure 3a  
shows the XRD peak shift from pure α-FAPbI3 to different 
MA+ ratios in the double-cation system, specifically for the 
XRD peak at 14o, confirming the formation of a mixed phase of 
(MA)x(FA)1−xPbI3) and the successful insertion of both cations 
in the same lattice frame. Additionally, they observed a red-
shift in the absorption edge of pure α-FAPbI3 by increasing the 
MA+ cation ratio in the perovskite composition, confirming the 

intercalation of the MA+ cation in the FAPbI3 crystal lattice. As 
a result, the optimized double-cation perovskite composition of 
MA0.6FA0.4PbI3 delivered a PCE of 14.9%, which is much higher 
than for pure MAPbI3 and FAPbI3 solar cells with the PCEs 
of 12.5% and 11.0%, respectively. On the other hand, Zhang 
et  al.[95] demonstrated the improved crystallinity and compo-
sitional uniformity and thus enhanced PCE of MAPbI3 perov-
skite by including 10% FA+ cations (which have  a larger size 
than MA+). This is likely caused by the reduction of degradation 
pathways arising from MA and longer charge diffusion length, 
and a favorable band gap shift toward the ideal value. As shown 
in Figure 3b, the XRD peak position at the 2θ = 14.1° (see also 
the zoomed-in views), 20.0°, 24.4°, 28.4°, and 31.8° were shifted 
to lower angles, indicating the expansion of the crystal lattice 
and the stabilization of the perovskite in a “quasi cubic” phase 

Adv. Optical Mater. 2022, 10, 2200423

Figure 3. a) Summarized XRD peak shift of (MA)x(FA)1−xPbI3 thin-film perovskites as compared to FAPbI3 at 14o, 28.4o, and 31.88o. Reproduced with 
permission from Ref. [92]. Copyright 2014, Wiley-VCH. b) The XRD data and a zoomed-in view of the peak at 14° of FAxMA1−xPbI3 films with different 
FA molar ratios. Reproduced with permission from Ref. [95]. Copyright 2017, American Chemical Society. c) Illustration of the influence of the MA and 
FA dipole moments on the inorganic cage of the perovskite structure. Reproduced with permission from Ref. [97]. Copyright 2015, American Chemical 
Society. d) The correlations between cation size and tolerance factor in the crystal structure of perovskite materials. Reproduced with permission from 
Ref. [37]. Copyright 2016, American Chemical Society. e) The normalized absorbance as a function of time from FAPbI3 and FA0.9Cs0.1PbI3 films under light 
(100 mW cm−2) and severe humidity (RH = 85%). Reproduced with permission from Ref. [90]. Copyright 2015, Wiley-VCH. f) The influence of different 
cation sizes on the tolerance factor of APbI3, as well as the phase transition of CsPbI3 and RbPbI3 at different temperatures. Reproduced with permission 
from Ref. [29]. Copyright 2016, The American Association for the Advancement of Science. g) Photograph and XRD patterns of the temperature depend-
ence of phase transitions for Rb0.05FA0.95PbI3 and FAPbI3. Reproduced with permission from Ref. [101]. Copyright 2017, Wiley-VCH.
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due to copresence of MA+ and FA+ in the mixed FAxMA1−xPbI3 
perovskite lattice. As a result, the FA0.1MA0.9PbI3 composition 
showed better properties than pure MAPbI3, such as higher 
crystallinity with a stable “quasi-cubic” phase at room tempera-
ture and a PCE beyond 20%.

Understanding the phase stabilization mechanism of dif-
ferent perovskite compositions is crucial for further composi-
tion engineering. For example, there are two possibilities to 
improve the α-phase stability of FAPbI3. First, by increasing the 
number of hydrogen bonds between the ammonium moiety 
in the cation structure and the iodide ions in the [PbI6]4− octa-
hedra; second, by introducing different ammonium moie-
ties with stronger hydrogen bonding capability. Regarding the 
first point, due to the limitation of fitting a maximum of four 
FA+ cations in the perovskite cubic unit cells,[43] the number 
of hydrogen bonds will be identical for pure FAPbI3 compo-
sition. However, based on the second strategy, using cations 
with different ammonium moieties can provide higher dipole 
moments, which leads to stronger hydrogen bonds with the 
iodide ions in the [PbI6]4− units.[99] In this regard, Binek et al.[97] 
suggested that MA+ with a higher dipole moment than FA+ (2.3 
D versus 0.21 D) forms stronger hydrogen bonds in the double 
cation system, leading to a stabilized α-FAPbI3 structure. Dif-
ferent electron density configurations in the molecular struc-
ture of MA+ compared to FA+ are the reason for their different 
dipole moments. As shown in Figure  3c, the electron density 
in the FA+ molecule is homogeneously distributed over the 
nitrogen-carbon-nitrogen bond, decreasing the dipole moment. 
In contrast, the electron density is non-homogeneously concen-
trated on the nitrogen atom in the MA+ structure, which leads 
to a higher dipole moment in this molecule. As a result, the 
use of mixed FA/MA cation compositions has been established 
as an efficient strategy to achieve stable α-FAPbI3 perovskite 
instead of high-temperature phase stabilization.

Unfortunately, the MA cation can leave the MAxFA1−xPbI3 
crystal structure due to its volatility, and this is at the base of 
low thermal and photostability of MA-based PSCs.[98] Alterna-
tively, pure inorganic cesium-based perovskites have shown 
excellent thermal stability.[99] Moreover, the smaller ionic 
radius of Cs (1.81 Å) compared to MA (2.70 Å) and FA (2.79 Å)  
could suppress the formation of the yellow phase in mixed 
cation perovskite films compared to pure CsPbI3 and FAPbI3 
by adjusting the tolerance factor in a way that is best suited for 
the cubic phase (Figure 3d).[37] Besides the phase stability, the 
(Cs)x(FA)1−xPbI3 compositions have better thermal stability and 
photostability as well, which is due to shrinking of the cuboc-
tahedral A-site by the small size of Cs+, leading to stronger 
interactions of Cs with iodine atoms in the [PbI6]4− octahedra 
and compressing unit cell dimensions.[90] In this regard, Park 
et  al.[90] demonstrated that replacing 10% of FA+ with Cs+ in 
the pure FAPbI3 composition, that is, FA0.9Cs0.1PbI3, leads to a 
lower extent of photodegradation under constant illumination, 
as well as superior humidity stability under constant humidity 
of RH 85% (Figure 3e).

Rb with a smaller ionic radius of 1.52 Å than Cs (1.81 Å) can 
only stabilize the δ-phase for the pure RbPbI3 composition. 
Saliba et al. demonstrated that δ-CsPbI3 turns back to α-phase 
by heating up to 380 °C, while δ-RbPbI3 remains unchanged 
at this temperature and even starts melting at 460 °C  

without turning to the α-phase (Figure  3f).[29] However, as a 
dopant, Rb could be considered another inorganic candidate 
for stabilizing the α-FAPbI3 perovskite with improved crystal-
linity by obtaining double cation system RbxFA1−xPbI3.[29,100] In 
this regard, Park et al. traced the crystallization of the FAPbI3 
perovskite in the presence of a small amount of Rb cation.[101] 
As shown in Figure  3g, the film containing 5% Rb, that is, 
Rb0.05FA0.95PbI3, turned to the black phase at 120 °C and com-
pletely darkened at 150 °C, while the phase conversion started 
at 140 °C for pure FAPbI3, and completely darkened at 150 °C. 
The XRD patterns of the two compositions also confirmed the 
fact that introducing Rb into FAPbI3 leads to phase conver-
sion at lower temperatures compared to the pure FAPbI3 (see 
Figure  3g). Therefore, in double cation perovskite systems, 
a small amount of Rb in the lattice could modify the toler-
ance factor in a way that helps the stabilization of photoactive 
phase, which is similar to other mixed A-cation systems (e.g., 
CsxFA1−xPbX3). Unfortunately, other alkali metals such as Li, 
Na, and K are too small to provide a pure or mixed double 
cation perovskite system.

Besides the small cations, the large guanidinium [C(NH2)3
+, 

GA] cation has also been used for stabilizing MAPbI3 or 
FAPbI3 perovskites.[102,103] Again, due to the big size of this 
cation, the pure Ga-based perovskite (GAPbI3) exceeds the limit 
of the GTF (t = 1.03) and shows temperature-dependent phase 
instability.[104,105] However, the GA cation as a dopant in other 
perovskite compositions provides a high number of H-I bonds 
interacting with the [PbI6]4− inorganic framework due to three 
ammonium groups in its molecular structure, leading to a 
more stable perovskite structure. For example, the PSCs made 
with GA0.25MA0.75PbI3 composition showed excellent thermal 
stability and preserves 90% of their PCE for up to 300 h at 
85  °C under inert conditions, whereas pure MAPbI3 retains 
only 70% of the PCE under the same conditions.[109]

2.1.2. Triple A-Site Cation Perovskites

As discussed so far, the double cations system helps to sta-
bilize the pure single cation perovskites, that is, MAPbI3, 
FAPbI3, and CsPbI3. The MA cation plays an important role 
in FA/MA perovskites as crystallizer and black phase stabi-
lizer. Despite high PCEs of FA/MA perovskites, obtaining 
a FA/MA perovskite without any trace of the yellow phase is 
always challenging, and this negatively affects the long-term 
device stability.[16,45,92,106,107] Therefore, developing new compo-
sition engineering approaches to achieve pure black phase in 
double cations system without affecting the other parameters 
is very important for further developments of PSCs. To address 
this challenge, Saliba et  al. introduced triple cations FA/MA/
Cs to improve further the properties of the double cation 
system.[30] As shown in Figure 4a, introducing small amounts 
of Cs (5–15%) to the FA/MA perovskite leads to the disappear-
ance of the photoinactive hexagonal δ-phase and the cubic PbI2 
from the XRD pattern. This effect is due to a reduction of the 
effective cation radius in the new triple Cs/MA/FA system, 
pushing the tolerance factor towards the stable cubic α-phase 
perovskite. The triple cations perovskite films showed higher 
thermal stability and reproducibility regarding PEC compared 

Adv. Optical Mater. 2022, 10, 2200423
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to the double cations counterpart, which is very crucial for the 
further development of cost-efficient manufacturing PSCs.[11] 
As a result, the triple cations-based PSCs delivered a high sta-
bilized PCE of 21.1% and ≈18% after 250 h under operational 
conditions (Figure  4a). The Miyasaka group also confirmed 
the robustness of the Cs/MA/FA triple cation perovskite com-
position in terms of reproducibility, efficiency, and stability.[113] 
They demonstrated that high-quality triple perovskite films 
could even be prepared in ambient air (<RH 25%) without the 
need to operate in an inert atmosphere glove box, and that they 
were insensitive to different antisolvents by delivering almost 
identical film morphology when deposited from any of them. 
Moreover, the fabricated triple cations PSCs showed PCE of 
over 20% with outstanding long-term stability (up to 18 weeks) 
under ambient air with 20–35% relative humidity.[113]

The Cs/MA/FA triple cation perovskite became a very repro-
ducible and favorable composition in the perovskite com-
munity. Yet, the presence of the highly volatile MA cation in 
this composition is considered a long-term risk for universal-
izing this composition. As shown in Figure  4b schematically, 
the MA itself starts to degrade to CH3I and NH3 at tempera-
tures over 80  °C, which contrasts with ISOS protocol long-
term stability test of PSCs at 85 oC (ISOS-D-2).[79] This has 
motivated scientists to identify new MA-free perovskite com-
positions to overcome the intrinsic instability of the perovskite 

films. In this regard, Saliba et  al.[114] introduce a triple MA-
free RbxCsyFA(100−x−y)PbI3 composition that did not require 
annealing temperatures beyond 100 °C, providing a compatible 
path for flexible and perovskite/Si silicon tandem solar cells. 
As shown in the XRD data, increasing the amount of Cs (10–
15%) in the Rb/FA double cation system leads to better crys-
tallization of perovskite lattice and suggesting the formation of 
RbCsPbI3 perovskites for some Rb/Cs ratios (this can be been 
seen as an additional phase at 10° region for 10 and 15% Cs) 
(Figure 4b).[114] These inorganic materials are expected to passi-
vate the remaining pure FAPbI3 perovskite layer. Moreover, the 
Rb5Cs10FAPbI3 composition showed regular and compact film 
morphology, which is crucial to achieving high performance 
and reproducible solar cells. Therefore, Saliba et al.[114] empha-
sized that Rb5Cs10FAPbI3 is a good trade-off between material 
with optimal bandgap (very close to FAPbI3) and phase stability. 
As a result, the champion Rb5Cs10FAPbI3-device showed a sta-
bilized PCE of 20.3% with 1000 h stability under maximum 
power tracking (Figure 4b).

