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Abstract

Metal halide perovskites possess appealing optoelectronic properties and have
been widely applied for solar energy harvesting and light emitting. Although
perovskite solar cells (PeSCs) and perovskite light-emitting diodes (PeLEDs)
have been developed rapidly in recent years, there are still no universal rules
for the selection of perovskites to achieve high-performance optoelectronic
devices. In this review, the working mechanisms of PeSCs and PeLEDs are first
demonstrated with the discussion on the factors which determine the device
performance. We then examine the optoelectronic properties of perovskites
with structures modulated from 3D, 2D, 1D to 0D, and analyze the
corresponding structure-property relationships in terms of photo-electric and
electric-photo conversion processes. Based on the unique optoelectronic prop-
erties of structurally modulated perovskites, we put forward the concept of
structural assembling engineering that integrate the merits of different types of
perovskites within one matrix and elaborate their excellent properties for
applications of both PeSCs and PeLEDs. Finally, we discuss the potential chal-
lenges and provide our perspectives on the structural assembling engineering
of perovskites for future optoelectronic applications.
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tolerance along with low-cost solution-processable
techniques." Thanks to these outstanding properties,

Metal halide perovskite materials possess appealing prop-
erties such as adjustable bandgap in a panchromatic
range, the direct transition between photons and charge
carriers, high charge carrier mobility, and decent defect

metal halide perovskites have exhibited great potential to
act as both the light absorber and the light-emitting
media for optoelectronic applications.” For example, the
record power conversion efficiency (PCE) of perovskite

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

© 2021 The Authors. InfoMat published by UESTC and John Wiley & Sons Australia, Ltd.

1218 wileyonlinelibrary.com/journal/infomat

InfoMat. 2021;3:1218-1250.


https://orcid.org/0000-0002-1406-1256
https://orcid.org/0000-0002-3062-9593
mailto:xixia.liu@u.nus.edu
mailto:yuancheng9-c@my.cityu.edu.hk
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/infomat

LIU ET AL.

WILEY_L 22

solar cells (PeSCs) have been rapidly improved to 25.5%"
within one decade from 3.8%.* Such high PCE of PeSCs
has surpassed that of multi-crystalline silicon solar cells
(Si-SCs) of 22.8%, and is approaching that of single-
crystalline Si-SCs (26.6%) and the single-crystalline GaAs
solar cells (27.8%).° Concurrently, the development of
PeSCs stimulates the evolution of perovskite light-
emitting diodes (PeLEDs). The external quantum effi-
ciency (EQE) of PeLEDs have increased to 23.4%° since
the first PeLEDs demonstrated in 2014 by Friend et al.”
Nowadays, the performance of PeLEDs is still under
development to pursue that of the advanced organic
light-emitting diodes (OLEDs) and quantum dot light-
emitting diodes (QLEDs) with the record EQE values
exceeding 31% and 27%, respectively.®

The dramatic performance improvement of PeSCs
and PeLEDs is primarily realized by compositional engi-
neering, morphology modulations, transporting materials
designs, interfacial modifications, and defects passivat-
ing.” These approaches ameliorate the operational stabil-
ity of PeSCs and PeLEDs simultaneously. PeSCs with a
lifetime over 1000 h (Tgy) have been achieved by several
groups,'® however, such operational stability still cannot
meet the 25-year warranty requirement for reliable mar-
ketable products.'* As for PeLEDs, the extremely poor
stability with T, lifetime of minutes to hours that dem-
onstrated in laboratories makes such technology far
behind commercialization.'* In order to further improve
the performance and retard the degradation of perovskite
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optoelectronic devices, we should re-inspect and re-consider
the perovskites themselves. As depicted in Figure 1A-D,
tuning the precursor ratios and synthesis conditions allows
the transformation of halide perovskite structures from
bulks (3D), sheets (2D), rods (1D) to dots (OD). The struc-
ture of perovskites can be defined at both materials level
and morphology level."”® At materials level, the [BX,|*"
octahedra is isolated by organic molecules to form basic
perovskite blocks with dimensions in one or several molec-
ular units for disparate structures from 3D to OD. The struc-
ture variation of halide perovskites at materials level is
generally termed as dimensional modulation.'* At morphol-
ogy level, the structure variation of perovskite compounds
includes bulk, nanoplates/nanosheets, nanorods/nanowires,
and nanocrystals/quantum dots. For the low-dimensional
perovskites in terms of morphology, they are the 3D net-
works of [BXg]*~ octahedra in nature and the physical
properties of bulk perovskite films are determined by the
combination of the type of 3D perovskite unit cell and
morphology.

