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Perovskite solar cells (PSCs) based on methylammonium lead iodide (CH3NH3Pbl3) have shown unprece-
dentedly outstanding performance in the recent years. Nevertheless, due to the weak interaction be-
tween polar CH3NH3* (MA*) and inorganic Pbl;~ sublattices, CH3NH3Pbl; dramatically suffers from poor
moisture stability, thermal decomposition and device hysteresis. As such, strong electrostatic interac-
tions between cations and anionic frameworks are desired for synergistic improvements of the above-
mentioned issues. While replacements of I~ with Br~ and/or Cl~ evidently widen optical bandgaps of
perovskite materials, compositional modifications can solely be applied on cation components in order
to preserve the broad absorption of solar spectrum. Herein, we review the current successful practices
in achieving efficient, stable and minimally hysteretic PSCs with lead iodide perovskite systems that
employ photoactive cesium lead iodide (CsPbls), formamidinium lead iodide (HC(NH,),Pbls, or FAPbI3),
MA;_x_y_;FAxCsyRb,Pbl; mixed-cation settings as well as two-dimensional butylammonium (C4HgNH;3™,
or BA+)/MA*, polymeric ammonium (PEI*)/MA* co-cation layered structures. Fundamental aspects be-
hind the stabilization of perovskite phases a-CsPbls, a-FAPbI;, mixed-cation MA;_x_y_,FACsyRb,Pbl; and
crystallographic alignment of (BA),(MA)3;Pbyl3 for effective light absorption and charge transport will be
discussed. This review will contribute to the continuous development of photovoltaic technology based
on PSCs.

© 2017 Science Press. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Tao Xu holds a tenured professorship at Department of
Chemistry and Biochemistry of Northern Illinois Univer-
sity, USA where his research focuses on solid-state pho-
tovoltaics, fundamental optoelectronic mechanisms and
nanomaterials for energy conversion and storage. He re-
ceived his B.S. in Chemistry (1995) from East China Uni-
versity of Science and Technology and Ph.D. in Chemistry
(2003) from University of Alabama, USA.

Metal halide perovskites (MHPs, formula: ABX3, A=Cs',
CH3;NH;* (MA*) and/or HC(NH,),* (FA*), B=Pb%* or Sn’*, C=I-,
Br~ and/or Cl~) represent a realm of prominent light-harvesting
active materials that have demonstrated unforeseen success in
photovoltaic applications, where the record power conversion effi-
ciency (PCE) of fabricated solar cells had rapidly risen from 3.8% in
2009 to 22.1% in 2016 [1,2]. The stunning realization of formidable
photovoltaic performance was mostly achieved on solar cell de-
vices with CH3NH3Pbl; (MAPbI3) being the photoactive layers
[3-9]. Accordingly, what accounts for the outstanding performance
of MAPbI; cells are its desirable material foundations, such as
long carrier lifetimes (up to 3ms), phenomenal charge carrier
mobility (up to 60 cm? V-! s=1) and long diffusion lengths (up
to ~650um) [10-14]. From mechanistic standpoints, the superior
carrier properties of MAPDbI; stem from the easiness of free carrier
generation due to small exciton binding energies (E,, <10 meV)
at ambient solar cell operation conditions [15-19], low trap-state
densities of perovskite material (~10°-10° ¢m~3) [11], favored
charge transport in three-dimensional (3-D) corner-sharing Pblg
octahedral networks [20-22] that facilitate bond-to-bond electron
hopping, as well as dynamic screening effects of MA* on photo-
carriers via polaron formations that delay charge recombination
[23-26]. Even though MAPbI; owns aforementioned attractive
merits, it inherently suffers from poor moisture stability [27-33],
where it decomposes to Pbl, due to solvation of MAI by moisture
in the air [34-38]. Also, MAPbI3 undergoes thermal degradation at
elevated temperatures, in which volatile MAI separates from ma-
terial lattice and causes significant loss of light-absorbing function
of perovskite [39-43]. In terms of device operation, MAPbI; based
solar cells are plagued by photocurrent density-voltage (J-V)
hysteresis, where the ]J-V responses exhibit noticeable dependence
on the directions, rates and even ranges of voltage scans [44-47],
thereby making the accurate determination of power conversion
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Fig. 1. Cubic perovskite structures of APbl; (A=CH3NH3*, Cs*, HC(NH;),*). In the
cubic APbl; perovskite structures, A-site cations, as represented by the gray sphere,
are electrostatically intercalated in the interstitial voids formed by neighboring Pbls
corner-sharing octahedral frameworks with minimal distortions (Pb-I-Pb angles at
around 180°) [60,65,73,74], where Pb%+ and I~ are represented by green and pink
spheres, respectively.

efficiencies hard to realize. Importantly, the origins of |-V hystere-
sis are considered to be 1) capacitive current effects, 2) interfacial
charge trapping and de-trapping, 3) dynamic band structure per-
turbations due to MAT/I"ion migration, as well as the induced
built-in ferroelectric polarization [47]. By closely scrutinizing these
problems, one can find that they all share the same root cause —
anisotropic MA*, which poses weak electrostatic interaction with
anionic Pbl;~ framework due to its localized cationic charge on
NH3* group, and therefore is vulnerable to humidity solvation and
thermal evaporation; meanwhile, mobile MA* and its asymmetric
geometry contribute to the polar nature of charge distribution in
MAPDI3 system, thus emphasizing the hysteretic effects. As such,
it is imperative to strengthen the electrostatic attraction between
A-site cations and lead iodide anionic frameworks, so as to en-
hance the stabilities and largely mitigate hysteresis behaviors of
PSCs. Previously, various chemistry methods were applied to com-
positionally modify the lead iodide perovskites and achieved new
material systems with significant moisture tolerance [48-50]. For
example, pseudohalide SCN~ was used to partially substitute I~ in
perovskite lattice to passivate the solvation of MA* under moisture
effects [48,49]. Nevertheless, this approach inevitably resulted in
Ruddlesden-Popper type two-dimensional (2-D) (MA),Pb(SCN),I,
perovskite [51]. Such material and analogous 2-D perovskites con-
fine charge transport within inorganic layers, and lead to largely
widened optical bandgaps that consequently narrow the optical
absorption range of solar spectrum, thus limiting the photovoltaic
performance of fabricated solar cell devices [52-56]. In addition,
2-D lead iodide perovskites are reported to have even weaker ther-
mal stabilities, when compared with their 3-D MAPbI; counterpart
[57]. Likewise, although greater stabilities of perovskite materials
were achieved by partially replacing I~ with Br~ or Cl-, their op-
tical bandgaps were concomitantly widened, and therefore led to
decreased photocurrents of fabricated devices [9,22,58,59]. To date,
there is no synergistic approach to mitigate the issues of poor
moisture stabilities, thermal degradations and device hysteresis,
while simultaneously preserving the optical absorption efficiency
on lead iodide perovskites from the anion perspective. Being a
monovalent cation with isotropic charge distribution, Cs* has the
potential to stabilize lead iodide perovskites by forming stronger,
and more homogeneous electrostatic attraction with the inorganic
Pbl3~ frameworks. Previously, as shown in Fig. 1, a-phase cubic
perovskite CsPbl; was found to have a similar crystal structure
and optical bandgap with «-MAPbI; (1.73eV; MAPbI3: 1.53eV)
[59-61], thereby signifying the feasibility of a photo-absorber that
can be used to replace unstable MAPDbI; counterpart. Nonetheless,
its photoactive black phase was thermodynamically unstable be-
low ~320 °C [60-65], thereby making the pristine form still hard
to realize. Similarly, FA™ resembles a charge-delocalized cation
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that has led to moisture- and thermally stable cubic perovskite
FAPbI; (-FAPbI3, structure illustrated in Fig. 1) with narrower
material bandgaps (1.4 eV-15eV) and remarkable photovoltaic
properties [66-68]. However, a-FAPbI; is also unstable at ambient
temperatures, where it converts to non-perovskite yellow phase
[60,63,68-72]. Therefore, it is fundamentally intriguing to seek
special measures to coherently tune the interplay between cations
and lead iodide sublattices, for generating greater structural
allowance (e.g. Goldschmidt tolerance factors) while retaining
exceptional absorption/carrier properties.

Here, we systematically review the recent successful methods
in stabilizing pure Cs™ and FA' based lead iodide perovskites, as
well as MA; _x_y_;FAxCsyRb,Pbl; mixed-cation systems for stable
and efficient PSCs. Additionally, novel practices of adopting homol-
ogous alkylammoniums and polymeric ammoniums in 2-D iodide
systems to achieve phenomenal solar cell performance will also be
analyzed. In the end, future research directions of MHPs are to be
discussed. This work could provide insightful guidelines in further-
ing the improvements of MHPs in both material and photovoltaic
settings.