2.1.3. Quadruple A-Site Cation Perovskites

Further complexity in the A-cation composition has been intro-
duced with an additional cation in triple-cations perovskites to 

Adv. Optical Mater. 2022, 10, 2200423

Figure 4. a) The XRD pattern of CsxM compounds, the champion J-V of Cs5M, and long-term stability characterization of Cs5M and Cs0M devices 
under constant illumination and maximum power point tracking. Reproduced with permission from Ref. [30]. Copyright 2016, The Royal Society of 
Chemistry. For convenience, the composition “Csx(MA0.17FA0.83)(100−x)Pb(I0.83Br0.17)3” is abbreviated as CsxM (x is in percentage), where M means “mixed 
perovskite”; that is, Cs0M stands for no Cs.  b) Illustration of the MA molecule decomposition, and thermally stable Rb, Cs, and FA cations, as well as 
XRD pattern of different MA-free composition and the champion J–V of Rb5Cs10FAPbI3 device. Reproduced with permission from Ref. [109]. Copyright 
2018, The American Association for the Advancement of Science.
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improve the stability and efficiency by increasing the entropy of 
the mixed composition. In this regard, Saliba et al.[29] were the 
first to introduce quadruple-cation perovskites by adding a small 
portion of Rb cations to Cs/MA/FA, that is, Rbx(CsMAFA)(100−x) 
(x is in percentage), to enhance the already achieved stability 
and charge carrier transport for triple-cation perovskites. This 
increase in stability can be rationalized in terms of increased 
configurational entropy. The 5% Rb composition was identified 
as the optimal one (i.e., Rb5%(CsMAFA)95%) from XRD data, 
which evidenced the absence of peaks from PbI2 and from the 
yellow phase. Also, the perovskite peaks were shifted to wider 

angles, indicating the reduction in lattice parameter caused 
by the Rb cations (Figure 5a). However, by increasing the frac-
tion of Rb over 5%, the peaks related to the pure yellow-phase 
RbPbI3 appeared, demonstrating the importance of precise 
composition engineering for achieving the photoactive phase. 
As a result, the fabricated PSCs with Rb5%(CsMAFA)95% com-
position delivered a highly stabilized power output of 21.6% 
with Voc deficit of only ≈0.39 V, that is, the difference between 
Voc and bandgap, demonstrating the suppressed nonradiative 
recombination.[6,110] Moreover, besides this outstanding high 
efficiency, this robust Rb-based perovskite composition showed 

Adv. Optical Mater. 2022, 10, 2200423

Figure 5. a) XRD data of the annealed MAFA and RbCsMAFA films, the champion J–V and thermal stability test of the optimized RbCsMAFA com-
position. Reproduced with permission from Ref. [29]. Copyright 2016, The American Association for the Advancement of Science. b) XRD patterns 
and PCEs of FAMA/CsFAMA/KCsFAMA perovskite films. Reproduced with permission from Ref. [112]. Copyright 2017, The Royal Society of Chemistry.  
c) Schematic representation of the ABX3 perovskite unit cell with different A cations and TRPL data of the optimized GACsFAMA perovskite film. 
Reproduced with permission from Ref. [116]. Copyright 2020, American Chemical Society.
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high device stability under a harsh condition of 85 °C under 
continuous illumination at maximum power point (MPP) 
tracking for 500 h with 95% retention of its initial performance.

Potassium (K) is another cation that has been used as a 
dopant to improve the perovskite composition.[111,112] Similar 
to RbPbI3, achieving the black phase of pure KPbI3 perovskite 
is impossible due to the small K+ ionic radius and the super 
low GTF (lower than 0.8) of the hypothetical KPbI3 perovskite 
phase. However, Bu et al.[112] demonstrated that the potassium-
containing quadruple-cation perovskite KCsFAMA shows 
improved optoelectronic properties compared to the triple-
cation CsFAMA and double-cation FAMA perovskites. The XRD 
data demonstrated that incorporating the K cation improves the 
crystallinity and suppresses the formation of the unfavorable 
δ-phase (Figure 5b). As a result, the PSCs fabricated with quad-
ruple KCsFAMA perovskite presented an average PCEs of over 
20%, which is much higher than that of double and triple-PSCs 
(Figure  5b). Later, Abdi-Jalebi et  al.[111] also demonstrated that 
potassium-containing triple-cation perovskite, that is, quad-
ruple KCsFAMA, has enhanced radiative efficiency, even higher 
than the rubidium-based counterparts.

Besides the alkali metal cations, introducing the GA cation in 
triple-cation perovskite, that is, quadruple-cation GACsFAMA 
(Figure  5c), improves the optoelectronic properties by mini-
mizing the nonradiative charge carrier recombination.[106,113–115] 
In this regard, Jung et al.[116] recorded a long carrier lifetime of 
3.2 µs for quadruple-cation GACsFAMA perovskite composi-
tion and achieved photovoltaic efficiencies above 20% with high 
operational stability. They demonstrated that, in this compo-
sition, GA cations passivate the recombination centers at the 
grain boundaries and increase the lifetime of charge carriers 
drastically (up to the microsecond time scale). Table 1 covers 
bandgaps, carrier lifetimes, all photovoltaic parameters, and 
device stabilities for the best efficiency records of each A-mixed 
cation composition.

3. The Role of the A-Site Cation on Structure, 
Optoelectronic Properties, and Halide Migration 
in Bulk Thin-Films

From the earlier sections, it can be seen that the A-site of halide 
perovskites, far from being an inactive part of the structure, 
has a strong influence on the optoelectronic properties, crystal 
structure, and photo-, environmental- and thermal-stability. In 
this section, we delve deeper into how the species present at the 
A-site influence these properties by analyzing the recent funda-
mental studies into these materials (both thin films and single 
crystals).

3.1. Controlling Octahedral Tilting and Alkylammonium  
Re-Orientational Dynamics

As discussed in Section 2, FAPbI3 is desirable over MAPbI3 for 
PV applications, owing to its higher thermal stability and lower 
optical bandgap (of 1.48 eV[19,80]) that is closer to the optimum 
value for single-junction solar cells than MAPbI3 (1.55 eV[122]). 

However, the GTF exceeds 1 for FAPbI3 owing to the large size 
of the FA+ cations, and the hexagonal δ-phase readily forms 
at room temperature (space group: P63mc[84] or P63/mmc[123]). 
The photoactive α-phase of FAPbI3 (space group: Pm3m) can 
be formed when processed at high temperatures (>150 °C),[124] 
because the cubic arrangement of corner-sharing [PbI6]4− octa-
hedra is then entropically-stabilized by the isotropic random 
orientation of the FA+ cations.[123] Developing strategies to sup-
press the transition to the hexagonal phase upon cooling to 
room temperature requires an understanding of the re-orienta-
tional dynamics of FA+, how they influence octahedral tilting in 
the halide perovskite, and how the re-orientational modes can 
be controlled through alloying in the A-site.

The ball and stick molecular model of the FA+ cation is 
shown in Figure 6a. Based on the geometry of this molecular 
cation, it is believed that the main re-orientational modes are: 1) 
180° rotations about the axis connecting the two nitrogen atoms, 
and 2) 120° rotation perpendicular to the plane of the FA+ mol-
ecule.[125] The modes accessible at different temperatures influ-
ence the degree of octahedral tilting and the structure of the lat-
tice. On cooling down FAPbI3, the phase changes from a cubic 
α-phase (Pm 3 m) to a tetragonal β-phase (P4/mbm) at 285 K, 
followed by a further transition to a tetragonal γ-phase (P4/
mbm) at 140 K[135] that has cubic pseudosymmetry. These struc-
tural transitions come about due to the changes in the tilting of 
the [PbI6]4− octahedra, which occur along with reductions in the 
dynamic degrees of freedom of the FA+ cation.[126,127] The tilting 
of the octahedra can be described using the Glazer notation 
(i.e., axbycz), in which the letters a, b, and c refer to the three 
principal axes ([100], [010], and [001]), while the superscript can 
be 0 (no tilting), + (in-phase tilting), or − (anti-phase tilting).[128] 
For the high-symmetry α-phase, the Glazer tilt is a0a0a0, 
reflecting the absence of octahedral tilting and high degrees 
of re-orientational freedom of the FA+ cation. Upon cooling 
to the β-phase, the Glazer tilt is described as a0a0c+, meaning 
that there is in-phase tilting along the c-axis. In the γ-phase, the 
Glazer tilt remains the same, although upon changing from β- 
to γ-phase, there is a discontinuous change in lattice parameter 
and Pb-I-Pb bond angle, along with a discontinuous blue-shift 
in the PL peak.[135] Upon cooling to room temperature, FAPbI3 
can also undergo a phase transition to the hexagonal δ-phase, 
owing to reductions in the rotational degrees of freedom of the 
FA+ cations. But this phase transition to the δ-phase involves 
the breaking of Pb-I bonds, as well as the complex sliding and 
twisting of the constituent atoms. There is therefore an energy 
barrier between the δ- and α-phases, and the transition between 
these two phases depends on the heating and cooling rates.[123] 
That is, FAPbI3 can be kinetically trapped in the α-phase at 
room temperature if it is rapidly quenched.[123]

It is suspected that further phase transitions occur in 
FAPbI3 that are not crystallographically detectable, owing to 
changes in the re-orientational dynamics of FA+. This has been 
found in FAPbBr3, which undergoes two crystallographically-
observable phase transitions (between cubic, tetragonal and 
orthorhombic),[127] but has an extra three phase transitions 
that are not observable from diffraction experiments, which 
are believed to arise from the formation of nanoscale domains 
due to the strain arising from geometric frustrations of the 
FA+ quadrupoles. These extra phase transitions influence the  

Adv. Optical Mater. 2022, 10, 2200423
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spectral-dependence of the photoconductivity, and as FA+ 
motion is hindered at lower temperatures, the exciton-derived 
photocurrent is reduced.[140] These results emphasize the 
important role the motion of the organic cation plays on the 
optoelectronic properties of FA-based LHPs.

The phase transitions due to changes in the motion of the 
alkylammonium cation occurring in FAPbI3 can also be found 
in MAPbI3 (motion shown in Figure  6a). In the high-temper-
ature cubic phase (also Pm3m, with Glazer tilt of a0a0a0), the 
MA+ cation jumps between 8 equivalent positions, and this 
reduces to 4 positions upon cooling to the tetragonal phase 
(I4/mcm, Glazer tilt: a0a0c−) at 330 K (Figure  6c).[125,130,132] At 
160 K,[132] there is a phase transition to orthorhombic (Pbnm, 

Glazer tilt: a0b−b−, Figure 6d), in which the MA+ cation is frozen 
into a single antiferroelectric configuration, but still has the 
capability of hopping around its C3 axis (Figure 6a).[130]

The re-orientation dynamics of both FA- and MA-lead hal-
ides and degree of octahedral tilting are influenced by mixing 
Cs+ into the A-site, which has consequences on the phase-
behavior of these alloys. For example, in FAPbBr3, Neilson 
et al. found that adding as little as 5% Cs suppresses the 
four low-temperature phase transitions, preserving the P4/
mbm phase down to at least 100 K.[136] The dynamic degrees 
of freedom of FA+ are maintained with Cs+ addition because 
the tilting preferences induced by both FA+ and Cs+ cations 
to the inorganic octahedra in lead-bromide perovskites are the 

Adv. Optical Mater. 2022, 10, 2200423

Table 1. Bandgaps, charge-carrier lifetimes, photovoltaic parameters, and photovoltaic device stabilities in terms of operational time (MPP: Max-
imum power point; SPO: Stabilized power output; RH: Relative humidity; Ar: Argon; N2: Nitrogen) for some of the most efficient mixed A-site cation 
perovskite systems reported over the years.