Considering the merits and demerits of halide perov-
skites with different structures, the assembling of perov-
skites (named as structural assembling) allows to realize
more efficient and stable PeSCs and PeLEDs. The struc-
tural assembling strategy is realized in two ways: super-
position of more than two types of perovskites or
introduction of the additional perovskites into a perov-
skite host. Through the structural assembling strategy,
the merits of different types of perovskites can be

Light
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Illustration of perovskites with different structures: (A) 0D (nanocrystals), (B) 1D (nanorods), (C) 2D (layer), and (D) 3D

(bulk). (E) Schematic illustrations of light absorption and charge carrier extraction processes in PeSCs. (F) A sandwich device structure for
both PeSCs and PeLEDs. (G) Schematic illustrations of charge carrier injection and light emission processes in PeLEDs
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maximized. For example, an ultra-thin 2D or quasi-2D
perovskite layer can help to improve the stability of 3D
perovskites,’” and the 1D perovskites can facilitate the
interfacial charge carrier transfer at the 1D/3D perovskite
interface.'® In this review, we first demonstrate the recip-
rocal working mechanisms of PeSCs and PeLEDs and the
factors influencing their optoelectronic performance.
According to the working principles of PeSCs and
PeLEDs, we then discuss the physical properties of
perovskite materials with different structures correlated
with the above-mentioned factors. The perovskite layers
synthesized with the use of the structural assembling
concept and their appealing optoelectronic properties
and device performance are then reviewed. Finally, we
discuss the potential challenges and present our out-
looks on the development of structurally modulated and
assembled perovskites for high-performance optoelec-
tronic devices.

2 | RECIPROCITY THEOREMS
BETWEEN SOLAR CELLS AND LEDS
AND PERFORMANCE DETERMINED
FACTORS

The architectures of PeSCs and PeLEDs are similar, com-
prising a perovskite layer sandwiched by an electron
transporting/injection layer (ETL) or a hole transporting
layer/injection (HTL),"” as depicted in Figure 1F. Their
working principles are linked by the reciprocity rela-
tions."® Once in contact with a ETL and HTL, the energy
band of the perovskite layer will be bended to align with
the Fermi level of the charge transporting layers, which
determines the charge carrier extraction and injection of
the PeSCs and PeLEDs, respectively. With the develop-
ment of perovskite-based optoelectronic devices, both
organic- and inorganic-based charge transporting mate-
rials such as PEDOT: PSS, PTAA, Poly-TPD, Spiro-
OMEeTAD, Cul, CuSCN, and carbon-based materials for
hole transporting, while TiO,, SnO,, ZnO, fullerene and its
derivatives for the electron transporting have been
well-developed for perovskite-based optoelectronic
devices.'” Previous studies have clearly demonstrated
that the energy levels, mobilities, and molecular struc-
ture of the charge transporting materials are important
factors to affect the device performance. Readers have
an interest in such topic are recommended to refer to
other review articles.'***°

In PeSCs, free charge carriers would be generated in
the perovskite layer upon illumination. The electrons and
holes would transport toward the selective transporting
layer and electrode respectively, to generate electricity
(Figure 1E). Reversely, in PeLEDs, electrons, and holes

would be injected into the perovskite layer to recombine
and emit photons (Figure 1G). Currently, many theorems
have been elaborated to describe the physical processes
in PeSCs and PeLEDs, respectively.”’ Considering the
complementary physical actions, one could intuitively
expect a certain reciprocity theorem to connect device
physics of both PeSCs and PeLEDs. The PCE of a solar
cell is expressed in Equation (1),

PCE =Jgs¢c X Voc X FF, (1)

where Jsc, Voc, and FF are short circuit current density,
open circuit voltage, and fill factor, respectively. The Jsc
is determined by suggests the charge carrier generation
and collection. V¢ is derived from the quasi-fermi level
splitting of electrons and holes, and FF is the ratio of the
maximum power from the solar cell to the product of
Voc and Jgc.!” In thermal equilibrium, the radiative limit
for a solar cell is determined by the short circuit current
and thermal-equilibrium current (J,,,,) as shown in Equa-
tion (2),%