2. Perovskites «-CsPbl; and f-CsPblz
2.1. Stabilization of perovskite phase a-CsPbl;

2.1.1. Characterization of a-CsPbl; quantum dots

Due to the small size of Cs* (r=167 pm; MA*: 270 pm) [75],
CsPbl; unavoidably has a small resultant Goldschmidt tolerance
factor, which is defined as: t=(ry+rx)/(212*(r + 1¢)), where 1, g
and ry represent the radii of A-, B- and X-site ions, respectively
[63,76,77]. While a t value between 0.9 and 1.0 indicates an op-
timal cubic perovskite structure, CsPbl; has a t smaller than 0.8,
thereby forming non-perovskite phase under ambient conditions
[63,76]. It was previously shown by Swarnkar et al. [61] that «-
CsPblz can be stabilized in the form of quantum dots (QDs). «-
CsPblz QDs were first synthesized by introducing Cs-oleate solu-
tion at temperatures ranging from 60 °C to 185 °C to Pbl, in con-
tainers; as-formed QDs were chelated by oleylammonium (OA*)
surface ligands [61]. Prepared o-CsPbl; QDs were washed with
methyl acetate to remove excess precursors without coalescence
[61]. Purified «-CsPblz QDs displayed tunable optical absorption
and emission properties due to varied bandgaps and associated
particle sizes. As shown in Fig. 2(a), UV-visible absorption onset
of CsPblz QDs redshifts as synthesis temperature elevates, thus in-
dicating a narrower bandgap at higher temperature. This is echoed
with UV-excited photoluminescence (PL) of CsPbl; QDs, where QDs
synthesized at higher temperature correspond to PL emission with
greater peak wavelength, as shown in Fig. 2(b). As such, it can be
inferred that higher temperatures led to CsPbl; QDs with larger
sizes. As shown in Fig. 2(c), high-resolution TEM image indicates
that CsPbl; QDs synthesized from 180 °C condition was in around
10 nm of size, which was monotonically greater than QDs prepared
at 170 °C, 150 °C, 130 °C, 100 °C and 60 °C that have 8 nm, 6.8 nm,
5nm, 4.5nm and 3.4nm of sizes, respectively [61]. Importantly,
cubic nature of synthesized CsPbls; QDs was confirmed by the X-
ray diffraction (XRD) patterns, as shown in Fig. 2(d), where QDs
synthesized from 60 °C to 185 °C all shared diffraction peaks at
around 14°, 20°, 24° 28°, 32°, 35°, 41°, 43° and 46° which are char-
acteristic to cubic structure, thereby proving the desirable a-CsPbls
phase.

2.1.2. Photovoltaic properties of o-CsPbl3 QDs

Photocurrent-voltage (J-V) measurements were conducted to
examine the photovoltaic performance of o-CsPbl; QDs based so-
lar cell device [61]. As shown in Fig. 3(a) and (b), o-CsPbl; QDs

based device adopted a planar solar cell architecture with TiO, be-
ing the electron transport layer and spiro-OMeTAD being the hole
transport layer [78-85]. Specifically, MoOx/Al structure was used
as hole-collecting photoanode, which was low-cost and proved
to promote hole extraction due to the oxygen-deficient nature of
molybdenum oxide; also, MoOy/Al composite electrodes effectively
suppressed perovskite degradation under ambient conditions and
enhance device stability, as reported by other works [86-89]. As
shown in Fig. 3(c), a-CsPblz QDs based cell exhibits short-circuit
current density (Jsc) as ~12.9mA cm~2 and open-circuit voltage
(Vo) as ~1.15V within the first day of fabrication (magenta curve);
after 9 days of aging in ambient air, device showed nearly un-
changed Jsc but increased Vo to ~1.23V (orange curve). Top PCE
was achieved as 10.77% with V,c being 1.23V, Jsc being 13.47 mA
cm~2 and fill factor (FF) as 0.650, 15 days after first fabrication
(black curve). The progressive improvement of photovoltaic char-
acteristics illustrates the outstanding stability and performance of
o-CsPblz QDs based solar cell.

2.1.3. Zwitterion-stabilized «-CsPbl; for stable and efficient
photovoltaic performance

Other than OA™ ligand, Wang and coworkers [90] demonstrated
that sulfobetaine zwitterions could also be utilized to stabilize «-
CsPblz so as to form small-grain perovskite thin films, where the
chemical structures of three adopted sulfobetaine zwitterions are
shown in Fig. 4(a). As shown in Fig. 4(b), with the presence of
one zwitterion—NDSB201, stabilized film displayed a broad light
absorption from 350 nm to greater than 700 nm, in contrast to as-
synthesized CsPbl; that only absorbed up to ~600nm. The large
coverage of solar spectrum by NDSB201-stabilized thin film thus
had a strong black color, as shown in Fig. 4(c); and its opti-
cal bandgap (~1.74eV), as indicated by ~710nm PL peak wave-
length in Fig. 4(d), directly evidenced the formation of photoac-
tive a-CsPblz phase. As shown in Fig. 4(e), the cubic phase of
stabilized perovskite o«-CsPbl; was further verified by XRD pat-
terns, where perovskite (001), (011) and (002) planes are un-
ambiguously present, and is agreeing well with previous reports
[61,65,91,92]. Moreover, the NDSB201-induced «-CsPbl3 thin film
exhibit a long-term stability in the air for 60 days, as seen from the
nearly unchanged diffraction pattern (Fig. 4e bottom). Most impor-
tantly, by adopting an inverted solar cell structure (p-i-n, Fig. 4f),
where poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) was
used as p-type hole transport layer and [6,6]-phenyl C61 butyric
acid methyl ester (PCBM), Cgg and 2,9-dimethyl-4,7-diphenyl-1,10-
phenanthroline (BCP) were used as n-type electron transport layers
[20,32,66,90,93,94], a top PCE of 11.4% was achieved on zwitterion-
stabilized film along with a Vo, Jsc and FF as 1.08V, 14.9mA cm—2
and 0.7, respectively (Fig. 4g). Also, as shown in Fig. 4(h), unencap-
sulated device based on zwitterion-stabilized film displayed a ~9%
PCE after 35 days of aging in air under dark condition, which ac-
counted for a retention that was nearly 80% of original solar cell
performance.

2.2. Phase retention and photovoltaic application of perovskite
IB—CSPblg

As inspired by the intermediate B-phase perovskites CsSnlz
and CsPbBr3 [95-97], Fu et al. previously hypothesized and con-
firmed the existence of photoactive B-CsPbl;, which is in or-
thorhombic structure [98]. It is worth mentioning that §, 8 and
o phases respectively represent materials with increasing symme-
tries and thermodynamic temperatures, with §-phase completely
losing the 3-D corner-sharing octahedral network and thereby sig-
nifying non-perovskite crystal structure [60]. However, S-phase
materials maintain the structural characteristics of perovskites that
are featured with distorted inorganic octahedra (bent B-X-B bonds)
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Fig. 2. Optical and structural characterization of «-CsPbl; QDs [61]. (a) Photographs and corresponding UV-vis absorption spectra of a-CsPbl; QDs synthesized at 60 °C,
100 °C, 130 °C, 150 °C, 170 °C, 180 °C and 185 °C, as labeled from a to g. (b) Photographs of the «-CsPbl; QDs shown in (a) under UV illumination and corresponding PL
spectra. (c) High-resolution TEM image of o-CsPbl; QDs prepared at 180 °C with lattice parameter equal to around 6.2 A. (d) XRD patterns of «-CsPbl; QDs prepared at 60 °C
(red), 100 °C (yellow), 170 °C (light-blue), 180 °C (blue), 185 °C (pink), calculated cubic «a-CsPbls (black) and calculated orthorhombic phase §-CsPbl; (gray). © American
Association for the Advancement of Science (AAAS). Reprint by permission of AAAS from ref. [61]. Permission to reuse must be obtained from the copyright holder.
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Fig. 3. Photovoltaic properties of o-CsPbl; QDs based solar cell [61]. (a)
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) Architecture of «-CsPbl; QDs based solar cell device. (b) Cross-section scanning electron microscopy

(SEM) image of fabricated device, displaying each individual layer. (c) -V curves of a-CsPbl; QDs based device (day 1: magenta; day 9: yellow; day 15: black) with calculated
photovoltaic parameters. © AAAS. Reprint by permission of AAAS from ref. [61]. Permission to reuse must be obtained from the copyright holder.

[99], and are therefore of great exploitation in photovoltaics. In-
terestingly, Fu and coworkers demonstrated that phenylethylam-
monium (CgHs(CH;),NH3™, PEAT) could stabilize metastable S-
CsPblz perovskite during one-step thin film deposition, while OA™
surface ligand stabilized CsPblz in cubic «-phase and the lack of
long-chain ammonium ligand directly resulted in yellow 6-CsPbls;
and structures of ligand additives and polymorphic CsPblz are

shown in Fig. 5(a), (b) and (c). The perovskite structure of or-
thorhombic B-CsPbls, as stabilized by PEA* ligand, was confirmed
by the doublet (200) peak at around 28° of corresponding XRD
pattern (blue) that is shown in Fig. 5(d), while OA* function-
alized thin film showed a cubic structure as manifested in sin-
glet peaks of (100), (200) planes that are at around 14°, 28°, re-
spectively (red pattern). Without surface ligand, as-formed thin

Please cite this article as: J. Gong et al., Cation engineering on lead iodide perovskites for stable and high-performance photovoltaic
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Fig. 4. Structural, optical and photovoltaic properties of CsPblz films [90]. (a) Chemical structures of three sulfobetaine zwitterions used in stabilizing «-CsPbls. (b) UV-vis
absorption of §-CsPbl; thin film without zwitterion additive (black) and NDSB201-stabilized c«-CsPbl; thin film (red). (c) Photograph of a black and reflective zwitterion-
stabilized «-CsPbl; thin film. (d) PL spectrum of zwitterion-stabilized «-CsPbl; thin film. (e) Comparison of XRD patterns of §-CsPbl; film without zwitterion additive
(black), @-CsPbl; film stabilized by NDSB201 before (middle) and after storage in air for 60 days (bottom) at room temperature under dark condition. (f, g) Architecture, J-V
curve of zwitterion-stabilized «-CsPbls based solar cell, respectively. (h) Stability test of PCE of unencapsulated «-CsPbl; based solar cell across 35 days of aging in ambient
air under dark condition. © Cell Press. Reproduced with permission granted by Cell Press from ref. [90]. Permission to reprint must be obtained from the copyright holder.
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Fig. 5. Structural, morphological and photovoltaic properties of polymorphic CsPbl; thin films [98]. (a-c) Schematic illustration of 6-CsPbl; without ligand stabilization,
a-CsPbl; with OA* functionalization, 8-CsPbl; with PEA* functionalization, respectively. (d) Corresponding XRD patterns with or without surface ligand stabilization. (e-g)
Corresponding SEM images of CsPbls thin film surfaces, with inset being photographs of thin films. (h) Comparison of XRD patterns of OA*-stabilized «-CsPbl;, PEA*-
stabilized B-CsPbl; across 4 months of aging in the air at room temperature. (i) J-V curve of PEA*-stabilized S-CsPbl; solar cell. © American Chemical Society (ACS).
Reproduced with permission granted by ACS from ref. [98]. Permission to reuse must be obtained from the copyright holder.