Cation Composition Architecture Bandgap  
[eV]

Carrier  
lifetime [ns]

Voc  
[V]

Jsc  
[mA cm−2]

FF  
[%]

PCE  
[%]

Stability Ref.

MA MAPbI3 FTO/b-TiO2/m-
TiO2/perovskite/

Spiro-OMeTAD/Au

1.61 164 1.14 23.7 81.0 21.9 120 s SPO (N2) [117]

FA/MA (FAPbI3)1−x(MACl)x FTO/b-TiO2/SnO2 
QDs/perovskite/OAI/

spiro-OMeTAD/Au

1.53 221 1.17 26.0 83.8 25.7 350 h MPP(N2) [74]

FA/MDA FAPbI3:0.38MDACl2 FTO/SnO2/FAPbI3/
Spiro-OMeTAD/Au

1.51 1426.7 1.18 25.7 83.2 25.5 500 h MPP(N2) [15]

FA/Rb Rb0.05FA0.95PbI3 FTO/b-TiO2/m-
TiO2/perovskite/

Spiro-OMeTAD/Au

1.53 72.1 1.07 23.9 67 17.1 1000 h (RH 55%) [118]

FA/Cs FA0.9Cs0.1PbI3 FTO/b-TiO2/perovskite/
Spiro-OMeTAD/Ag

1.55 N/A 1.07 23.4 76 19.0 200 h  
(RH 50%/T 65 °C)

[119]

MA/GA MA0.86GA0.14PbI3 FTO/b-TiO2/m-
TiO2/perovskite/

Spiro-OMeTAD/Au

1.77 N/A 1.08 23.2 80.3 20.1 1100 h  
(MPP/60 °C/Ar)

[103]

FA/MA/Cs Cs5(MA0.17FA0.83)95 
Pb(I0.83Br0.17)3

FTO/b-TiO2/m-
TiO2/perovskite/

Spiro-OMeTAD/Au

1.65 N/A 1.15 23.5 78.5 21.2 250 h (MPP/N2) [30]

FA/MA/Rb Rb10(MA0.17FA0.83)90 
Pb(I0.83Br0.17)

FTO/b-TiO2/m-TiO2/
perovskite/PTAA/Au

1.61 98.04 1.25 23.2 71.9 18.8 100 h (MPP/N2) [100]

FA/MDA/Cs (FAPbI3)0.97(MDACs)0.03 FTO/b-TiO2/m-
TiO2/perovskite/

Spiro-OMeTAD/Au

1.52 1609 1.17 26.2 82.1 25.2 400 h  
(MPP/ambient)

[73]

FA/Cs/Rb Rb5Cs10FAPbI3 FTO/SnO2/PCBM: 
PMMA/perovskite/
PMMA/HTM/Au

1.53 N/A 1.08 25.0 75 20.5 1000 h (MPP/N2) [120]

FA/MA/Cs/Rb Rb5Cs10FAPbI3 FTO/b-TiO2/m-
TiO2/perovskite/

Spiro-OMeTAD/Au

1.63 N/A 1.18 22.8 81 21.8 500 h  
(MPP/N2/85 °C)

[121]

FA/MA/Cs/K Kx(Cs,MA,FA)
Pb(I0.85Br0.15)3

FTO/b-TiO2/m-
TiO2/perovskite/

Spiro-OMeTAD/Au

1.56 1500 1.17 23.2 79 21.5 400 h (MPP/N2) [111]

FA/MA/Cs/K KxCs0.05(FA0.85MA0.15)0.95

Pb(I0.85Br0.15)3

FTO/SnO2/perovskite/
Spiro-OMeTAD/Au

1.59 239 1.13 22.9 79 20.5 1000 h (10%RH) [112]

FA/MA/Cs/GA GA0.015Cs0.046MA0.152FA0.

787Pb(I0.815Br0.185)3

FTO/b-TiO2/m-
TiO2/perovskite/

Spiro-OMeTAD/Au

1.62 1500 1.18 23.6 75 20.9 3000 s (MPP/N2) [116]
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same. But it is believed that the changes to the phase behavior 
of this material stem from changes to the strain field intro-
duced through the addition of Cs+.[125,127] That is, FA+ has a 
strong quadrupolar moment (where |Q11| = 3.6 D) owing to the 
presence of the two electron-rich amine groups, and this leads 
to compressive and expansive strain fields being present due 
to the electrostatic interactions between the alkylammonium 
cation and the inorganic octahedral cages. These strain fields, 
which change depending on the orientation of the asymmetric 
FA+ cations, play a role in the phase transitions in FAPbBr3. 
By introducing compressive microstrains, the addition of Cs+ 
leads to short-range ordering of the FA+ quadrupole moments, 
thus overcoming the geometric frustration between the FA+ 
cations, enabling the suppression of the lower-temperature 
phase transitions in FAPbBr3. These results contrast with the 
behavior of MA+, which has a strong electrostatic dipole (p  = 
2.3 D) but weak quadrupole moment (|Q11| = 3.6 D).[127] Upon 
alloying MAPbBr3 with Cs, the re-orientational dynamics of 
MA+ are reduced due to the different octahedral tilting pat-
terns induced by MA+ versus Cs+, such that mixed Cs-MA 
lead-bromide perovskites have been described as an orien-
tational glass, which contrasts to the dynamically disordered 
plastic crystals of the pure MA-based perovskites.[125,127,130] The 
greater difficulty for MA+ cations to reorient themselves results 
in sluggish phase transitions. Furthermore, the microstrain 
introduced through Cs addition leads to re-entrant phase tran-
sitions in the methylammonium-based perovskites, in which a 
cubic Pm3m phase forms instead of the orthorhombic Pbnm 
phase for sufficiently ≈20% Cs (Figure 6d).[130]

The findings described above by Neilson et al. for FAPbBr3 
contrast with the findings by Islam et al. for FAPbI3. The latter 
reported, based on their computational analysis, that the addi-
tion of Cs to FAPbI3 does indeed suppress the re-orientational 
dynamics of FA+ owing to the strain arising from the size mis-
match between Cs+ (167–174 pm) and FA+ (253 pm).[125,129] The 
strong hydrogen bonding between the amine groups in FA+ 
and I− anions in the inorganic octahedra result in structural 
distortions that suppress both the rotations of FA+ and the 
dynamic tilting of the octahedra (Figure  6b). These computa-
tional results are in agreement with recent experimental results 
by Stranks et al. who showed that FAPbI3 maintaining the pho-
toactive a-phase through Cs-alloying exhibits octahedral tilting 
by approximately 2°, as observed from scanning electron dif-
fraction patterns in TEM measurements, as well as nano-XRD 
measurements in a synchrotron.[124] Islam et al. further found 
that the structural distortions in Cs-FA perovskites break the 
symmetry of the lattice to give a Rashba-type effect, leading to 
an indirect bandgap that could lead to slower radiative recom-
bination (Figure 6b).[129] Increasing the Cs content also leads to 
an increase in the bandgap, due to a lowering in the electron 
affinity and increase in the ionization potential. The increase in 
ionization potential was found to be due to the in-phase [PbI6]4− 
octahedra tilting distorting the Pb-I-Pb bonds from an angle of 
180°, such that there is reduced antibonding overlap between 
the Pb 6s and I 5p orbitals. The decrease in electron affinity is 
due to a symmetry-lowering distortion of the inorganic frame-
work that leads to increased covalency in the otherwise ionic 
conduction band minimum.[138]

Adv. Optical Mater. 2022, 10, 2200423

Figure 6. Influence of the re-orientational dynamics of CH(NH2)2
+ (FA+) and CH3NH3

+ (MA+) and on the properties of LHPs. a) Rotational modes and 
axes of rotation of FA+ and MA+.[125] b) Illustration of octahedral tilting in FAPbI3 alloyed with Cs, the hydrogen bonding between the FA+ and I− anions in 
the inorganic octahedra, and the Rashba splitting resulting from the structural distortions with Cs alloying. Reproduced with permission.[129] Copyright 
2018, American Chemical Society. c) Structure of MAPbBr3 depending on the orientational modes accessible to MA+ at different temperatures and d) 
phase diagram of the perovskites as a function of the degree of Cs alloying to the A-site. Parts (c) and (d) reproduced with permission.[130] Copyright 
2017, American Chemical Society.
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Regardless, the octahedral tilting induced by alloying into 
the A-site of FAPbI3 has been found to be important for frus-
trating the transitions from the α- to δ-phase at room tempera-
ture. Scanning electron diffraction analysis of FAPbI3 alloyed 
with both Cs and MA (i.e., triple cation perovskites) found that 
the unit cell had a lower-symmetry tetragonal structure (space 
group: P4/mbm) instead of a cubic phase, and that this tetrag-
onal phase had a larger energy barrier against forming the 
hexagonal d-phase than the cubic phase did (75 meV versus 26 
meV per formula unit, respectively). By using infrared nano-
spectroscopy to map the chemical signatures of FA and MA 
simultaneously to measure the morphology of the thin films, 
it was found that d-phase nanodomains (≈50–150  nm in size) 
still existed in the films. This was believed to occur due to local 
heterogeneities in A-site composition, such that locally FA-rich 
regions could form the hexagonal phase, which illustrates the 
drawbacks of inducing octahedral tilting in the perovskites 
through alloying.[124] It was found that these drawbacks could 
be addressed by using ethylenediaminetetraacetic acid (EDTA) 
as an additive to the precursor solution for FAPbI3. NMR, 
NQR, and scanning electron diffraction analysis suggest that 
the bi-functional EDTA influenced the formation of the perov-
skite in solution and bound the surface of the films, but did 
not incorporate into them. By hindering the rotation of the FA+ 
cations, the resulting perovskites were stabilized in the photo-
active phase (as opposed to the hexagonal phase) at room tem-
perature through octahedral tilting, that is, the FAPbI3 formed 
had a space group of P4/mbm. The EDTA-stabilized films were 
found to be more stable against degradation to the d-phase in 
air than α-FAPbI3.[124] Min et al. also reported the stabilization 

of the photoactive phase of FAPbI3 through doping with MDA 
dichloride (MDACl2), and this led to PVs with certified 23.7% 
efficiencies. It is possible that the MDACl2 played a similar role 
through inducing octahedral tilting, but the macroscopic X-ray 
diffraction (XRD) measurements made were not able to detect 
small tilts.[19]