KT (Jsc
v — (25, 2
“ n(Jem> 2

However, the practical open circuit voltage V¢ equals to
Vg‘g only if the nonradiative recombination current (J,,,.)
equals to zero. Under such case, the external quantum
efficiency in LEDs is unity based on Equation (3),

Jem Jem
E E ==, 3
Q LED Jem +Jnrc Jinj ( )

Here, the J;,; is the sum of J,,,. and J.,,, which denotes
the current injected in the dark by the applied voltage.
Normally, the EQE; gp is lower than 1 in the presence of
nonradiative recombination due to J,,,. > 0. According to
the diode law,'®

Vv |74
Jeom =Jemo {exp (%) — 1} ~Jemo {exp (i—T)} (4)

under the open circuit condition (V = V), combin-
ing the logarithm of Equation (3) into Equation (4), we
can obtain the Equation (5) in the following.

Jemoexp (1)
In(EQE =ln|——~~
( Q LED ) ( Jinj ( VOC)

qvoc ( ]em,O >
= +In . 5
kT ]inj (Voc) ( )

As for a solar cell, the total current amounts to zero, that
is, Jinj (Voc) = Jsc when the device is set at open circuit
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condition, and we can obtain the reciprocity theorem
(Equation (6)) based on Equations (2) and (5) as

kT
Voc=Ve +71n [EQELgp]- (6)

The reciprocity theorem corelates the Vg for a solar cell
and the spectral electroluminescence (EL) emission for
that photovoltaic device operating as a LED.** The cur-
rent efficiency (CE) of a working PeLED is related to the
EL intensity due to the recombination of the injected
charge carriers. In order to achieve high EL, the PeLED
device should satisfy the following several conditions:
(1) A balanced charge injection to maintain the net
ratio of electrons and holes in a diode. (2) The injected
charge carriers recombine in a radiative pathway
rather than a nonradiative process. (3) The generated
photons should be efficiently emitted with a high out-
coupling efficiency. The three steps can be summarized
using an equation as:

EQE gp = Npatance X P LQY Xf outcoupling * (7)

Combining the Equations (6) and (7), the reciprocity the-
orem is re-demonstrated as:

kT
Voc= V}gg +?ln Npalance X PLQY ><foutcoupling} (8)

Based on the reciprocity theorem demonstrated above, it
is concluded that the excitation and generation of charge
carriers and their transfer behaviors greatly influence the
performance of PeSCs and PeLEDs.

3 | STRUCTURALLY MODULATED
PEROVSKITE FOR PESCS AND
PELEDS

3.1 | Structural evolution of perovskites
and optoelectronic properties

The solution-processed halide perovskite materials pro-
vide great potential for tuning their composition and
structure to derive a large number of family members.
Various mechanical, physical, and chemical methods have
been explored to tailor perovskite structures from 3D to 2D,
1D, and OD." The term of structural evolution generally
leads to a few confusions due to its versatile implications in
different situations, in particular for low-dimensional
perovskites. As demonstrated in the introduction section,
metal halide perovskites have different structures, such as