film also displayed an orthorhombic structure, but in the absence bility that is up to 4 months in the air at room temperature,
of perovskite (100) and (200) structures (black pattern). §-phase, as indicated by XRD patterns in Fig. 5(h). Eventually, as shown
B-phase and «-phase CsPbl; polymorphs were further corrobo- in Fig. 5(i), PEA*-stabilized B-CsPbl; solar cell showed a con-
rated with photographs that correspondingly show yellow, black siderable photovoltaic performance with 6.5% PCE that was char-
and brown colors of respective thin films in Fig. 5(e), (f) and (g). acteristic of 15.0mA cm~2, 1.06V and 0.41 as Js, Voc and FF,
Furthermore, ligand-functionalized CsPbl; exhibited long-term sta- respectively.
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Fig. 6. Morphological and structural characterizations of synthesized formamidinium lead iodide materials [101]. (a) Schematic illustration and crystal structures of solution-
grown §-FAPbIs, a-FAPbI; and (LA),(FA)Pb,l;. (b-d) SEM images of as-synthesized §-FAPbIs, «-FAPbI; and (BA),(FA)Pb,I;, respectively, with insets being the respective pho-
tographs of as-synthesized thin films. (e) Powder XRD patterns of as-grown hexagonal §-FAPbI; (red), cubic a-FAPbI; (blue, with “*” indicating Pbl,), layered (BA),(FA)Pb,I;
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3. Perovskite o-FAPbI;
3.1. Stabilization of perovskite phase c«-FAPbI3

In contrast to the small size of Cs*, FAT has larger ionic radii
as 279 pm, and it directly leads to Goldschmidt tolerance fac-
tor greater than 1 at ambient conditions, which is responsible for
the detrimental phase transition from black cubic «-FAPbI; to yel-
low non-perovskite hexagonal §-FAPbl; at room temperature (RT)
[63,75,100]. Hence, it is of great intrigue to stabilize the photoac-
tive o-FAPDbI3 phase to harness its remarkable photovoltaic proper-
ties over long-term solar cell operations.

3.1.1. Morphological and structural characterization of
formamidinium lead iodide compounds synthesized w/ or w/o BA™

It was previously reported by Fu and coworkers that long-chain
alkyl and aromatic ammonium ligands (denoted as LA*) can sta-
bilize the solution-grown «-FAPbl3 nanocrystal thin films, without
involving high temperature (HT) conversion from §-FAPbI3 to cubic
o-FAPbI3 phase [101]. As shown in Fig. 6(a), Pbl, or Pb(CH3COO),
was first deposited on TiO, coated FTO glass; lead precursor film
was then dipped into iodide salt/isopropanol solutions that com-
prise LAl and FAI in various molar ratios for developing dif-
ferent nanostructures, where LA™ can be CH3CH,CH,CH,NH3*
(BA*), PEA* or F-PhCH,CH,;NH3* (4-fluorophenylethylammonium,
or FPEA'). When no LAl was present in precursor solution
(a1apa=0), 8-FAPbI; was always formed upon the reaction be-
tween Pbl, and FAI, with the surface morphology of as-fabricated
film showing one-dimensional nanowires in micrometer lengths,
as shown in Fig. 6(b), and its XRD pattern was shown in red of
Fig. 6(e) [101]. The identity of hexagonal §-FAPbI; is evidenced
by the yellow color of as-fabricated film displayed in Fig. 6(b) in-
set. However, when BA* was used as the ligand with apaps ad-
justed to be 0.86, as-converted film shows significantly decreased
1-D nanostructures and a black color, as shown in Fig. 6(c) and
inset, respectively, thereby indicating generation of a photoactive

material with higher structural dimension. The cubic structure of
o-FAPbl; was confirmed by XRD as shown in blue of Fig. 6(e),
showing some unreacted Pbl,. After agjra increased to 2.57, plate-
like 2-D layered structures were formed, as shown in Fig. 6(d),
where the materials were found to be the mixture of cubic «-
FAPbI; and 2-D (BA),(FA)Pb,l;, as verified by magenta pattern of
Fig. 6(e). The red color of inset photograph of as-fabricated film
illustrated a widened bandgap of 2-D perovskite due to quantum
confinements, when compared with the 3-D «-FAPbl3 counterpart.
As BA™ content continuously increased in BAI/FAI precursor solu-
tion, pure (BA),Pbly; was formed, as shown in green of Fig. 6(e)
[101].

3.1.2. PEA*-, FPEA*-stabilized and photovoltaic properties of
«-FAPbI5

The surface functionalization by PEA™ and FPEA* also led to
stabilized cubic phase «-FAPbI3 [101]. As shown in Fig. 7(a), XRD
patterns indicate nearly identical perovskite structures of «-FAPbI3
nanostructures stabilized by FPEA* (green), PEA* (light blue) and
BA* (red) by peaks at around 14°, 20°, 24°, 28°, 31°, 35° and
40°, when compared to calculated pattern of cubic phase FAPbIs
(black). Remarkably, as shown in Fig. 7(b), «-FAPbI; thin film func-
tionalized with FPEA* preserved cubic structure that did not ex-
perience noticeable change in diffraction pattern over 4 months
of aging, which is corroborated by the black color of «-FAPbI;
thin film displayed as inset. PL studies were performed to vali-
date the photoactive cubic phase of LA-directed formation of o-
FAPbl;. As shown in Fig. 7(c), BAT- (black), PEAT- (pink), FPEAT-
(blue) stabilized and §-« thermally transitioned (magenta) FAPbI;
all shared a common emission peak wavelength at around 814 nm
that corresponds to a ~1.50 eV bandgap and agrees well with pre-
vious reports [67,76,100,102], thus verifying the cubic phase -
FAPbl;. Most importantly, the photovoltaic properties of FPEA™-
stabilized «-FAPbI3 were studied by conducting J-V measurements
of fabricated solar cell device. As shown in Fig. 7(d), stabilized
o-FAPbI3 device (red) exhibited better photovoltaic performance
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Fig. 7. Structural, optoelectronic and photovoltaic properties of ligand-stabilized «-FAPbl; [101]. (a) XRD patterns of perovskite FAPbI; nanostructures prepared from Pbl,
films in FAI/BAI (red), FAI/PEAI (blue) and FAI/FPEAI precursor solutions, indicating the formation of cubic structures by comparing with calculated cubic w-FAPbI; pattern
(black). (b) Evolution of XRD patterns of o-FAPbl; nanocrystal film converted from Pbl, and FAI/FPEAI precursors, with as-fabricated film, 2 months and 4 months of aging
shown in black, red and blue, respectively. The high stability of synthesized «-FAPbI; film was indicated by the nearly unchanged cubic structure by comparing to calculated
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showing extracted photovoltaic parameters from corresponding devices. © ACS. Reproduced with permission granted by ACS from ref. [101]. Permission to reprint must be
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as relative to a reference MAPbI; device (black) with greater Js
(241 mA cm~2; MAPbI;: 22.4mA cm~2) and Vo (0.951V; MAPbI;:
0.936V); in addition, stabilized «-FAPbI3 device had a larger FF
(0.677), when compared with the value of MAPbI; device (0.644).
These photovoltaic parameters directly resulted in a stunning PCE
of 15.5% in «-FAPbI3 device, higher than the PCE of 13.5% in pro-
totypical MAPbI; cell.

3.2. High-quality a-FAPbI; layers for outstanding photovoltaic
performance

3.2.1. DMSO-mediated intramolecular exchange for uniform o-FAPbIs

Solvent engineering that involves formation of MAI-Pbl,-DMSO
intermediate phase has led to dense and uniform perovskite lay-
ers, as previously realized by Jeon et al. [20]. Nonetheless, such
method regretfully results in uncontrollably rough FAPbI; surface
with pinholes [66], and thus incomparable photovoltaic perfor-
mance with MAPbI; based devices so far [66,103-107]. Nonethe-
less, Yang and coworkers demonstrated that instead of forming
FAI-Pbl,-DMSO intermediate prior to the crystallization of FAPbI;
with thermal treatment, Pbl,(DMSO) precursor was first deposited
on FTO/glass substrates, which then underwent reaction with FAI
to generate high-quality, phase-pure FAPbI; films with excellent
photovoltaic performance via intramolecular exchange between
DMSO molecules and FAI compound (Fig. 8a) [66]. The DMSO in-
tercalated Pbl, phases were initially confirmed by XRD patterns
as shown in Fig. 8(b), where Pbl,(DMSO), (upper pattern) was
first obtained by precipitation from DMSO solution with toluene as
the antisolvent; an equivalent of DMSO was then removed under

vacuum annealing at 60 °C, which produced desired Pbl,(DMSO)
powder crystalline (middle pattern). Crucially, Pbl,(DMSO) could
be retrieved after dissolution and spin-coating from solution with
DMEF as the solvent, thereby resulting in workable thin film with
matched phase (lower pattern) with powder format (middle pat-
tern) [66]. Next, FAl/isopropanol solution was spin-coated upon
the Pbl,(DMSO) layer to form perovskite FAPbl3, whose phase was
unambiguously proven by XRD patterns shown in Fig. 8(c) and
agreed well with previous reports [67,72]. In contrast to conven-
tional Pbl, + FAI two-step method that required high-temperature
annealing to achieve perovskite a-FAPbl;, DMSO-intercalated Pbl,
rapidly reacted with FAI through molecular exchange and gener-
ated pure «-FAPbI; films and exhibited better photovoltaic proper-
ties [66]. As shown in Fig. 8(d), unreacted Pbl, and FAI (denoted
as “#” and “*”, respectively) could still be found after the con-
ventional two-step fabrication process (blue), while method based
on Pbl,(DMSO) complex clearly resulted in exclusive perovskite
phase «-FAPbI3 (red). As shown in Fig. 8(e), while conventional
fabrication achieved ~22mA cm~2 and ~1.03V as Jsc and Vj, re-
spectively, DMSO-mediated method resulted in ~24 mA cm~2 and
~1.05V of Jsc and Vi, as well as a higher fill factor, which effec-
tively contributed to an average PCE of ~19.5%, with top PCE ex-
ceeding 20% for solar cells fabricated based on Pbl,(DMSO) com-
plex, in contrast to ~14.5% average PCE for devices processed with
conventional Pbl, + FAI method [66].