3.2. Influence of A-Site Composition on Halide Migration

Beyond the effect of the A-site cation on the phase of the perov-
skite and charge-carrier recombination rate, the species present 
at the A-site also influence halide migration.[133] It has been 
found by many authors that for mixed iodide-bromide perov-
skites, having MA in the A-site leads to rapid phase segrega-
tion, whereas using a mixture of Cs and FA (with 10–30% Cs) 
leads to much slower phase segregation.[34,133–136] This can be 
seen from the PL measurements shown in Figure 7a,b. When 
MAPb(Br0.5I0.5)3 thin films were photoexcited with a 470  nm 
wavelength continuous wave (cw) laser with a power density of 
190 mW cm−2 (slightly above 1-sun), a red-shift in the PL peak 
occurred over the course of 15 min (Figure 7a), whereas FA0.83
Cs0.17Pb(Br0.4I0.6)3 films photoexcited under identical conditions 
took 6 h to phase segregate to a similar degree (Figure 7b).[133] 
By contrast, the XRD pattern of MAPb(Br0.5I0.5)3 measured 
simultaneously with its PL measurement showed no shift in 
peak positions but only a decrease in intensity (Figure 7c) and 
an increase in the tail of the XRD peaks (Figure 7c, inset). For 
FA0.83Cs0.17Pb(Br0.4I0.6)3, on the other hand, the XRD pattern 
exhibited a shift towards lower 2q angles, but with a smaller 

Adv. Optical Mater. 2022, 10, 2200423

Figure 7. Halide segregation in MA versus FA-Cs mixed-halide perovskites. a,b) normalized PL spectra and c,d) selected XRD peaks of  
a,c) MAPb(Br0.5I0.5)3 and b,d) FA0.83Cs0.17Pb(Br0.4I0.6)3 perovskites. In parts (a) and (b), the perovskite films are coated with PMMA and excited with 
a wavelength of 470 nm, with an intensity of 190 mW cm−2. The XRD peaks are measured using Cu Ka radiation. Reproduced with permission.[133] 
Copyright 2021, American Chemical Society.
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change in the tails of these peaks (Figure  7d). The proposed 
model is that MAPb(Br0.5I0.5)3 undergoes halide segregation 
in minority regions (e.g., near grain boundaries where ionic 
motion can be faster), which propagates, causing the wider 
material to de-mix. This accounts for the rapid red-shift in PL 
as photo-excited carriers diffuse to reach the iodide-rich phases 
that form, but the absence of a shift in the main XRD peaks 
as the bulk material remains unchanged initially. By contrast, 
it is proposed that FA0.83Cs0.17Pb(Br0.4I0.6)3 lacks regions that 
are particularly susceptible to ion migration. Instead, for the 
material to de-mix, this needs to occur throughout the bulk in 
unison, which accounts for the red-shift in PL occurring over 
a longer timescale, and simultaneously to observable shifts in 
the XRD patterns. This slower bulk de-mixing is proposed to 
initiate following the segregation of the A-site cations, since the 
FA- or Cs-rich phases have been shown to be more susceptible 
to phase segregation, especially when the Cs content falls below 
≈10% or above 30%.[133,135] It is suggested that the increased 
susceptibility of Cs-poor or Cs-rich FA-Cs perovskites, as well as 
MA-based perovskites, to phase segregation may arise partially 
from their lower crystallinity[135,136] or higher grain boundary 
density.[133]

From these studies, it appears that halide phase segregation 
could be suppressed by having larger grains and suppressing 
A-site cation segregation in mixed FA-Cs perovskites. A recent 
study by Pavlovetc et al. investigating triple-cation pure-iodide 
perovskite thin films showed that FA+ and MA+ diffusion could 
be suppressed through inclusions of orthorhombic d-phase 
CsPbI3. These δ-phase inclusions were introduced by having 
higher concentrations of CsI in the triple-cation perovskite 
precursor solution. It is believed that this occurs because the 
δ-phase forms on the surface of α-phase triple-cation perovskite 
grains, forming a core-shell structure that inhibits MA/FA 
migration across grains.[137] Whilst the α/δ-phase mixture leads 
to improved solar cell operational stability, the PCE is lower due 
to inferior VOC, JSC, and FF.[137] Thus, alternative strategies need 
to be developed to suppress A-site cation segregation that does 
not compromise on performance.

3.3. A-Site Cation Migration

The A-site cation can also migrate in the presence of an electric 
field, and this can lead to demixing under operation, which can 
limit the operational stability of photoactive devices.[138] A-site 
cation migration usually has a higher activation energy barrier 
than anion migration, implying that these processes occur over 
a longer timescale,[139] which has been found experimentally 
to be on the order of >103 s (whereas halide vacancies migrate 
on the order of 10−1–102 s).[140] But similar to anion migration, 
cation migration is believed to proceed via mobile cation vacan-
cies, such as methylammonium vacancies.[140,141] Cation migra-
tion leads to device hysteresis and absorber degradation, and 
it is important to understand how this occurs and could be 
mitigated.

Several groups have performed controlled studies to inves-
tigate the role of A-site cation migration on the hysteresis in 
the performance of photovoltaics and photodetectors.[137,140–143] 
In photovoltaics, hysteresis is manifest in the PCE being 

dependent on the current–voltage (I–V) sweep direction, rate, 
sweep history, and any pre-conditioning treatments.[144] The 
level of hysteresis is often quantified by the hysteresis index  

( HI
PCE PCE

PCE
reverse forward

reverse

= −
), which can be as high as 0.4 for 

untreated triple-cation perovskites in standard n-i-p device struc-
tures.[143] Similarly, photodetectors demonstrated differences in 
the light and dark current depending on the scan direction and 
rate.[141] It has been observed that hysteresis is more severe at 
lower scan rates, which was attributed to charged defect ions 
migrating slower than charge-carriers, and therefore being 
favored to migrate at slower scans.[141] Poling experiments have 
been performed to experimentally observe the migration of ions 
by applying a bias across a pair of parallel electrodes on top of 
or beneath the film and characterizing the area between the 
electrodes.[137,142–143] Through infrared photothermal heterodyne 
imaging (IR-PHI) of the channel after poling, Pavlovetc et al. 
showed that FA0.85Cs0.15PbI3 develops an inhomogeneous A-site 
cation distribution after biasing the parallel ITO electrodes 
for 60  min, in which the FA+ cation species accumulate next 
to the negative electrode.[137] Similar behavior was found for 
FA0.76MA0.15Cs0.09PbI3, in which both FA+ and MA+ accumu-
lated at the negative electrode and were depleted next to the pos-
itive electrode.[137] EDX and photothermal induced resonance 
microscopy of MAPbI3 by Lin et al. also showed that MA+ accu-
mulated at the negative electrode, while I− accumulated at the 
positive electrode following poling at 4 V μm−1 for 300 s.[142] The 
accumulation of cations (anions) at the interface with the elec-
tron (hole) transport layers of the perovskite devices results in 
electric field screening and changes in the charge-carrier extrac-
tion efficiency, hence the hysteresis observed in I–V sweeps of 
perovskite photovoltaic devices.[145] Similarly, in photodetectors, 
the accumulation of cations (anions) at the cathode (anode) in 
perovskite/Pt junctions leads to asymmetric Schottky barriers 
that give rise to hysteresis in the I–V curves.[141]

A number of strategies have been developed to mitigate 
A-site cation migration, including surface passivation,[146] the 
use of mixed phases,[137] and doping with alkali cations.[111,143] 
For example, Pavlovetc et al. showed that increasing the frac-
tion of MA and Cs in triple-cation perovskites (forming 
FA0.33MA0.33Cs0.33PbI3) led to the formation of a mixture of 
α-phase perovskite (≈61%) and orthorhombic δ-phase (δo) 
CsPbI3 (≈39%). IR-PHI measurements, along with time-of-
flight secondary ion mass spectrometry (ToF-SIMS) measure-
ments showed that laterally poling this mixed-phase material 
led to no A-site cation segregation, thus resulting in no shifts 
in the PL emission wavelength after biasing.[137] Cao et al. inves-
tigated doping Cs-, MA- or FA-based perovskites with Li+, Na+, 
K+, or Rb+, finding that at sufficiently low concentrations, these 
alkali cations occupy interstitial sites, leading to an increase in 
the activation energy barrier for halide ion migration. Whilst a 
larger alkali led to increased activation energy barriers to ion 
migration, there was also a smaller range of concentrations 
that could be doped into the interstitial sites.[152] Another factor 
that has been found to influence the migration of halide ions, 
as well as cations, is the presence of excess photogenerated 
charge-carriers. Lin et al. found that including an electron 
transport layer material (e.g., PCBM) onto the perovskite film 
to obtain excess photogenerated holes (by quenching electrons) 

Adv. Optical Mater. 2022, 10, 2200423

 21951071, 2022, 14, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202200423 by U
niversitatsbibliothek Stuttgart, W

iley O
nline L

ibrary on [22/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advopticalmat.de

2200423 (14 of 29) © 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

led to increased cation migration. It was speculated that this 
occurred because the excess holes neutralized the negatively-
charged cation vacancies to reduce the Coulombic interactions 
between the ion and vacancy, enabling faster ion transport.[151]

A-site cation migration has also been found to limit the 
operational stability of photovoltaic devices. In situ XRD meas-
urements on double- and triple-cation perovskite photovoltaic 
devices under operation have shown that the absorber phase-
separates to the yellow hexagonal δ-phase (δh) FAPbI3 and δo 
CsPbI3, leading to a decrease in PCE. An important parameter 
that determines phase-stability is the Gibbs free energy of 
mixing (ΔGmix), in which a negative ΔGmix shows a mixed-
cation alloy to be stable compared to the pure-A-site counter-
parts. Analyses by Schelhas et al. showed that mixed Cs-FA 
perovskites have less negative ΔGmix values than MA-FA perov-
skites or triple-cation perovskites (with <10%  Cs), which is 
consistent with the Cs-FA perovskites being less stable under 
operation.[147] These results are consistent with recent work by 
Li et al., which showed that whilst FA0.9Cs0.1PbI3 is thermally 
stable, photovoltaic devices demonstrate poor operational sta-
bility (when under illumination and held at the maximum 
power point) owing to the demixing of the perovskite to form 
photoinactive Cs-rich clusters.[148] X-ray induced beam current 
measurements showed that these Cs-rich clusters resulted in 
reduced current collection, and hence reduced photovoltaic 
performance.[148] It was found that a higher density of these 
current-blocking Cs-rich clusters formed following illumina-
tion. Through DFT calculations, Li et al. found that when the 
population of photogenerated carriers was sufficiently large, the 
ΔGmix becomes positive, leading to demixing.[157]

3.4. Influence of A-Site Composition  
on Charge-Carrier Dynamics

Apart from the influence on structure and ion migration, 
the A-site composition also plays an important role in carrier 
dynamics.[149–153] Chen et al. investigated the role of cations on 
hot carrier (HC) cooling in perovskite nanocrystals (NCs).[152] 
They claimed that the HC cooling time (τC) is influenced by the 
A-site cation composition in MHP NCs, where it was observed 
that τC decreased as the A-site changed from Cs to MA to FA in 
perovskite NCs, that is, CsPbBr3 (390 fs) >MAPbBr3 (270  ps) > 
FAPbBr3 (210 fs).[152] A shorter τC in hybrid perovskites (FAPbBr3 
and MAPbBr3) compared to that in the Cs-based MHP is attrib-
uted to stronger carrier−phonon coupling facilitated by the vibra-
tional modes of the organic cations.[154,155] The role of molecular 
vibrations on HC relaxation was confirmed by the ability to slow 
down the cooling process at lower temperatures for FAPbBr3. No 
effect, or a less marked effect, was observed for CsPbBr3 NCs.[155] 
Wang et al. systematically studied the effect of mixed A-site cat-
ions (incorporating K+, Rb+, and Cs+ cations into (MAPbBr3)0.17(
FAPbI3)0.83 thin films) on HC cooling.[153] The synergetic effects 
from the Rb, Cs, and K cations resulted in a ≈900 K increase in 
the effective carrier temperature at a carrier density around 1018 
cm−3 with an excitation 1.45 eV above the bandgap. In the doped 
thin films, particularly the (Rb,Cs,K,MA,FA)Pb(Br,I)3 thin films, a 
carrier temperature greater than 600 K could be maintained over 
a time scale of >10 ps at a distance over hundreds of nanometers, 

which has the potential for achieving a PCE >45% in an HC solar 
cell.[153]