What accounts for the superior photovoltaic performance of
perovskite FAPbl; devices based on Pbl,(DMSO) complex are the
compact, flat and uniform FAPbI; films with densely covered
large grains, where defect densities and boundary effects were
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Fig. 8. Intramolecular exchange, precursors, structures, photovoltaic properties of «-FAPbI3 [66]. (a) Schematic illustration of intramolecular exchange between interlayer
DMSO molecules in Pbl,(DMSO) and FAI to form «-FAPbIs. (b) XRD patterns of Pbl,(DMSO), powder crystalline (top), Pbl;(DMSO) powder crystalline (middle) and de-
posited Pbl,(DMSO) film (bottom), showing different crystal structures between Pbl,(DMSO), and Pbl,(DMSO), but same between powder crystalline and film formats of
Pbl,(DMSO). (c) XRD patterns of as-synthesized «-FAPbI; thin film fabricated from intramolecular exchange method (top), in comparison with «-FAPbl; powder (bottom).
Strong diffraction peaks at around 13.9° and 28.1° respectively indicate preferential crystallographic orientations toward (10-1) and (202) directions in «-FAPbI; thin film
[60]. (d) Comparison of XRD patterns of «-FAPbI; thin films fabricated from conventional Pbl, + FAI two-step process (blue) and intramolecular exchange method (red),
where «, * and # denote structures of perovskite FAPbIs, FAI and Pbl,, respectively. (e) J-V curves of FAPbl; PSCs fabricated with conventional Pbl;, + FAI process (blue) and
intramolecular exchange method (red). © AAAS. Reprint with permission granted by AAAS from ref. [66]. Permission to reuse must be obtained from the copyright holder.

minimized, and therefore favored efficient charge separation and
long-distance carrier diffusion [108]. As shown in Fig. 9(a), the
cross-section SEM image of a photovoltaic device indicates thick
(>500nm) and compact perovskite FAPbl; layer, which benefited
phenomenal light absorption up to 840 nm [66,103]. Also, the aver-
age grain size of Pbl,(DMSO)-based FAPbI; film can easily surpass
500nm (Fig. 9b upper part), different from the smaller grain size
that falls below 500nm as obtained from conventional Pbl, + FAI
fabrication process (Fig. 9b lower part). Furthermore, as shown in
Fig. 9(c) left part, negligible hysteresis occurred on Pbl,(DMSO)-
based FAPbI; device, as revealed by forward (blue) and reverse
(red) J-V scans, which can be ascribed to the largely annihilated
trap state density in high-crystallinity FAPbl; film [108], as well
as charge-delocalized FA* that formed balanced electrostatic at-
traction with inorganic Pbl;~ framework [66]. The optoelectronic
profile of perovskite FAPbl; device was additionally validated by
incident photon-to-current efficiency (IPCE), measured in external
quantum efficiency (EQE) (black) as shown in Fig. 9(c) right part,
where EQE is greater than ~85% in the range from 400nm to
780 nm; after 840nm, EQE falls to O, corresponding to a 1.47eV
optical bandgap [66,103]. By integrating from 300nm to 900 nm

of photons, integrated Jsc (red) showed a ~24mA cm~2, agreeing
well with the value extracted from J-V curves shown in Fig. 9(c)
left part [66].

3.2.2. HPbI3 precursor for uniform «-FAPbI3 thin film with high
surface coverage

Similar to the motif of Pbl,(DMSO), Wang et al. [109] showed
that HI can be used to intercalate Pbl, layered structure to form
reactive HPbls, as shown in Fig. 10(a); and it subsequently enabled
complete transition to FAPbI; by reacting with FAL However,
different from the 2-D—3-D conversion of Pbl,(DMSO)— «-FAPbI3
without thermal treatment as realized in Yang’s work [66], the
transformation from precursor HPbl; to «-FAPbl3 was in 3-D—3-D
fashion and required thermal annealing [109], where the inorganic
Pbl;~ lattice framework was not tampered, and instead, only the
organic cation exchange between H* and FA™ occurred. After spin-
coating the 1:1 molar ratio of HPbl3/FAI solution in DMF, followed
by annealing at 130 °C for 30 min and 160 °C for 60 min, black
o-FAPbl; was formed [109], whose structure was characterized
by XRD pattern as shown in Fig. 10(b), where strong diffraction
peaks were observed at around 26 = 14°, 28°, indicating preferred
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layer with thickness greater than 500 nm. (b) Surface morphology of FAPbI; layer fabricated by intramolecular exchange process (top), by conventional Pbl, + FAI method
(bottom). By comparison, intramolecular exchange process led to dense FAPbI; layer with large grains, while grain size from conventional process was smaller. (c) J-V curves
of «-FAPbI3 device fabricated from intramolecular exchange process with forward (blue) and reverse (red) voltage scans (left), IPCE spectrum (black) along with integrated
Jsc (red) (right). The overlapped J-V curves indicated hysteresis-free behavior of solar cell. © AAAS. Reprint with permission granted by AAAS from ref. [66]. Permission to
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crystallographic orientations toward (110), (220) directions, respec-
tively [109,110]. As shown in Fig. 10(c), «-FAPbI; film deposited
from HPbI3/FAI solution had a dense and uniform surface, and
it led to superior solar cell performance with PCE of 13.69% in
forward ]J-V scan, characteristic of Jsc as 23.62mA cm~2, Vo as
0.92V and FF as 0.63; while a PCE of 17.50%, featured with Js as
23.65mA cm~2, Vo as 1.0V and FF as 0.74, was achieved from
reverse ]J-V scan, as indicated in Fig. 10(d).

3.2.3. NH4*/FA* cation exchange for flat a-FAPbI; thin film with
densely packed large grains

Apart from H* that exchanged with FAT to generate high-
quality FAPbI; films with high surface coverage, as realized in pre-
vious work [109], Zhou et al. [75] demonstrated that NH4Pbl; can
undergo substitution reaction with formamidine acetate (FAac) to
form pure and uniform «-FAPbI3 at HT condition, as shown in
Fig. 11(a). To illustrate the change in crystal structure, XRD was
performed on thin-film NH4Pbl3, and «-FAPbI; after cation ex-
change reaction. As shown in Fig. 11(b), XRD pattern of NH4Pbls
(upper) displays different peaks when compared with the synthe-
sized a-FAPbI; (lower) [75,107,111], thus indicating altered material
structure after cation exchange. Noteworthily, the peaks marked
with cross signs indicate TiO, substrate signals. Surface morphol-
ogy of fabricated «-FAPbI3 thin film was then characterized by
SEM and Atomic Force Microscopy (AFM). As shown in Fig. 11(c),
SEM image displays a uniform surface of «-FAPbI; thin film with
densely filled large grains (~400nm); and AFM topographical im-
age, as shown in Fig. 11(d), shows a relatively flat surface profile
with a root mean square roughness as 36 nm.

J-V measurements were then conducted to examine the photo-
voltaic properties of fabricated «-FAPbI3 based solar cell. As shown
in Fig. 12(a), «-FAPbI3 device exhibited nearly hysteresis-free pho-
tovoltaic performance, where forward and reverse J-V sweeps all
resulted in the same PCE as 12.4%. Phenomenally, a Jsc of 22.2 mA
cm~2, Voo of 0.94V and FF of 0.59 were derived from the reverse
scan; closely, a Jsc of 22.3mA cm~2, Vo of 0.95V and FF of 0.58
were extracted from the forward scan. The greatly reduced hystere-
sis on FAPbl; device, as fabricated from the NH,"-FA* exchange
method, can be partially attributed to the annihilated trap state
densities in «-FAPbI3 [47,108], as due to the large and dense grains

that outweigh the grain boundary effects, as well as the charge-
delocalized FA* that mitigated the ferroelectric polarization in the
FAPbI; system [35,112]. Remarkably, «-FAPbI3 also exhibited sig-
nificantly greater thermal stability. As shown in Fig. 12(b) (black
curve), FAPbI; film annealed at 140 °C for up to 7h showed no
obvious degradation in PCE of fabricated solar cell, where the inset
SEM image (upper right) displayed a similar morphology to the as-
fabricated film surface as shown in Fig. 11(c); nonetheless, in terms
of MAPDI; film (red curve), degradation in PCE of solar cell started
to appear at 2 h of annealing at 140 °C, and drastic decrease of PCE
started from 4 h of thermal treatment. By 7 h of thermal annealing,
MAPbDI3 based solar cell retained only 5% of original performance,
with the inset SEM image (lower left) showing a cracked surface
of MAPbI; thin film.

3.2.4. HI-additive induced uniform o-FAPbI;3 thin film with high
surface coverage

It is well known that Pbl, has limited solubility in DMF
and y-butyrolactone (GBL), which has been attributed as a main
reason for poor photovoltaic performance of fabricated PSCs
[113-116]. Nevertheless, it was previously shown that chemical
additive-modified soluble Pbl,, and the adoption of aqueous sol-
uble Pb2* source effectively facilitated formation of uniform and
dense perovskite layers with high surface coverage, and conse-
quently led to formidable photovoltaic performance of fabricated
solar cells. These were realized in tetra-n-butylammonium triio-
dide (TBAI3)-additive doped Pbl, layer fabrication followed by sub-
sequent reaction with MAI to form smooth and dense MAPbI;
films [114], and aqueous Pb(NOs),-precursor based MAPbI3 sys-
tems [115]. In fact, the practices of adopting Pbl,(DMSO), HPbls
precursors essentially promote the dissolution of lead (II) precur-
sor, and therefore led to complete conversion of lead (II) precursor
to perovskites, as detailed in abovementioned sections [66,109]. Be-
ing a strong acid that provides abundant concentration of iodide
ions, HI has potential to promote dissolution of Pbl, and generates
high-quality FAPbI; thin films [101]. Eperon and coworkers suc-
cessfully demonstrated that HI-added perovskite precursor solution
could generate uniform and dense FAPbI; film as shown in Fig.
13(a), in contrast to FAPbI3 film without HI in precursor solution
that had low surface coverage, as shown in Fig. 13(b) [71]. With HI
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in precursor solution, resultant FAPbI3 based solar cell exhibited
phenomenal photovoltaic properties. As shown in Fig. 13(c), J-V
curves of «-FAPbI3 devices impart a top PCE as 14.2% with 23.3 mA
cm~2, 0.94V and 0.65 as Jsc, Voc and FF, respectively; an average
PCE of 9.7% was derived, with 18.8mA cm~2, 0.85V and 0.60 as
Jse» Voc and FF, respectively. For mixed-halide FAPb(I,Br;_y)s, as
shown in Fig. 13(d), 100% iodide content perovskite (y=1, blue)
represented the reference champion FAPbI; cell that showed 14.2%
PCE; when y=0.8 (gray), FAPbI, 4Brq¢ exhibited decreased PCE as
9.1% with Js, Voc and FF being 13.6mA c¢cm~2, 1.00V and 0.67,
respectively; After y continued to decrease to 0, corresponding
FAPbBr; device showed significantly degraded photovoltaic perfor-
mance with only 1.9% of PCE, and 2.9mA cm~2, 1.02V and 0.65
of Jsc, Voc and FF, respectively. The monotonic decrease in PCE and
Jsc, but increase in Vq, illustrated the widened optical bandgaps in
FAPb(IyBrq_y)3; perovskites with greater Br contents, agreeing well
with previous observations [9,22,58,59,117-119].

4. Mixed-cation perovskites for stable and formidable
photovoltaic performance

4.1. Perovskites (MA™,Cs* )Pbl3

4.11. MA*, Cs* alloyed lead iodide for thermally stable perovskite
materials

Due to the high decomposition temperatures of Cs™-based inor-
ganic perovskites, such as CsPbl; and CsPbBr3 [120-123], Cs* has
the potential to enhance the thermal stabilities of alloyed hybrid
perovskites. As such, we synthesized MAPbI3 and MA g5Csq o5Pbls
thin films, which were thermally treated at various temperatures
with 10 min of equilibration time at each set temperature. Opti-
cal reflectance spectra were then measured on these two films af-
ter treatment of each set temperature, and their thermal stabili-
ties were evidenced from the evolutions of temperature-dependent
reflectance spectra. As shown in Fig. 14(a), regular MAPbI;3 thin
film experienced phenomenal degradation after being thermally
treated at 190 °C for 10 min, as indicated by the upshift of re-
flectance from 500 nm to 750 nm and considerably decreased slope
of onset portion between 750nm and 800nm, when compared
with the reflectance profiles measured after treatments at lower
temperatures; while at 200 °C treatment for 10 min, MAPbI5 thin
film exhibited further degradation, as illustrated by the largely el-
evated reflectance from 500nm to 750nm along with an appar-
ently diminished onset area, and thus signifying a massive loss of
light-harvesting activity of perovskite. Nevertheless, as displayed in
Fig. 14(b), no obvious change in reflectance spectra was observed
on MAg 95CsgosPbls thin film after thermally treated at set temper-
atures up to 200 °C, where the slope of reflectance onset between
750 nm and 800 nm was largely unaffected. To quantify the change
in optical absorption ability of thermally treated thin films, optical
bandgaps were extrapolated from Tauc plots of corresponding re-
flectance spectra. As shown in Fig. 14(c), after 200 °C treatment for
10 min (red), degraded film had a 2.35eV bandgap, in contrast to
original 1.54 eV bandgap on as-developed MAPbI; thin film (black);
whereas for MAggs5CsgosPbls thin film, as shown in Fig. 14(d),
1.52 eV bandgap was observed after 200 °C treatment (red), which
was only 0.01eV widened relative to 1.51eV on as-developed thin
film (black). The retained reflectance profiles of MAgg5CsggsPbls
thin film illustrated its significantly enhanced thermal stability, in
comparison with pristine MAPbI3.

4.1.2. MA*, Cs* alloyed lead iodide for stable and improved
photovoltaic properties

By performing time-resolved photoluminescence (TRPL), we
demonstrated that incorporation of Cs* can lead to prolonged
bulk carrier lifetimes in MAgg5CsgosPbls crystals, in comparison

with pristine MAPbI3 crystals, with crystals grown from corre-
sponding solutions with stoichiometric MAI, Csl and Pbl, precur-
sors by following method reported in work [124]. As shown in
Fig. 15(a), three MAPbI3 crystals as grown in the same batch exhib-
ited longer fast-component carrier lifetimes (71, crystal #1: 7.2 ns,
crystal #2: 83ns, crystal #3: 9.6ns) than the MAgg5Csgo5Pbls
crystals (crystal #1: 3.0 ns, crystal #2: 2.3 ns, crystal #3: 2.2 ns), but
shorter slow-component carrier lifetimes (75, crystal #1: 56.1 ns,
crystal #2: 44.8 ns, crystal #3: 93.3 ns; with MAgg5Csgo5Pbls hav-
ing 129.4ns, 160.1 ns and 143.0ns for crystals #1, #2 and #3, re-
spectively). This indicated a slightly increased trap-assisted car-
rier recombination, but largely delayed free carrier recombina-
tion process [125,126], which was expected to have positive ef-
fects on solar cell performance based on Cs*, MA* alloyed per-
ovskites. Indeed, Niu and coworkers previously demonstrated that
mixed-cation (MA,Cs)Pbl; based device exhibited improved photo-
voltaic performance [127]. As shown in Fig. 15(b), MAg g1 Csq g9Pbl3
based champion solar cell (red) had a Jsc of 22.57mA cm~2, Vo
of 1.06V and FF of 0.76, which were correspondingly greater than
the Jsc of 20.59 mA cm~2, V,c of 1.04V and FF of 0.74 as achieved
on pristine MAPbI3 champion cell (black). The difference in pho-
tovoltaic parameters eventually led to a 18.1% PCE in champion
MAg 91Csgg9Pbl3 cell, and only 15.8% on champion MAPbI; cell.
Also, the thermal stabilities of MAgg;CsggoPblz and MAPbI3 cells
were studied from respective photovoltaic performance as aged
in thermal conditions [127]. As shown in Fig. 15(c), unencapsu-
lated MAPbI3 device (black) underwent continuous decrease in
PCE as aged at 85 °C in air; and by 60min of aging, device ex-
hibited only ~30% of original performance. While for unencapsu-
lated MAg g1 Csg09Pbl3 device (red) that was aged under the same
condition, no obvious deterioration of cell performance was wit-
nessed by 40 min of aging at 85 °C; and after 60 min of aging,
~85% of original performance could still be retained. The opto-
electronic structures of MAPbl; and MAg g1 Csq goPbls champion de-
vices were then examined by IPCE spectra, as shown in Fig. 15(d),
where IPCE% of MAgg;CsgooPbl; was greater than MAPbI; be-
tween 400 nm and 750 nm and therefore signified a greater quan-
tum conversion efficiency in the visible spectrum. Due to the IPCE
spectra of both devices that showed a common onset area from
750nm to 800nm and 0% quantum efficiency after ~810nm, it
can be imparted that MAgg;CsgogPbl3 and MAPbI3 perovskites
had similar optical bandgaps. Noteworthily, by integrating from
350nm to 850nm, the integrated Jsc of MAgg1Csgg9Pbls device
was at ~20mA cm~2, correspondingly greater than MAPbI; de-
vice at ~18.7mA cm~2, closely matching the values derived from
Fig. 15(b).