Besides the impact on charge-carriers above the band-edge, 
the A-site composition can also influence the charge-carriers 
at the band-edge. Nakanishi et al. reported the effect of mixed 
cations (Guanidium, Formamidinium, and Phenylethylamine) 
in tin iodide perovskites on their charge-carrier dynamics and 
performance in photovoltaics using time-resolved microwave 
conductivity (TRMC) measurements.[149] They found that, in 
(GAxFA1−x)0.9PEA0.1SnI3 films, the best solar cell was achieved 
with x = 0.15. At this composition, most of the GA cations were 
neither included in the grain nor they caused a significant change 
in the VBM and Eg but would be located on the grain surface, 
which would passivate the grain surface and improve μe. The fur-
ther addition of GA (x  ≥ 0.5) led to its inclusion into the bulk 
of the grain and decreased both μe and μh.[149] Similarly, Said-
aminov et al. claimed that the A-site composition can influence 
the carrier diffusivity across the grain boundaries.[156,157] They 
reported that methylammonium (MA)-based films show a high  
carrier diffusivity of 0.047 cm2 s−1, while MA-free mixed Cs-FA 
perovskite films exhibit an order of magnitude lower diffu-
sivity. Elemental composition studies show that Cs-FA grains 
display a graded composition. This curtails electron diffusion 
in these films, as seen in both vertical carrier transport and sur-
face potential studies. Incorporation of MA leads to a uniform 
grain core-to-edge composition, giving rise to a diffusivity of  
0.034 cm2 s−1 in triple-cation perovskite films.[156] Apart from the 
influence on grain boundaries in thin films, which significantly 
influence the charge-carrier dynamics and transport, greater under-
standing is needed on the relationship between A-site composition 
and lattice strain and organic molecule reorientation at A-site, and 
how these factors could play a role in carrier dynamics.[150,158,159]

To summarize Section 3, it can be seen that the re-orientation 
dynamics, shape, dipole moment, and quadrupolar moment of 
the A-site cation has a significant influence on the structural 
and optoelectronic properties of LHPs. For example, these fac-
tors influence the tilting of the inorganic octahedra, and the 
phase transitions that can occur. There is disagreement in the 
literature on the specifics of how mixing Cs with an alkylam-
monium cation into the A-site influences the re-orientation 
dynamics of the alkylammonium cation and the band structure 
of the perovskite, but recent work has shown the importance 
of achieving a uniform mixture to prevent local non-radiative 
recombination sites or phase-segregation. This, however, may 
be unavoidable, and the use of pure FA or pure MA in the 
A-site, along with judiciously-chosen ligands to achieve octahe-
dral-tilt-stabilized a-phase perovskite may be a more promising 
route to achieve high radiative efficiencies and avoid phase seg-
regation in mixed-halide compositions.

4. Mixed A-Cation Halide Perovskite NCs

4.1. Synthesis

The successful demonstration of mixed A-cation halide perov-
skite thin films as photosensitizers in the fabrication of stable 
and reproducible solar cells has inspired the researchers to 
explore highly emissive and phase-stable colloidal mixed 

Adv. Optical Mater. 2022, 10, 2200423
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A-cation LHP NCs.[14,47,59,61] These NCs have received increasing 
attention in recent years owing to their potential use as stable 
light emitters and photosensitizers in LEDs and solar cells, 
respectively.[14,47,59,61,160–162] In principle, the mixed inorganic and 
organic A-cation perovskite NCs possess the combined advan-
tages of their individual counterparts. For instance, the mixed 
organic and inorganic A-cation systems merge the advantages of 
the superior stability of the inorganic part and the high solar cell 
efficiency of the organic counterpart. In addition, colloidal LHP 
NCs offer higher photoluminescence (PL) efficiency and supe-
rior stability as compared to their thin-film counterparts because 
of the capping ligands that passivate the NC surfaces. The higher 
phase stability (compared to mono A-cation LHP systems) along 
with high PLQYs makes the mixed A-cation LHP NCs promising 
materials for LEDs.[59,161,162] Furthermore, few recent reports 
demonstrated that these NCs are encouraging materials for the 
realization of stable and efficient PSCs.[14,47,61,160] However, unlike 

thin films, colloidal LHP NCs with precise tunability of the 
A-cation composition are relatively less explored.[14,75] The mixed 
A-cation perovskite NCs can be classified into three categories:  
1) all-inorganic if the A-cation composition is made of Cs+, Na+, 
K+, and Rb+,[163–170] 2) all-organic if the A-cation composition is 
made of a mixture of MA+ and FA+,[171,172] 3) organic–inorganic 
hybrid if the A-cation composition is made of both organic and 
inorganic cations.[47,59–61,160,173,174] The most common mixed 
A-cation perovskite NCs consist of different combinations of 
Cs+, MA+, and FA+.[47,59–61,160,173,174] It is important to note that the 
position of Na+, K+, and Rb+ cations in the perovskite NC lattice is 
currently under debate. A few reports claimed that these cations 
occupy the A-sites, while most reports proposed that they occupy 
interstitial sites of the perovskite lattice. Therefore, the correct 
nomenclature for these Na+, K+, and Rb+ doped/alloyed systems 
is “mixed-monovalent cation” perovskite NCs, and this applies 
to thin-film perovskites as well. Table 2 summarizes different  

Adv. Optical Mater. 2022, 10, 2200423

Table 2. Literature overview of mixed A-cation (Cs+, FA+, MA+) LHP NCs, and Na+, K+, and Rb+-doped LHP NCs along with their composition, syn-
thesis method employed, PL emission range, and PLQY. It should be noted that the position of the Na+, K+, and Rb+ dopants in LHP NCs is under 
debate. Some reports claimed that they occupy interstitial sites while few reports claimed that they replace A-cations of the LHPs. Therefore, these 
systems belong to monovalent cation doped LHP NCs instead of mixed A-cation NCs.

Composition Year Synthesis method Emission range [nm] Tunability strategy PLQY [%] Ref.

Na:CsPbBr3 2019 LARP 505–525 Precursor composition 44–85 [168]

Na:CsPbBr3 2021 Hot injection 514–525 Precursor composition 50.4–94.2 [169]

Cs1−mKmPbCl3 2018 Hot injection 408 Precursor composition 3.2–10.3 [183]

K:CsPbBr3 2020 Hot injection 520–530 Precursor composition 48–84 [165]

K:CsPb(Br1−mClm)3 2020 LARP 465–472 Precursor composition 9.5–38.4 [166]

Cs1−mRbmPbBr3 2018 Hot injection 474–532 Precursor composition – [179]

Cs1−mRbmPbBr3 2018 Hot injection 505–516 Precursor composition 93 [163]

Cs1−mRbmPbBr1.5Cl1.5 2018 Hot injection 450 Precursor composition 86 [163]

Cs1−mRbmPbBr3 2018 Hot injection 500–513 Precursor composition 35–60 [170]

Cs1−mRbmPbCl3 2018 Hot injection 395–407 Precursor composition 2–10 [170]

Cs1−mRbmPbBr3 2019 Hot injection 465–510 Precursor composition 60–93 [184]

Cs1−mRbmPbBr3 2020 Hot injection 468–516 Precursor composition – [167]

Rb:CsPb(Br1−mClm)3 2021 Sol-gel 457–510 A-cation and halide 
Exchange

20–60 [164]

Cs1−mMAmPbBr3 2017 LARP 533–539 Precursor composition – [161]

Cs1−mMAmPbI3 2017 Precipitation 720–826 Precursor composition – [174]

Cs1−mMAmPbBr3 2021 LARP 506–509 Precursor composition 35.8–85.3 [185]

Cs1−mFAmPbBr3 2017 LARP 519–538 Precursor composition 56–85 [181]

Cs1−mFAmPbBr3 2017 LARP 519–531 Precursor composition 34–60 [173]

Cs1−mFAmPbI3 2018 Hot injection
A-cation exchange

690–780 Precursor composition/A-
cation addition

>70% [59]

Cs1−mFAmPbI3 2018 A-cation exchange 650–800 NCs ratio – [47]

Cs0.5FA0.5PbI3 2020 A-cation exchange 750 – 23–68 [61]

Cs1−mFAmPb(Br1−mIm)3 2019 Simultaneously A- and X-site exchange 515–775 NCs ratio – [160]

MA1−mFAmPbBr3 2017 LARP 460–565 Precursor composition 60–75 [172]

MA1−mFAmPbBr3 2018 LARP 528–531 Precursor composition 87–89 [171]

(Rb0.33Cs0.67)0.42FA0.58PbBr3 2019 Hot injection/multi cation hot injection 
method

500 – 64.5 [186]

(Rb0.33Cs0.67)0.42FA0.58PbCl1.25Br1.75 2019 Hot injection/multi cation hot injection 
method

476 – 49.8 [186]
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mixed A-cation and Na+, K+, and Rb+ doped/alloyed mixed mon-
ovalent-cation perovskite NCs synthesized by different strategies.

The mixed A-cation LHP NCs can be synthesized directly 
using the mixture of desired A-cation precursors or by applying 
post-synthetic A-cation exchange and cross-exchange on pre-
synthesized mono-cation LHP NCs, as illustrated in Figure 8. 
The direct synthesis can be carried out by classical methods 
such as hot-injection[48–175] or reprecipitation[49–177] (Figure 8a,b). 
In the hot-injection approach, the mixed cation LHP NCs are 
synthesized by injection of a mixture of one or more A-cation 
precursors into PbX2-ligand solution at a high reaction tem-
perature (Figure  8a). In the LARP approach, a DMF solution 
containing a mixture of different A-cation and PbX2 precursors 
along with ligands is added to an antisolvent such as toluene to 
crystallize mixed cation LHP NCs (Figure 8b). The hot-injection 
synthesis approach has been greatly exploited to obtain Na+, 
K+, and Rb+ doped/alloyed mixed monovalent-cation perovskite 
NCs,[169,11,29,163,170,178–180] but rarely used for Cs+, MA+, and FA+ 
based mixed A-cation LHP NCs[59] (see Table 2). This is because 
the crystallization temperature for inorganic and organic A-cat-
ions can be different, leading to polydisperse samples. How-
ever, in the case of Na+, K+, and Rb+ doping/alloying, these 
cations are most likely occupying the interstitial sites rather 
than the A-site of the perovskite lattice. On the other hand, the 
reprecipitation approach has been successfully applied to syn-
thesize different types of mixed cation LHP NCs as most of 
the A-cations precursors crystallize at room temperature upon 
adding them to antisolvent (see Table  2). For example, Chem 
et al.[192] demonstrated the synthesis of Cs1−mFAmPbBr3 NCs by 
reprecipitation of the corresponding precursors (PbBr2, CsBr, 
and FABr dissolved in DMF) in toluene. They found that the 
Cs/FA alloy LHP NCs exhibit superior structural stability and 
higher PLQY compared to individual counterparts. The repre-
cipitation approach has been extended to mixed A-cation NCs 

of Cs1−mMAmPbBr3,[161] Cs1−mFAmPbBr3,[173,181] and FA1−mMAm
PbBr3.[171,172] Despite successful demonstration of the synthesis 
of mixed A-cation LHP NCs by hot-injection and reprecipita-
tion, obtaining NCs with precise tunability of the A-cation com-
position with high degree of homogeneity is still challenging. 
This is because different A-cations crystalize under different 
reaction conditions, which makes it difficult to obtain both the 
desired composition and a uniform size distribution in the 
mixed A-cation LHP NCs.