4.2. MA*, FA* mixed-cation systems for stable and improved solar
cell performance

With smaller ionic radius than FA™ (279 pm) [75,100], MA*
(270 pm) can decrease the tolerance factors of MA*/FAT mixed-
cation lead iodide structures, and thereby forming phase-stable
perovskite materials, as previously demonstrated by Dai and
coworkers [128]. Fig. 16(a) shows photographs of solution-grown
FA;_xMAxPbI3 thin films, with samples from left to right respec-
tively corresponding to compositions of x=0, 0.2, 0.4, 0.6, 0.8 and
1.0. Clearly, with the presence of MA™ in precursor solutions, syn-
thesized FA;_xMAxPbI3 thin films were in black colors, and there-
fore indicated the photoactive perovskite phases. However, when
there was no MA™" in reaction solution (100 mol% FAI precursor),
non-perovskite phase §-FAPbl; was directly resulted, as demon-
strated by the yellow color of sample. The crystal structures were
further confirmed by XRD patterns, as shown in Fig. 16(b). With
100 mol% FAI precursor, as-formed FAPbl; had a hexagonal struc-
ture, whose diffraction pattern (dark yellow) agrees well with pre-
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Fig. 14. Temperature-dependent optical reflectance spectra of MAPbI; and MAgg5Csg0sPbls thin films and corresponding Tauc plots. (a,b) Evolution of optical reflectance
spectra of MAPbI3, MAgg5CsoosPbls thin films, respectively, as set temperature rose from as-developed temperature (RT) to 200 °C. (c,d) Corresponding Tauc plots of the
reflectance spectra shown in (a,b), respectively, with only RT and 200 °C shown for clear comparison of extrapolated optical bandgaps.

viously reported studies [60,72,100,101]. At 20mol.% MAI and 80
mol% FAI stoichiometric cation precursors, as-grown material oc-
cupied a mixed hexagonal/cubic structure, which was illustrated
through the co-existence of diffraction peaks at around 11.2°, 26.2°
that are characteristic of hexagonal phase, and at around 14°, 20°,
24.5°, 28°, 31.7° that are characteristic of perovskite structures (ma-
genta pattern) [60,72,100,101]; while at 40 mol%, 60 mol% and 80
mol% MAI, pure cubic phases of alloyed perovskites were unam-
biguously obtained (dark cyan, blue and red patterns). In addi-
tion, when cation iodide precursor was 100 mol% MAI, tetragonal
MAPbDI3 was crystallized, which was manifested in the (002)/(110)
doublet peak at around 14° as well as (004)/(220) structure at
around 28° (black pattern) [60]. Furthermore, due to the fact that
FA* has larger size than MA™, incorporation of FA* led to en-
largements of material lattice constants, which was illustrated in
the (100)/(110) peaks that shifted toward smaller 26 angles due to
d=nA/2Sinf as FA* content increased in alloyed systems (Fig. 16¢
and d).

Apart from the stabilization effects of FA;_xMAxPbl; perovskite
structures, MA*/FA* co-cationed lead iodide perovskites also ex-
hibited synergistically improved optoelectronic properties. As pre-

viously proved by Zhang et al. [129], incorporation of FAT led to
redshift in PL peak wavelengths, which was an indication of nar-
rowed optical bandgaps (Fig. 16e). This is justified with the smaller
bandgap associated with pristine «-FAPbl3 (<1.48 eV) when com-
pared with MAPbI3 (~1.53eV) [59,67,68]. Also, as shown in Fig.
16(f), such widened optical absorption was accompanied with pro-
longed carrier lifetimes, where pristine MAPbI;, FAgqMAgqPbls,
FAg2MAgPbl; and FAg3MAq;Pbl; exhibited carrier lifetimes of
11ns, 14ns, 17ns and 16ns, respectively. In terms of the solar
cell performance, FAgiMAggPbl; based device exhibited signifi-
cantly enhanced photovoltaic properties when compared to pure
MAPbI; counterpart. As shown in Fig. 16(g), FAg;MAggPbl3 based
device showed a 20.26% PCE, characteristic of a Jsc, Voc and FF as
23.61mA cm~2, 1.08V and 0.796, respectively; in contrast, MAPbI;
cell only had a 18.59% PCE with 23.45mA cm~2, 1.05V and 0.758
as Jse, Voc and FF, respectively. In addition, FAq,MA(gPbl; based
cell also demonstrated improved photovoltaic performance as com-
pared to MAPDI3 cell, where its PCE was achieved as 19.32% with
corresponding Jsc, Voc and FF as 22.54mA cm~2, 1.08V and 0.794,
respectively. Although it was slightly outperformed by MAPDI;,
FAg3MAg;Pbl; device also showed a phenomenal photovoltaic
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Fig. 15. Carrier recombination dynamics, photovoltaic properties, stability tests and IPCE spectra of MAPbI3, (MA,Cs)Pbls and fabricated solar cells. (a) Normalized TRPL decay
spectra of MAPbI; crystals (black, red, blue) and MAgg5Cso0sPbls crystals (magenta, green, violet). (b) J-V curves of MAPbI; (black), MAgg1Cso09Pbls (red) based solar cells
[127]. (c) Stability tests of unencapsulated MAPbI3, MAg g Csgg9Pbl; based devices at 85 °C in air [127]. (d) IPCE spectra and integrated Jsc of MAPbI3 (black), MAgg; Csg9Pbls
(red) based devices [127]. © RSC. Reprint with permission granted by RSC from ref. [127]. Permission to reuse must be obtained from the copyright holder.

performance, where a PCE, Js, Voc and FF of 17.29%, 22.50 mA
cm~2, 1.02V and 0.752 were realized, respectively. The fact that
FAg1MAgoPbl; had greater Jsc output or smaller optical bandgap
than pristine MAPbI; formats was verified by the EQE spectra
that are shown in Fig. 16(h), where larger photon-to-current quan-
tum efficiency was observed from around 750nm to 800nm on
FAg1MAqgPbl3 based device (black) as compared to pure MAPbI3
counterpart (red); while the integrated current density curves
(dotted lines) further corroborated the Js. extrapolated from Fig.
16(g), with obtained Jsc being 22.57mA cm~2 and 21.77 mA cm—2
on FA(1MAggPbl3 and MAPDI3, respectively.

4.3. FA", Cs* alloyed lead iodide for stable and outstanding
photovoltaic properties

As previously mentioned, due to Goldschmidt tolerance
factors that deviate from 0.9-1 region, both perovskite o-
FAPbl; and «-CsPbl; are not thermodynamically stable at RT
[63,75,100,130]. However, Li and coworkers discovered that mixed-
cation (FA,Cs)Pbl; alloys were stabilized in photoactive «-phase
through tuning the tolerance factor to between 0.8 and 1, and the

resulting perovskite alloy showed significantly improved stability
and formidable solar cell performance when compared with pris-
tine FAPbI; perovskite [63]. As shown in Fig. 17(a), as-fabricated
FAPbI; film (red) showed both §-FAPbI; and Pbl,, which are indi-
cated by peaks at 11.5° and 12.5°, respectively; and after 30 days of
storage in dry air (black), aged film displayed increased amounts
of §-FAPbI3 and Pbl,, as evidenced by escalated peak intensities.
Nevertheless, FAggsCsg15Pbls thin film exhibited much improved
phase stability by showing no §-FAPbl; and Pbl, just after fabrica-
tion (blue), and only trace amount of Pbl, after 30 days of aging in
dry air (green). To illustrate the change in light-harvesting ability
of FAqg5Csq15Pbls alloyed perovskite over time, UV-vis absorbance
was characterized on FApgsCsgq5Pbl; thin film. As shown in
Fig. 17(b), a-FAgg5Csq15Pbl3 experienced no noticeable change in
absorption by the nearly conformed spectra as aged across 18 days,
and hence demonstrated the greatly enhanced stability. ]-V charac-
terizations were then applied to study the photovoltaic properties
of FAgg5Cso15Pbl; alloy and pristine FAPbI3 perovskites. As shown
in Fig. 17(c), while pure FAPbl3 based device experienced contin-
uous deterioration of Js., Voc as well as FF over 15 days’ aging
in dry air; FAgg5Csg15Pbls cell exhibited improvements of photo-
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Fig. 16. Evolution of structural, optoelectronic and photovoltaic properties of FA;_yMA,Pbl; perovskites. (a) Photographs of as-synthesized FA;_yMA,Pbl; thin films, with
x=0, 0.2, 0.4, 0.6, 0.8, 1.0 corresponding to samples from left to right. (b, c) XRD patterns of FA;_yMAPbl; thin films, evolution of (110) or (100) diffraction peaks (zoom-in
view) with increasing x from top to bottom, respectively. (d) Calculated lattice spacing d with respect to FA composition (1—x). © ACS. Reproduced with permission granted
by ACS from ref. [128]. (e) PL spectra of FA;_xMA,Pbl; thin films with x=1.0, 0.9, 0.8 and 0.7 corresponding to spectra from left to right; inset shows full width at half
maximum and PL peak wavelength as a function of FA* composition (1-x). (f) TRPL decay of FA;_yMA,PbI; thin films with MA* composition x=1.0, 0.9, 0.8 and 0.7. (g) J-V
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perovskites. © ACS. Reproduced with permission granted by ACS from ref. [129]. Permission to reuse must be obtained from the copyright holder.

voltaic performance during the first 3 days of aging, then experi-
enced no noticeable change up to 15 days, as shown in Fig. 17(d).
Also, FA( g5Csq15Pbl3 based cell showed Jsc and Vyc that are greater
than 20mA cm~2 and 1.0V, respectively, as tested within the same
day of fabrication, while FAPbI3 cell initially showed Jsc and Vi
that were slightly smaller than 20 mA cm~2 and 1.0V, respectively,
along with a poorer FF. Eventually, the difference in the photo-
voltaic parameters between FAgg5Csq15Pblz and FAPbI; accounted
for a top PCE of 17.3%, an average PCE of 16.1% on FAgg5Csg15Pbls
devices, and an average PCE of 14.2% on FAPbI; cells.

4.4. Rb*, Cs*, MA*, FA* alloyed lead iodide for highly stable and
efficient PSCs

So far, triple-cation (Cs™, MA*, FAT) perovskites exploited for
use in photovoltaic applications have been processed based on
proper sizes, relative compositions of cations and precise control
of Br— doping, as realized in CSX(MAO']7FA0‘83)17pr(10.83Bl'0.17)3
settings [131], and mixed-cation MA*/FA* systems in
MAPDBr3:FAPbI3 or MABr:FAPbIs, so as to reduce lattice strains for
modified Goldschmidt tolerance factors for stable perovskites, as
reported in works [66,69,102,132-134]. Nonetheless, Saliba et al.
[130,135] showed that the incorporation of small-size Rb* into the
lattice of (Cs*,MA*,FAT)Pbl; can achieve stable and efficient PSCs
with stabilized output of PCE over 20% in long-term operations,
without the necessary involvement of Br~. As shown in Fig. 18(a),
cation-alloyed (Rb*,Cs*,MA*,FAT)Pbl; based solar cell exhibited
a top 21.8% PCE with a Jsc of 22.8mA cm~2, Vo of 118V and FF
of 0.81, while the inset accounts for time-dependent output of
PCE at maximum power point of the device, with a 21.6% PCE,

0.977V and 221 mA cm~2 stabilized by 60s [130]. Likewise, Voc
was tracked with respect to time lapse on a device with greatest
Voc, as shown in Fig. 18(b), where a V. of 1.24V was stabilized
by 120s. Importantly, to test the robustness of optoelectronic
structure and quantum efficiency of (Rb*,Cs*,MA*FA*)Pbls,
which allowed efficient and reversible photon-electron conver-
sion as previously realized in perovskite light-emitting diodes
(LEDs) [136-143], electroluminescence (EL) was performed on
the (Rb*,Cs*,MA* FAT)Pbl; device. As shown in Fig. 18(c), the
EQE started to increase as applied voltage surpassed ~1.1V and
reached ~3.8% at 2.5V, demonstrating a highest efficiency in the
field of perovskite LEDs [130,141-143]. Meanwhile, inset EL spec-
trum and photograph showing a peak wavelength at ~760 nm and
the red-emitting device, respectively. To validate the long-term
stability of (Rb*,Cst,MA™ FAT)Pbl; based device, PCEs of the solar
cell were recorded over a 500-hour duration, with the cell aged
at 85 °C in nitrogen atmosphere and under constant light soaking,
as shown in Fig. 18(d). Stunningly, after 500h of aging, 95% of
original performance could be retained, and therefore proved the
exceptional operation stability.

4.5. Issues with Rb*, C(NH,)3+(GA™) incorporation in perovskite
lattices

Doubt arises if Rb* was truly incorporated into perovskite lat-
tice due to its small ionic radius (152 pm) [144-146], as in the
case of (Rb™,Cs*,MA*,FAT)Pbl;. We consider that, instead of oc-
cupying perovskite A-site nanoscopic voids, Rb* rather interca-
lates at the interstices of perovskite lattices, as was claimed in
previous report [147]. Such intercalations, because of inefficient
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atomic packing, subsequently led to expansion of material lattices
[147], and is evidenced by XRD peaks that shift towards smaller
260 angles with increasing Rb* contents in FA/MA mixed-cation
perovskite systems (Fig. 19a) [146]. On the contrary, Cs™ dop-
ing effectively results in smaller lattice spacing of material struc-
tures with greater cation concentrations, as indicated by the XRD
peaks that shift towards larger 20 angles (Fig. 19b) [146]. There-
fore, Cs™ may be the “goldilocks” cation in terms of smallest ionic
size that can be properly situating on the A-site lattice points.
In fact, due to the homogeneous chemical environment caused
by 100% composition I~ (r=220 pm) [130,146], the exact loca-
tion or coordinative profiles of Rb* with respect to inorganic Pbl;~
octahedral framework remains ambiguous, as in the practice of
(Rb*,Cs*t,MA*,FAT)Pbl;. However, it was this large lattice volume
that accommodated Rb™ and prevented phase separation. In fact,
in the presence of Br—, as in the case of FAO_83MAO_17Pb(IO.s3Bl‘0']7)3,
Rb* tends to form non-perovskite structure RbPb(Ig4Brgig)s3,
and therefore separates from bulk 3-D perovskite phase; more-
over, under moisture effects, this Rb*/Br~ containing phase fa-
vorably degrades into RbPb,I4Br, as illustrated in Fig. 19(b). Such
Rb*/Br~ induced phase separations and degradations can be di-
rectly perceived on the photographs of solar cell devices based
on cation/anion alloyed (FA0,83MA0.17)0_95Rb0_05Pb(Io_83Br0,17)3 and
(FAO.83MAO.17)0.9C50.05Rb0.05Pb(10.83Br0.17 )3 Systems, as shown in F]g
19(c). Photovoltaically, due to the phase instability of Rb-containing
perovskites, unencapsulated devices showed poor retention of orig-

inal PCE and Js across 10 days of aging in 75% relative humidity
(RH) condition, when compared with FAgg3MA(17Pb(Ipg3Brg17)3
and (FAgg3MAg17)0.95Cs0.05Pb(lpg3Brg17)s counterparts, as shown
in Fig. 19(d) and (e).

To date, the incorporation of large-size GA* (278 pm)
[148-150] into perovskite lattices has not been clearly proved. Pre-
viously, De Marco and coworkers [150] found that MA*/GA* co-
cationed lead iodide perovskite (composition ratio MA*/GA* =6)
had a XRD pattern that is nearly the same with pristine MAPbI3
thin film, as shown in Fig. 20(a). Supposedly, with such high con-
centration of large-size GA*doping (~14 mol%), obvious lattice ex-
pansion should be noticeably observed. The anomalous preserva-
tion of lattice spacing can only be explained by the GA™-structured
side products that leach out of perovskite lattice when GA™ is
low in concentration; and when GA* has high composition ra-
tios to MA™, total reformation of material structures may happen.
In fact, as shown in Fig. 20(b), pure GAPbl; (100 mol.% GA™) dis-
played a diffraction pattern free of characteristic (110) and (220)
perovskite structures, which therefore indicated the formation of
non-perovskite materials. The non-perovskite structures of GAPbls
can be easily rationalized through the large Goldschmidt tolerance
factor (t>1.0), as calculated with ionic radii of Pb2t(119 pm or
133 pm) and I~ (220 pm or 203 pm) [76,130,151]. Nevertheless,
by closely examining the crystal structure of GAPbl;, Dimesso et
al. [152] discovered that pristine GAPbl; does not assume a single
phase, and instead, both hexagonal and orthorhombic structures
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simultaneously exist (Fig. 20c). This splitting of crystallographic
symmetries in GAPbI3 system directly contradicts the theoretically
predicted hexagonal phase that corresponds to t>1.0 [63,130],
and may in some way addresses the complex lattice structure as
severely disrupted by oversized GA* [150].

5. 2-D Ruddelsden-Popper layered perovskites for efficient and
stable solar cells

5.1. Out-of-plane crystallographic alignment of (BA)>(MA)3Pbyly3

Stoumpos et al. [54,153] previously reported synthesis of
a class of 2-D Ruddlesden-Popper type layered perovskites
(BA);(MA)n_1Pbplsnyq (n=1, 2, 3, 4, 5, o), where the relative ratio
of BA* and MA* was chemically adjusted to control the number of
inorganic layers within each perovskite fragment, with BA* served
as spacer cations of inorganic fragments. Structurally, as n becomes
larger, the resultant 2-D perovskite is optoelectronically resembling
the 3-D MAPbI; counterpart due to increased dielectric screening
and mitigated quantum confinement effects [153-155]. For exam-
ple, (BA),(MA)3Pbyly3 (n=4, structure shown in Fig. 21a) has a rel-
atively small bandgap (~1.90eV) and an E;, smaller than 1eV, con-
trasting with ~1.50eV of Eg and an E, smaller than 10 meV on
MAPDI3 [15,59,124,153,156,157]. Different from single-layer (n=1)
(MA),Pb(SCN),I, 2-D perovskite that has also attracted multitude
of attention, (BA);(MA)n—1Pbpl3n,q 2-D homologues are moisture
stable with their relatively non-polar spacing BA* cations [158];
they are also thermally stable which enables repeatable, conve-
nient and large-scale fabrication of pure materials with simple so-
lution methods [153]. Distinctively, what comes with the neat so-
lution synthesis of the (BA);(MA);_1Pbyl3,,1 homologues are the
strongly preferred crystallographic orientations of deposited mate-
rials, which gave rise to inorganic [Pbplsn.q]"*1-fragments per-
pendicular to substrates and thus favoring efficient charge trans-
port in solar cell applications [54,153]. Tsai and coworkers previ-
ously demonstrated that (BA),(MA)3Pbyl;3 thin films can be de-
posited on substrates with characteristic out-of-plane crystallinity
through RT-cast and HT-cast methods that do not require ther-
mal annealing [52], as proved by grazing incidence X-ray diffrac-
tion (GIXRD) patterns and grazing incidence wide-angle X-ray scat-
tering (GIWAXS) image that are shown in Fig. 21(b) and (c),
respectively. GIXRD pattern and GIWAXS image both confirmed
the prominent existence of (111) and (202) planes in HT-cast
(BA);(MA)3Pbyly3 thin films, where GIWAXS map spectrally re-
vealed (111), (111) and (202) orientations. The appearance of crys-
tallographic planes at specific GIWAXS vector positions compre-
hensively indicated an out-of-plane alignment of (BA),(MA)3Pbyl3