In this regard, post-synthetic ion-exchange reactions have 
proven to be a good alternative to precise tunability of the com-
position of LHP NCs. Generally, ion exchange reactions provide 
access to materials that are difficult to obtain by direct synthesis 
methods. For instance, halide ion exchange as well as interpar-
ticle cross-exchange reactions have been largely exploited to pre-
cisely tune the emission color of LHP NCs. In principle, such 
reactions are also applicable to tune the A-cation composition 
of perovskite NCs, as illustrated in Figure  8c,d. In the A-site 
cation exchange reaction, colloidal LHP NCs of single A-cation 
are synthesized and after their purification and redispersion in 
a non-polar solvent, a source of a different A-cation is added to 
partially displace the first one in the crystal lattice (Figure 8c).[59] 
On the other hand, the mixing of LHP NCs made of different 
A-cations leads to an interparticle A-cation exchange, resulting 
in the formation of mixed A-cation LHP NCs (Figure  8d).[47] 
These reactions are analogous to those of halide exchange reac-
tions on LHP NCs that are initially reported by Nedelcu et al.[182] 
and Akkerman et al.[63] However, the A-cation exchange in LHP 
NCs has been relatively less investigated compared to halide 
exchange. Akkerman et al. first noticed the sign of A-site cation 
exchange in LHP NCs during the study of halide exchange 
in CsPbX3 NCs using methylammonium halides (MA-X) as 
halide source. The addition of methylammonium bromide salt 
to CsPbBr3 NCs leads to a PL peak shift from 2.43 to 2.36 eV 

Adv. Optical Mater. 2022, 10, 2200423

Figure 8. Synthesis methods to obtain mixed A-cation and Na+, K+, and Rb+ cation LHP NCs. a,b) Direct synthesis of mixed cation LHP NCs by hot-
injection (a) and ligand-assisted precipitation (b) approaches. In these methods, the corresponding A-cation precursors are mixed in the desired ratio 
to crystallize them into mixed-cation LHP NCs. c,d) Synthesis by post-synthetic A-cation exchange (c) and interparticle cross-exchange (d). In the cation 
exchange, some of the A-cations of pre-synthesized LHP NCs are exchanged with another A-cation using the corresponding precursor, for example, 
using A-oleate. In the interparticle cross-exchange process, two or more types of colloidal LHP NCs made of different A-cations are mixed to obtain 
a homogeneous solution of mixed A-cation LHP NCs through cross-exchange of A-cations. These strategies are also applicable to synthesize mixed 
A-cation and mixed halide perovskite NCs.

 21951071, 2022, 14, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202200423 by U
niversitatsbibliothek Stuttgart, W

iley O
nline L

ibrary on [22/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



www.advancedsciencenews.com www.advopticalmat.de

2200423 (17 of 29) © 2022 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

due to the replacement of Cs+ with MA+ ions.[63] Later, Prote-
sescu et  al. demonstrated the synthesis of Cs1−mFAmPbI3 with 
tunable Cs/FA composition through A-cation exchange using 
FA-OL and Cs-OL as the source of cations.[59] They have shown 
that the bandgap of Cs/FA alloy perovskite NCs is tunable in 
between their individual counterparts by changing the A-cation 
composition.

In addition, recent studies have demonstrated the prepara-
tion of mixed-cation LHP NCs through A-cation cross-exchange 
between NCs made of two different A-cations. For instance, 
Luther and co-workers demonstrated the cross-exchange of 
Cs+ and FA+ ions upon mixing the colloidal NCs of CsPbI3 and 
FAPbI3, leading to the formation of Cs1−xFAxPbI3 alloy NCs 
(Figure 9a).[47] The GTF calculations suggest that all CA/FA 
compositions exhibit a stable perovskite phase (Figure 9b). The 
composition of Cs/FA and thus the bandgap of the alloy NCs 
is tunable in between their individual counterparts by varying 
the concentrations of the individual components that are mixed 
(Figure  9c). The alloying of A-cation can be probed by moni-
toring the PL spectra of the resultant mixture.[47,60,61,160] As the 
exchange takes place, the two PL peaks corresponding to the 
individual components merge into a single one, confirming the 
completion of the cation exchange (Figure 9d). The PL kinetics 
of the resulting mixture revealed that the cation cross-exchange 
is rather slow in well-purified NCs (almost no exchange takes 
place at room temperature), as it needs ≈22 h for the complete 
exchange at 45 °C. Nevertheless, the exchange rate increases by 
increasing the reaction temperature, as it completes in 60 min 
at 90  °C. The activation energy for the cross-exchange of Cs+ 
and FA+ in a mixture of CsPbI3 and FAPbI3 colloidal NCs was 
measured as ≈0.65  eV, which is higher than that reported for 

halide exchange in LHPs. Later, Hao et  al.[61] found that the 
residual oleic acid ligands in the colloidal NCs suspensions can 
significantly lower the activation energy of the A-cation cross-
exchange, and thus the cross-exchange completes in 30  min 
in the NCs purified only once, while it needs 24 h in the case 
of NCs purified twice. The free oleic acid molecules present in 
the colloidal solution act as transporters in the cross-exchange. 
Interestingly, the authors proposed that the cations segregate 
into small FAPbI3 and CsPbI3 domains in the crystal lattice. It 
is well known that the halide ions in the perovskite lattice seg-
regate upon light illumination. In fact, the phase segregation 
has also been observed in Rb doped CsPbBr3 NCs.[176] However, 
it is interesting that the A-cations (especially, FA and Cs) seg-
regate without any external stress, and therefore this needs an 
in-depth investigation.

In principle, the mixing of different A-cations in the LHP 
NC lattice can also be probed by TCSPC measurements. It 
has been well studied that the excited state decay of FA-based 
LHP NCs is much slower compared to inorganic LHP NCs.[47] 
Therefore, the Cs/FA mixed cation LHPs exhibit intermediate 
PL decay time as compared to their individual counterparts, 
and the relaxation time becomes faster with increasing the 
Cs/FA ratio.[61] Similarly, the mixed cation LHP NCs exhibit 
XRD peaks centered in between their individual counterparts 
due to the difference in lattice constant.[47,61] Vigil et  al. had a 
close look at the change in the crystal phase of the FAPbI3 LHP 
NCs after A-site cation exchange with Cs+. The incorporation 
of new A-cations in the lattice will contract or expand the lat-
tice parameter (depending on the respective size of the cations), 
and thus affect the tilt of [PbX6]4− octahedra of the crystal struc-
ture. It was found that the structural symmetry of CsxFA1−xPbI3 

Adv. Optical Mater. 2022, 10, 2200423

Figure 9. A-cation cross-exchange: a) Schematic illustration of cross-exchange of Cs+ and FA+ in between CsPbI3 and FAPbI3 NCs. b) A plot of the 
GTF versus [FA+] concentration. The plot shows that all Cs/FA compositions are within the phase-stable region (purple). The top axis is the effective 
or average radius of A-cation. c) PL spectra of colloidal solutions of CsPbI3, FAPbI3, and Cs1−xFAxPbI3 NCs of different Cs/FA ratios. d) Kinetic of A-site 
cation cross-exchange: time-dependent PL spectra of CsPbI3 (CPI) and FAPbI3 (FPI) colloidal NCs upon mixing them at 45 °C. Panels (a–d) are repro-
duced with permission.[47] Copyright 2018, American Chemical Society.
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NCs is lowered from the α phase (cubic) to β (tetragonal) to 
γ (orthorhombic) phases with decreasing Cs content.[60] These 
studies need to be extended to other cation and halide composi-
tions for a better understanding of the symmetry changes in 
mixed A-cation mixed halide systems.[19,34] Furthermore, the 
simultaneous cross-exchange of A-cation, as well as halide ion, 
leads to the formation of mixed cation mixed halide LHP NCs 
with tunable emission across the visible range.[160]

4.2. Mixed A-Cation LHP NC-Based Solar Cells

Despite the great success of LHP thin films as photosensitizers in 
highly efficient photovoltaics, achieving long-term stability while 
maintaining high efficiency is still challenging. Over the years, 
various approaches have been developed to improve their long-
term phase stability.[6,187,188] Recently, the use of ligand-protected 
colloidal LHP NCs, especially CsPbI3 and FAPbI3 NCs, as photo-
sensitizers has received increasing attention in the fabrication 
of PSCs with improved stability under long-term device opera-
tion.[14,47,61,62,160,189–194] Importantly, it has been found that the LHP 
NC-based solar cells exhibit higher open-circuit voltage (VOC) 
 compared to their thin-film photovoltaics.[61,195] This was attrib-
uted to the reduced non-radiative recombination in perovskite 
NC solar cells and thus leading to smaller VOC losses relative to 
their bulk counterparts. The reduced non-radiative recombina-
tion is generally evident from the higher PLQY of LHP NC films 
compared to bulk thin-film perovskites. In addition, the capping 
ligands are expected to improve the intrinsic stability of the photo-
active phase of iodide-based LHP NCs as compared with thin-film 
counterparts. The ligands can improve the stability against mois-
ture. It is important to note that colloidal NCs need to be purified 
using antisolvents to remove the excess ligands in the solution as 
well as to reduce the ligand density on the NC surface, otherwise 
they can significantly reduce the device performance by blocking 
charge transport. However, the purification could lead to degrada-
tion and phase transformation of LHP NCs. As discussed in the 
earlier section, mixed A-cation LHP NCs exhibit higher phase sta-
bility and charge transport properties compared to their individual 
NCs. This is because the formation of mixed A-cation alloy in the 
crystal lattices favors the desired g tolerance factor for the stabi-
lization of the perovskite structure under ambient conditions.[196] 
Furthermore, the fast rotation of FA in perovskite lattice results in 
enhanced orbital overlap and facile polaron formation, and thus 
leads to reduced non-radiative recombination and longer carrier  

lifetimes. Therefore, improving phase stability by A-cation engi-
neering is desired as discussed in earlier sections. Recent studies 
have shown that the use of mixed A- cation LHP NCs as photo-
sensitizers improves the long-term stability of perovskite photo-
voltaics while achieving over 10–15% PCE.[47,61,160,189,197] Table 3 
summarizes the recent literature on the mixed A-cation perovskite 
NC-based solar cells. It includes the device architecture, A-cation 
composition, and PCE. In 2018, Luther and co-workers demon-
strated the fabrication of Cs1−xFAxPbI3 NC-based solar cells that 
exhibit stable power out efficiencies with low hysteresis.[47] More 
importantly, the mixed cation NCs exhibit greater stability as com-
pared with hybrid perovskites, as discussed in the previous section. 
Furthermore, they found that the VOC increases with increasing 
the Cs content in the NCs. However, the NC-based solar cells pos-
sess higher VOC compared to the bulk photovoltaics regardless of 
their A-cation composition. In 2020, Hao et al.[61] reported over 15% 
PEC using Cs1−xFAxPbI3 NCs and SnO2 layer interface between 
ITO and the NC layer (Figure 10a,b). They found that the mixed 
cation- solar cells exhibit higher PCE compared to CsPbI3 NC solar 
cells. More importantly, the mixed NC solar cells showed sup-
pressed phase segregation and long-term stability for device opera-
tion under continuous illumination of 1-sun. On the other hand, 
few studies have been focused on the integration of mixed cation 
NCs into bulk thin-film photovoltaics to improve their stability. For 
instance, Ou Chen and co-workers demonstrated that the use of 
Cs rich mixed cation Cs1−xFAxPbI3 NC layer on top of bulk FAPbI3 
layer improves the stability of the device under ambient conditions 
while maintaining over 19% PCE (Figure  10c–e).[189] The device 
shows negligible hysteresis compared to the device without the 
NC layer (Figure  10d). They found that the NC layer integrated 
FAPbI3 solar cell device exhibited significantly improved sta-
bility compared to the device without NCs layer under 90% rela-
tive humidity. These studies clearly demonstrate the potentiality 
of mixed cation NC systems for improving the stability of PSCs. 
However, the device efficiency is relatively low compared to bulk 
thin film-based solar cells. Therefore, the future focus should be 
on improving the efficiency of mixed A-cation NC photovoltaics by 
optimizing the interfaces (electron and hole-transport layers).