crystal structure with respect to underlying substrate, as shown in
Fig. 21(d). Such out-of-plane (BA),(MA)3Pb4ly3 crystalline eventu-
ally led to a top PCE of 12.52% with Jsc of ~16 mA cm~2 and Vi,
of ~0.9V in solar cells fabricated with HT-cast method, as derived
from J-V curves shown in Fig. 21(e). Remarkably, no hysteresis
was witnessed between forward and reverse voltage scans, which
could be explained by the greatly reduced trap states and depleted
charge accumulation zone in the device [52]. Stability tests indi-
cated that unencapsulated (BA),(MA);Pbyl;3 device retained more
than 60% of original PCE by 2250h of constant AM1.5G illumina-
tion, while unencapsulated MAPbI3 cell almost lost all the pho-
tovoltaic performance after 2250h of constant AM1.5G illumina-
tion, as shown in Fig. 21(f). As for encapsulated devices and shown
in Fig. 21(h), (BA);(MA)3Pbyl;3 based cell reached ~110% of orig-
inal performance by 2750h of continuous illumination, but the
PCE on MAPDI; cell dropped drastically to ~10% of original per-
formance by 2750h of light soaking, and therefore signified a
weak photostability on 3-D perovskite material. Significantly, as
shown in Fig. 21(g), unencapculated MAPbI; device nearly lost all
the photoconversion efficiency by ~10h of aging under 65% RH,
but unencapsulated (BA),(MA);Pbyl;3 based device could main-
tain ~20% of original PCE by ~25h of aging under 65% RH. The
enhanced moisture stability of (BA),(MA);Pbyl;3 when contrasted
with MAPbI; was more apparent on encapsulated devices. As
shown in Fig. 21(i), encapsulated (BA);(MA)3Pbyli3 cell retained
~80% of original PCE by ~2100 h of aging under 65% RH, while PCE
of MAPDI;3 cell dropped drastically to ~10% by 500h of humidity
aging.

5.2. Polymer ammonium (PEI*" ))MA*mixed-cation 2-D layered
perovskites

When the spacer cations in mixed-cation 2-D lead iodide
perovskites were taken to an extreme—long chain PEI*, the hu-
midity stability of resultant perovskites can be further enhanced
when compared with (BA);(MA);—_1Pbyl3,,1 because of strongly
hydrophobic PEI*, as previously demonstrated by Yao et al
[159,160], where the structure of PEI* and humidity stabilities
of (PEI);(MA)y_1Pbnlznyq (n=3, 5, 7) thin films are shown in
Fig. 22(a) and (b), respectively. To determine the crystal structures
of (PEI);(MA);_1Pbplsn,q 2-D perovskites, XRD was performed
on (PEl)z(MA)zpbglw, (PEI)z(MA)4Pb5115 and (PEl)z(MA)GPb7]22
powders, as shown in left portion of Fig. 22(c), and their
structures were unambiguously configured to be n-1 layers
of [Pbulzn, 1]t inorganic fragments spaced by in-plane ori-
ented PEI™ cations relative to (OkO) alignments, as shown in
right part of Fig. 22(c). Notably, while being structurally similar
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to (BA)(MA)n_1Pbpl3n, 1 systems reported by Stoumpos et al.
[52,54,153], the orientation of organic cations PEI* was horizontal
with respect to the ac-direction of [Pbylzn,1]("*V)~ octahedral
framework, thereby pointing the side-chain cationic ammonium
groups directly toward the terminal ends of [Pbpls;,q]"t1)
anionic fragments and contributing to a strengthened elec-
trostatic interaction between cationic and anionic sublattices.
Moreover, just like (BA);(MA)n_1Pbnl3n1 2-D perovskites, these
(PED);(MA)n_1Pbul3n, 1 systems were spun coated from solutions
to form high-quality, vertically grown phases on underlying sub-
strates in facile kinetics [160], and therefore exhibited phenomenal
photovoltaic properties on fabricated solar cell devices with small
(0.04 cm?) and large (2.32 cm?) active areas, as shown in Fig.
22(d) and (e), respectively. (PEI),(MA),Pbslyg, (PEI);(MA)4Pbslig

and (PEI),(MA)gPb;I,, based small-area devices showed maximum
PCEs as 4.81%, 7.63% and 10.08%, while MAPbI3 small-area cell fab-
ricated with solvent engineering (MAPbI; (M)) method achieved
top PCE as 15.42%. It was clear that solar cell performance in
(PEI)2(MA)n_1Pbyl3n, 1 devices was monotonically improved as
n increased, which was due to the progressive narrowing of
optical bandgaps, reduction of exciton binding energies along
with increased layer thickness (n—1) of inorganic fragments that
facilitated greater probability of ac-plane charge transport, which
was not hindered by PEI* spacers [160-162]. The narrowing
of (PEI);(MA),_1Pbnl3n,; optical bandgaps as n enlarged was
echoed with monotonic increases in average Jsc as 6.63 mA cm~2,
10.22mA cm~2 and 13.12mA cm~2, decreases in average V. as
121V, 116V and 110V on (PEI);(MA),Pbslig, (PEI);(MA)4Pbslig
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and (PEI),(MA)gPb;I,, devices with small active areas, respectively.
However, it is well known that small active areas on perovskite
solar cells may not reflect the real |-V properties of scale-up
devices by overlooking many factors such as measurement er-
rors, trap states and inhomogeneity of perovskite morphology
[8,160,163-166]. Therefore, large-area (PEI),(MA);_1Pbal3n ¢ based
solar cells were fabricated, and maximum PCEs were achieved
as 6.99% and 8.77% on (PEI),(MA)4Pbsl;g and (PEI),(MA)gPb;I5,
devices, respectively, contrasting with top PCE of 5.82% on MAPbI3
(M) device. The superior performance on (PEI),(MA)4Pbslig and
(PEI),(MA)gPb;Iy, large-area devices with respect to prototypical
MAPbDI3; (M) large-area device indicated the high uniformity and
extremely low trap state densities within 2-D perovskites. In fact,
enlargement in cell active area had a significantly larger negative
impact of solar cell performance on MAPDbI; (M) device than
(PEI),(MA)4Pbslig and (PEI),(MA)gPb;ly, devices, as illustrated
in Fig. 22(f). The non-polar nature of PEI* induced outstanding
stabilities on 2-D (PEI)z(MA)4Pb5[16 and (PEl)z(MA)GPb7122, which
was indicated through unencapsulated solar cell stability tests as
shown in Fig. 22(g), where PCE of MAPDbI; (M) dropped dramati-
cally below 20% of original performance after 300 h of aging while
(PEI);(MA)gPb;15, and (PEI),(MA)4Pbslig devices retained ~90% of
original PCE by 500 h of aging.

6. Conclusions and future research directions

Long-chain cationic ligands (such as oleylammonium,
phenylethylammonium) are able to stabilize «-CsPbl; and
o-FAPbl; nanostructures through surface functionalization at

ambient conditions, and formidable photovoltaic performance
was achieved on solar cell devices based on stabilized «-CsPbls
and «-FAPbI; nanocrystals. Novelly, sulfobetaine zwitterions were
applied to successfully stabilize perovskite «-CsPbl; and achieved
formidable and stable solar cell performance. Since Goldschmidt
tolerance factors were tuned with different sizes of cations in
(MA,FA)PbI3, (Cs,FA)PbI3, (Rb,Cs,MA,FA)Pbl; alloyed perovskites,
chemically stable black-phase materials were achieved with
phenomenal photovoltaic properties. Through occupying A-site
lattice points, incorporation of Cs* enhanced thermal stability and
carrier lifetimes of hybrid perovskite, as proved in the case of
MAg 95Csg05Pbl3, while Rb™/Br~-containing perovskites exhibited
significant degradation through moisture aging and intrinsic phase
separation. With the large ionic radius (278 pm), the incorporation
of GA* into perovskite lattice still has not been clearly proved. Due
to the low polarities of long alkyl chains, (BA),(MA)sPbyli3 and
(PEI);(MA)n_1Pbpl3n, ¢ 2-D layered perovskites had high moisture
stabilities and thus stable photovoltaic performance. With proper
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encapsulation, PSCs based on these photoactive materials had
durable performance under constant AM1.5G illumination or high
RH conditions up to hundreds of hours. Stunningly, «-FAPbI3 based
solar cell devices, as fabricated by Yang et al. [66] and Zhou et al.
[75], were hysteresis-free due to the lack of MA* [167] and greatly
annihilated trap states in perovskite layers with high-quality mor-
phologies. As for (BA),(MA)3Pbyly3 devices reported by Tsai et al.
[52], lack of trap states as well as efficient charge extraction were
responsible for hysteresis-free behavior of solar cell performance.

While a-CsPbl; and «-FAPbIl; were successfully stabilized with
surface ligand functionalization and achieved good photovoltaic
performance on solar cells, we believe these nanostructures will
find major applications as optoelectronics in the future, such as
light-emitting diodes, photodetectors and lasers, due to their tun-
able material bandgaps, as already achieved in works [168-177].
Additionally, according to the anion exchange reactions that were
previously practiced to grow perovskite nanostructures [178,179],
it is potentially viable to synthesize lead-free perovskites through
cation exchanges. Moreover, as the mixed-cation (Rb,Cs,MA,FA)Pbl;
alloyed perovskites achieved PCE above ~20%, research in op-
timizing the relative cation contents, as coupled with chemical
pathways that improved the processing of perovskite layers, will
be continued to further boost up solar cell performance. Ther-
mal annealing steps were not necessary in the fabrications of
(BA)z(MA)n_lpan3n+1 and (PEI)z(MA)n_lpan3n+1 thin ﬁlms, and
thus indicating the small thermodynamic differences between solid
and solution-equilibrated phases of the 2-D materials [52,160].
Furthermore, due to the structural versatility of polymer chains,
customized polymeric ammonium cations with tailored functional
groups will be employed to invent different 2-D layered per-
ovskites with new material properties.
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