5. Mixed A-Site Cation Perovskites for LEDs  
(Bulk Thin-Films and NCs)
As can be seen from earlier sections, LHPs are one of the 
leading candidates for the next generation of optoelectronic 

Adv. Optical Mater. 2022, 10, 2200423

Table 3. Literature overview of mixed A-cation NC solar cells made of different NC compositions, device architectures, and obtained PCE.

Composition Year Device architecture PCE Ref.

Cs0.75FA0.25PbI3 QDs 2018 Al/MoOx/Spiro-OMeTAD/QDs/TiO2/FTO 11.14 [47]

Cs1−xFAxPbI3 QDs 2019 Al/MoO3/PTTA/FAPbI3 QDs/CsPbI3 QDs/TiO2/FTO 15.6 [197]

FA0.55Cs0.45Pb(I0.55Br0.45)3 QDs 2019 Al/MoOx/Spiro-OMeTAD/QDs/TiO2/FTO 9.86 [160]

CsPbI3:Cs0.25FA0.75PbI3 QDs 2019 Al/MoOx/Spiro-OMeTAD/QDs/TiO2/ITO 17.39 [192]

FAPbI3 thin film:Cs0.57FA0.43PbI3 QDs 2019 Au/Spiro-OMeTAD/Cs0.57FA0.43PbI3 QDs/FAPbI3 thin film/SnO2/FTO 20.82 [189]

Cs0.5FA0.5PbI3 QDs 2020 Au/Spiro-OMeTAD/QDs/SnO2/ITO 16.6 [61]

(FAPbI3)x(MAPbBr3)1−x thin film: 
Cs0.05(FA0.83MA0.17)0.95PbBr3 QDs

2020 Au/Spiro-OMeTAD/QDs/SnO2/FTO 21.10 [198]

Cs1−xFAxPbI3 QDs 2020 Au/Spiro-OMeTAD/CsPbI3 QDs/FAPbI3 QDs/SnO2/FTO 16.07 [199]
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applications, including light emission.[14,200,201] Compositional 
engineering[202] and dimensional engineering[203] are widely 
used to tune the optoelectronic properties of halide perovskites. 
In this section, we will focus on A-site compositional engi-
neering, and discuss the effects on LED device performance.

The importance of mixed A-site cations on LED device per-
formance has been studied by many groups, as summarized 
in Table 4. Many studies have shown that by having multiple 
cations at A-site such as FA, MA, or Cs, the external quantum 
efficiency (EQE) of LED is higher than in mono-cation perov-
skite LEDs.[14,173,204–207] For example, Zhang et  al. conducted a 
systematic investigation into the effect of mixing FA and Cs 
on the performance of perovskite LEDs.[173] The study showed 
that alloying up to 20% Cs influenced the perovskite crystal 
lattice and improved the device performance from maximum 
luminance of 8563 cd m−2 and EQE of 0.82% for neat FAPbBr3 
LEDs to 55 005 cd m−2 and 2.8% for FA0.8Cs0.2PbBr3 LEDs.[173] 
Similarly, Xie et al. demonstrated that by preparing mixed cat-
ions thin films (Cs0.76FA0.24PbBr3), the operational stability and 
initial maximum luminance of the LEDs can be increased over 
CsPbBr3 emitters.[207] In Figure 11, the current understanding 
of the mechanisms behind the improvement in device perfor-
mance with A-site cation alloying is discussed. Figure 11a shows 
that the mixed cation films show slower PL decay than the pure 
Cs-cation films. The time-resolved PL (TRPL) decay curves 
were fitted with a tri-exponential decay model. The short, inter-
mediate, and long-time constants obtained from fitting with 
this model were denoted τ1, τ2, and τ3, respectively, as shown in 
Figure 11b. Typically, the short and intermediate lifetime com-
ponents (τ1 and τ2) were ascribed to two types of trap-assisted 
recombination (surface and bulk), whereas the long lifetime 

component (τ3) was ascribed to intrinsic trap-free charge 
recombination.[208,209] However, we note that such a simple 
model may deviate from the underlying physical processes in 
the films. The tri-exponential model nevertheless provides a 
useful numerical description of the TRPL decay curves that can 
be used for comparisons. The total proportion of τ1 and τ2 in 
the CsFA film was significantly lower than that in the Cs film 
(Figure  11b), indicating that fewer traps participated in the PL 
decay processes. The alloying of FA into Cs improved the film 
morphology during crystallization which increased the device 
efficiency. Additionally, the intrinsic excitonic binding energy 
was increased to 59.2 meV for mixed cation films, which was 
higher than those of both the pure FA (25 meV) and pure Cs 
(37 meV) cation monocrystalline films.[207] The higher exciton 
binding energy in mixed cation perovskite films could have led 
to an increase in the intrinsic PLQY, thus improving the device 
efficiency.[6,210,211]

Mixing the species present at the A-site can also influence the 
crystalline phase of the perovskite emitters. Liu et al. concluded 
that the use of a mixture of A-site cations significantly influ-
ences the crystallization of the perovskite films.[218] Their DFT 
calculations (Figure  11d,e) demonstrated that different A-site 
cations can lead to different phases. For example, pure FA led 
to a cubic phase and pure Cs led to an orthorhombic phase, 
while using a mixture of both (Cs0.5FA0.5PbBr3) led to a tetrag-
onal phase.[218] It was found that tetragonal Cs0.5FA0.5PbBr3 was 
slightly more stable than the cubic structures. They showed 
that perovskite thin films with a 1:1 mixture of Cs and FA cat-
ions were comprised of small crystals in a disordered matrix 
that may passivate the surface defects and improve the radiative 
efficiency, thus improving device performance. However, more 

Adv. Optical Mater. 2022, 10, 2200423

Figure 10. a) Cross-section SEM image of the Cs1−xFAxPbI3 NC solar cells. b) J–V characteristics of the solar cells made of different NCs as photosen-
sitizers. Panels a and b are reproduced from Ref. [61]. Copyright 2020, Springer Nature. c) Schematic illustration of the device architecture and the 
cross-section SEM image of the real device made of FAPbI3 bulk film and Cs1−xFAxPbI3 NC layers. d) J–V (forward and reverse) characteristics of the 
solar devices with and without Cs1−xFAxPbI3 NC layer. e) Photocurrent density and PCE output characteristics at the maximum power point (V = 0.88 V). 
Panels (c) and (d) are reproduced from Ref. [189]. Copyright 2019, American Chemical Society.
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studies are needed to fully understand the relation between the 
composition at the A-site and the phases present. Further dis-
cussions on this topic based on bulk samples are given earlier 
in Section 3.

We would like to emphasize the role of interactions between 
organic A-site molecules and the inorganic Pb-halide (Pb-X) 
framework (Figure  11g).  Zhang  et  al. demonstrated that by 
adding small quantity of GA or FA into CsPbBrxCl3−x perovskite 
quantum dots, the EQE and spectral stability of the devices 
were improved.[14] The mechanism behind this improvement is 
attributed to the strong hydrogen bonding between the amine 
group and halide in the inorganic octahedra, thereby increasing 
the energy barrier for halide anion migration, thereby reducing 
halide segregation and stabilizing the electroluminescence 
spectra (see Section 3.1 and 3.2 for further discussions on this 
topic). Their calculations showed that the energy barrier for 
halides to migrate can be increased from 0.42  eV (pure Cs) 
to 0.49  eV (with GA) or 0.52  eV (with FA) (Figure  11h). As a 
result, the EQE increased from 1.3% (CsPbBrxCl3−x) to 3.02% 
(GACsPbBrxCl3−x) and 4.14% (FACsPbBrxCl3−x) with more 
stable EL spectra.[215]

Apart from commonly studied A-site cations like Cs+, FA+, 
and MA+, other functional A-site cations have also been inves-
tigated for PeLEDs.[212–214] Rubidium cations can also fit inside 
the cuboctahedral voids in the perovskite framework. Biny-
amin et al reported a series of fully-inorganic mixed Cs-Rb 
cation LHP NCs, CsxRb1−xPbBr3 (x  = 0–0.8).[176] Incorporation 
of the smaller Rb+ (x = 0.2) can reduce the FWHM of the PL 
peak from 17.7 to 17.0  nm. Also, they observed the formation 
of core-shell structures when the concentration of the Rb pre-
cursor in the starting solution was increased. Rb ions have also 
been added to MA-based and FA-based perovskite thin films to 

improve the efficiency. For example, Kanwat et al. reported that 
by adding Rb+ to MAPbBr3 thin films with 1:1 mole ratio, the 
maximum luminance can be improved from 754 to 7694 cd m−2 
and current efficiency increased from 0.49 to 9.45  cd A−1.[177] 
Similarly, Shi et al. reported an increase in EQE from 1.47% 
to 7.17% when doping 30% Rb into FAPbBr3 films.[213] These 
improvements were attributed to a reduction in the defect den-
sity and hence suppressed non-radiative recombination.[212–213] 
However, more studies are required to fully understand the 
role of mixed A-site cations on improving the optical proper-
ties of the films. For example, Feldmann et al demonstrated 
that mixing cations would create spatially-varying energetic dis-
order in the electronic states, leading to local charge accumu-
lation, creating p- and n-type photodoped regions.[227] The car-
riers would then localize to the low bandgap regimes caused by 
cation tailoring. These photodoping areas have higher lumines-
cence yields which originate from radiative rates outcompeting 
non-radiative losses, since carrier densities remain locally high 
in these charge-accumulation regions.

Amine-based cations apart from FA and MA are another 
interesting group of A-site cations that have been explored. 
For example, Xiao et  al. mixed methylammonium (MA) and 
ethylammonium (EA) cations and fabricated MAxEA(1−x)PbBr3 
PeLED.[214] The EQE increased from 4.1% for single cation 
(MAPbBr3) PeLEDs to 14.5% (MA:EA in a 2:1 molar ratio). 
Based on their XRD analysis, the addition of EA cations did not 
disrupt the crystal structure of the perovskites, but only shifted 
the XRD peak positions to lower 2θ values.[226] Similarly, the 
incorporation of guanidine ions into CsPbBrxCl3−x reported 
by Zhang et al did not alter the phase of the films.[215] How-
ever, when the A-site cations were large enough to no longer 
fit into the cuboctahedral voids in the perovskite, such as  

Adv. Optical Mater. 2022, 10, 2200423

Table 4. Literature overview of mixed A-cation NC LEDs made of different compositions, device architectures, emission wavelength together with full 
width half maximum, luminescence intensity, turn-on voltage, and obtained EQE.

Emitting layer Device structure EL λmax(FWHM)/[nm] EQEmax [%] Lmax[cd m−2] Voltage [V] Year/ref.

Nanocrystals

MA0.7Cs0.3PbBr3 NCs ITO/PEDOT:PSS/TFB/Pero/TPBi/LiF/Al 520 (25) 1.3 24 500 4 2017[161]

Csx(MA0.17FA0.83)1−xPbBr3 NCs ITO/PEDOT:PSS/Poly-TPD/Pero/POT-2T/
LiF/Al

523 (19) 7.36 10 207 2 2020[162]

CsyGA1−yPbBrxCl3−x ITO/PEDOT:PSS/PTAA/Pero/TPBi/LiF/Al 490 (18) 3.02 603 2.6 2021[215]

CsyFA1−yPbBrxCl3−x ITO/PEDOT:PSS/PTAA/Pero/TPBi/LiF/Al 492 (18) 4.14 1762 2.7 2021[215]

Thin Films

CsxFAyRb1−x−yPbBrzCl3−z ITO/NiOx/PVK/PVP/Pero/TPBi/LiF/Al 477 (18) 11 2180 2.6 2021[219]

Cs0.76FA0.24PbBr3 ITO/ZnO/PVA/TFB/Pero/PVK/MoO3/Al 518 (20) 3.8 72 763 2.6 2019[207]

FA0.8Cs0.2PbBr3 ITO/PEDOT:PSS/TFB/Pero/TPBi/LiF/Al 527 (23) 2.8 55 005 3.5 2017[173]

Csx(MA0.17FA0.83)Pb(I0.83Br0.17)3 ITO/PEDOT:PSS/Pero/F8/MoO3/Ag 750 5.9 986 3 2022[205]

Cs10(MA0.17FA0.83)Pb(BrxI1−x)3 ITO/AZO/AZO:Cs/Pero/
CuS-GaSnO/WO3/Au

569 (27) 12.98 55 370 2.5 2018[220]

FA1−xCsxPbBr3 ITO/SOCP/MHP/TPBI/LiF/Al 541 (24) 3.1 9834 3.6 2018[204]

FA0.93Rb0·07PbBr3 ITO/PEDOT:PSS/Perovskite/TPBi/LiF/Al 532 7.2 66 353 2018[213]

MA(1−x)RbxPbBr3 ITO/PEDOT:PSS/Perovskite/TPBi/LiF/Al 526 (18) 7694 3 2018[212]

MAxEA(1−x)PbBr3 ITO/PEDOT:PSS/Perovskite:
PEABr/TmPyPB/CsF/Al

515 (21) 14.5 13 900 2.7 2020[214]

Cs0.5FA0.5PbBr3 ITO/NiOx/TFB/Pero/TPBi/LiF/Al 526 12.1 15 070 2021[206]
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phenethylammonium ions (PEA+), the bulky cations would cut 
the bulk 3D structure into quantum-confined 2D structures or 
quasi-2D structures. The progress of quasi-2D PeLED is beyond 
the scope of this review. Recent reviews on this topic can be 
found in Ref. [216–218].

6. Summary and Outlook

6.1. Mixed A-Cation Thin-film Solar Cells

Organic–inorganic hybrid perovskites have emerged over 
the last decade as exceptional optoelectronic materials for a 
wide range of applications, due to their long charge-carrier 
diffusion lengths, high absorption coefficients, low exciton 
binding energies (in bulk materials), and high radiative effi-

ciencies. Uniquely, these properties are achieved in materials 
processed with low-temperature solution-based methods, 
which arise in part from the defect tolerance of the materials. 
By optimizing different parts of PSC devices, such as charge 
transport layers, interface, and film morphology, as well as 
through defect passivation, the PCE has reached up to a certi-
fied value of 25.7%. In particular, the possibility of perovskite 
compositional engineering provides an excellent opportunity 
to design desirable bandgaps to absorb light from different 
spectral regions, facilitating the fabrication of multijunction 
solar cells. A-site cation engineering (i.e., forming multi-cation 
perovskites), could enhance the efficiency and stability of MA-, 
FA-, or Cs-based perovskites. We discussed all the possibili-
ties of mixing the A-site cations, including double-, triple-, and 
quadruple perovskites, focusing on the phase stability and the 
fabrication of highly efficient solar cells. In brief, introducing  

Adv. Optical Mater. 2022, 10, 2200423

Figure 11. The effect of cation mixing on LEDs device performance. Mixed cations passivate defects. a) TRPL decay for pure CsPbBr3 film (Cs), 
CsxFA1−xPbBr3 film, CsxFA1−xPbBr3 films treated with chlorobenzene antisolvents (CB-AS) and/or Poly(9-vinylcarbazole) (PVK) antisolvents (PVK-AS). 
b) The TRPL decay constant ratio. c) Fitted curve of the temperature-dependent PL intensity of the CsxFA1−xPbBr3 film. (Exciton binding energy (Eb) 
can be extracted.) The figures are reproduced with permission.[207] Copyright 2019, Elsevier B.V. Mixed cations influence perovskite phase transfor-
mation during crystallization. (d–f) shows different calculated phases including cubic phase for pure FAPbBr3, tetragonal phase for mixed Cs-FA, 
and orthorhombic phase for pure CsPbBr3. The figures are reproduced with permission.[206] Copyright 2021, Wiley-VCH GmbH. Organic–inorganic 
mixed cations induce stronger halide-cation interaction through H-bonding between halides and amines. g) Schematic of inhibiting ion migration for 
CsPbBrxCl3−x QDs by N-H–X doping strategy. Doped cations containing -NH2 are introduced into the perovskite crystal lattice, N-H–X H-bonds are 
formed between the N-H dopants and Pb-X lattices, which can inhibit the migration of halide ions, thereby stabilizing the color-shift. h) Schematic 
of the energy barrier for ionic migration dependence on N-H–X interactions. The figures are reproduced with permission.[215] Copyright 2021, Science 
China Press. Published by Elsevier B.V. and Science China Press.
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multication compositions with different ionic radii to occupy 
different positions in the perovskite crystals could modify 
the perovskite properties, leading to high-performance PSCs 
with record efficiency and stability. The increased stability is 
often attributed to the favorable GTF for the perovskite phase 
upon A-site alloying. It is well established that the A-site 
alloying improves the stability as well as reproducibility of 
PSCs. However, the relationship of chemical composition-
crystal structure-property-performance-phase stability is yet 
to be established. To this end, machine-learning tools could 
be applied to unveil this relationship by high-throughput 
screening of reported experimental data.[221–222] In addition, it 
could be useful to identify the optimum composition, device 
structure, and fabrication parameters for reproducible and 
efficient solar cells. Nevertheless, the lack of detailed informa-
tion about the crystallization mechanism and role of different 
cations in perovskite thin films needs to be urgently addressed. 
Over the years, various techniques (using standard XRD and 
grazing incidence X-ray scattering in small-angle or wide-
angle configurations (GISAXS and GIWAXS), PL, and UV–vis 
absorption) have been developed for in situ monitoring of the 
nucleation of growth of grains in perovskite thin films.[223–227] 
Although these techniques have advanced our understanding 
of the nucleation and growth of perovskite films, the role of 
different A-cations in the growth process and their distribution 
in mixed A-cation perovskite lattice, and the structural hetero-
geneity across the film are yet to be explored. Therefore, novel 
techniques that combine the capabilities to simultaneously 
obtain optical and structural information of mixed A-cation 
perovskite systems. In addition, studying the formation of 
perovskite crystals through in situ liquid cell transmission 
electron microscopy techniques would be ideal to understand 
the growth mechanism as well as the role of different cations. 
However, this is extremely challenging due to the fast degrada-
tion of perovskites under electron beam.

6.2. Mixed A-Cation LHP Colloidal NCs

On the other hand, the A-site composition of colloidal LHP 
NCs is precisely controllable by post-synthetic cation exchange 
using corresponding cation precursors or cross-exchange 
between NCs of different A-site cations. Although the cation 
cross-exchange does not occur in well purified LHP NCs at 
room temperature, the excess ligands present in the impuri-
fied colloidal NCs significantly lower the activation energy of 
the exchange process and thus facilitate the cross-exchange. 
Importantly, it has been found that the mixed cation LHP 
NCs, for example, CsxFA1−xPbI3 NCs, exhibit higher phase 
stability over their pure counterparts. Consequently, the solar 
cells made of mixed-cation LHP NCs exhibit long-term sta-
bility while maintaining high PCE as high as the single A-site 
cation LHP NCs. In fact, the highest PCE of LHP NC solar 
cells reported until today is based on CsxFA1−xPbI3 NC photo-
sensitizers (Table  3). Furthermore, it has been demonstrated 
that the integration of mixed cation NCs layer on top of bulk 
thin-film perovskite improves the device operational stability 
while achieving over 20% PCE. Despite decent progress in 
mixed cation LHP NC solar cells, there are several outstanding 

questions that need to be addressed in future studies. The tox-
icity of Pb is one of the major concerns for real-world applica-
tions of LHP NCs, therefore, Pb-free halide perovskites have 
received increasing attention. We have witnessed some pro-
gress in lead-free thin-film perovskites in the last 5 years. The 
knowledge generated from Pb-free thin-film PSC research can 
be used to obtain novel Pb-free colloidal halide perovskite NCs. 
Generally, some of the Pb-free halide perovskite NCs are rela-
tively unstable and tend to degrade in a few hours after their 
preparation. Consequently, it would be interesting to investi-
gate whether or not the A-site cation engineering improves the 
stability of perovskite NCs. Future research should therefore 
focus on the development of solar cells using Pb-free halide 
perovskite NCs as photosensitizers. Furthermore, it is impor-
tant to scale up the PSCs (thin films as well as NCs-based) 
into module scale while maintaining high PCE. Therefore, 
future studies should be focused on the implementation of the 
A-site cation allying strategy to achieve module scale devices. 
In addition, the surface chemistry of perovskite NCs should be 
optimized to improve the device performance. The long-chain 
ligands on the surface of perovskite NCs hinder the charge 
transport between NCs of the corresponding thin films. There-
fore, the ligand type and the density of ligands on NC’s sur-
face need to be optimized to improve carrier transport in NC 
films. However, the removal of ligands from the NC surface 
can cause the aggregation or degradation of NCs. To address 
this issue, novel purification methods need to be developed 
to obtain well-purified and stable colloidal NCs. Furthermore, 
the mixed cation perovskite NC systems can be integrated 
with other materials such as polymers, classical QDs to obtain 
hybrid systems to fabricate stable and efficient solar cells. 
More importantly, these systems need to be characterized by 
advanced spectroscopy techniques to understand the role of 
mixed A-site cations, charge carrier transport, distribution of 
cations, and phase stability.

6.3. Properties of Mixed A-Cation Perovskite Systems

Correlative characterization (especially nuclear magnetic 
resonance, nuclear quadrupole resonance, and neutron dif-
fraction techniques), along with first-principles calculations, 
have been invaluable in elucidating the role of the size and 
shape of the A-site cation on the properties of halide perov-
skites. The re-orientational dynamics of the alkylammo-
nium cation accessible at different temperatures determine 
the tilting of the inorganic octahedra, which in turn deter-
mines the structure and phase transitions possible. This 
has provided insights into the different structural transi-
tions of MA- and FA-based perovskites, and how these are 
influenced by alloying the A-site cation with Cs. In-depth 
studies have particularly been invaluable to understand the 
importance of octahedral tilting in preventing the degrada-
tion of FAPbI3 to the undesired hexagonal phase, as well as 
showing novel routes to maintain the photoactive a-phase 
through judicious choice of ligands to stabilize the tilting of 
octahedra. However, the understanding of the role of the re-
orientation dynamics, dipole moment, quadrupole moment, 
size, and shape of the A-site cation on the phases formed by 
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the perovskites is still at an early stage. For example, there 
are disagreements into the influence of Cs alloying on the 
re-orientation dynamics of FA in FA-based lead-halides, and 
an understanding of how the A-site cation composition influ-
ences halide migration is also in the early stages. In-depth 
studies continuing on recent work will be important to unveil 
new strategies to improve the stability and performance of 
the hybrid halide perovskites.

6.4. Mixed A-Cation LHP NC LEDs

In general, double[14,161,204,206,207] and triple cation[162,205,219,220] 
perovskite emitters show higher performance and operational 
stability than single-cation perovskites. A variety of possible 
explanations have been put forward, including passivation 
effects, improvements in film crystallinity, and increased 
hydrogen bonding between the amine group of the alkylam-
monium cation and the halides from the inorganic octahedra. 
However, there are still many questions in the field. For 
example, the relationship between the composition of the A-site 
cation and device performance is not yet fully understood. The 
level of distortion of the octahedra upon tuning the fraction 
of inorganic versus organic species at the A-site needs to be 
studied in order to obtain compositions that give the optimal 
optoelectronic properties, such as high PLQY and low defect 
densities. Furthermore, the EQE of double- and triple-cation 
perovskite LEDs, and their operational stability, still need to be 
further improved by rational optimization of the composition at 
the A-site and X-site.
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