layers (2D), wires (1D), and polyhedrons (0D) at materials
level as well as nanoplates/nanosheets (2D), nanorods/
nanowires (1D), and nanocrystals/quantum dots (0D) at
morphology level. Solution process via spin-coating the
chemical solution of organic halide salts and metal halide
salts with different stoichiometric ratio are widely used to
form perovskite films. As for the modulation of perovskite
dimensionality and morphology, various techniques have
been used. For example, Lan et al. used chemical vapor
deposition (CVD) method to obtain 2D MAPbI; nanosheets
with different thickness for photodetector applications.*®
A combined solution and vapor-phase synthesis method
was also reported to achieve 2D perovskites where 2D Pbl,
nanosheets were first formed by solution process and then
reacted with MAI vapor.>* The well-known tape exfoliation
method was also reported to produce a few layers of (C¢Hy
C,H,NH;),Pbl, thin flakes from perovskite bulk crystals
due to the weak van der Waals interaction between the
neighboring 2D perovskite layers.?® Similar to the 2D perov-
skite formation, vapor-phase synthesis method was also
applicable to form1D perovskites by growing the lead halide
(PbX,) nanowire via CVD deposition first and then reacting
with methylammonium halide (MAX) gas.*® The colloidal
synthesis approaches including the ligand-assisted precipi-
tation and hot-injection method are widely reported to syn-
thesize perovskite quantum dots (PeQDs). The ligand-
assisted precipitation is realized through reacting the MAX
(FAX or CsX) and a long-chain alkyl ammonium halide
with PbX, in the mixed solvents of oleic acid and
octadecene. The PeQDs are then precipitated via the addi-
tion of acetone and the followed centrifugation.”” The hot-
injection method for PeQDs is normally conducted via the
injection of MA-/FA-/Cs-based oleate into a mixed solution
of PbX,, oleic acid, and oleylamine in a high boiling solvent
(octadecene) at a high temperature.® To characterize the
perovskites with different structures, scanning electron
microscopy (SEM) is a straightforward technique to show
the morphologies. X-ray diffraction (XRD) is a powerful
analysis to demonstrate the lattice structure of perovskites
and the low-angle diffraction peaks are evidence for the for-
mation of low-dimensional perovskite phases.”’ In addi-
tion, due to the strong quantum confinement effect in low-
dimensional perovskites, spectroscopy methods such as
absorption and photoluminescence PL spectra are used to
characterize the low-dimensional perovskite.’® Readers are
advised to refer to a previous review paper in InfoMat on
the synthesis and characterizations of low-dimensional
metal halide perovskites."® In this work, we will focus on
the application of perovskite materials with variable struc-
tures for both solar cells and LEDs. Therefore, the structural
evolution and assembling are demonstrated in terms of the
status of generally used perovskite films, including perov-
skite materials with dimensions of 3D, 2D, 1D at materials
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level, the 0D PeQDs at morphology level, and their
combinations.

At materials level, the physical properties of perov-
skite materials are largely influenced by their dimen-
sional evolution. The unit cell of 3D perovskites adopts a
typical cubic structure with a centered corner-sharing
[BX,]*™ octahedra. A cation fits in the voids of the octa-
hedra unit to assemble 3D perovskite lattice with a chem-
ical formula of ABX;. The voids space limits the radius of
A cations less than 2.6 A to form structurally stable 3D
perovskite lattice, as determined by Goldschmidt toler-
ance factor and octahedral factor.>' Therefore, only a few
cations are able to fit for the voids, such as MA™:
methylammonium (CH;NH;"), FA": formamidinium
(CH;5N, "), and Cs™. The 3D perovskite exhibits appealing
optoelectronic  properties, including panchromatic
absorption with high absorption coefficients, transient
generation of free carriers due to the small exciton bind-
ing energy of several meV, defect tolerance ability, and
long carrier diffusion length.’*® The 2D perovskites with
the chemical formula of A,BX, have a layered structure
that is cut from a 3D perovskite along a specific direction
to form a segment of the corner-sharing [BXs]*~ octahe-
dra layer separated by long/large organic chains.*

Compared with 3D perovskites, layered 2D perovskites
have less restrictions on cation sizes, enabling wide
choices on the selection of organic cations for versatile
2D perovskites formation. The organic layer has a rela-
tively large HOMO-LUMO energy gap and a large dielec-
tric mismatch with the inorganic layer, rendering
multilayer quantum wells structure for 2D perovskites.
The quantum-confined 2D perovskites exhibit disparate
optoelectronic features from 3D perovskites.'*” The elec-
tric field generated by charges in the inorganic quantum
well framework (high dielectric constant) extends into
organic barriers with low dielectric constant, reducing
the dielectric screening of organic layers. As a result,
the reduced dielectric screening effect enhances bind-
ing energies of 2D perovskites up to several hundred
meV to form stable excitons.’> We describe the dielec-
tric confinement difference between 2D perovskites and
3D perovskites in Figure 2A. The strong excitonic
behavior due to the dielectric confinement effect
contributes to a strong PL peak and a high photo-
luminescence quantum yield (PLQY) for 2D perovskites.
In addition, the bandgap of 2D perovskites is generally
higher than 3D perovskites, leading to a narrower light
absorption range.’’
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(A) Schematic illustrations of dielectric confinement in 2D perovskites versus 3D perovskites. (B) Direct band emission

mechanism for 3D perovskites. (C) Mechanism for emission from both direct band and self-trapped states in 2D and 1D perovskites.

(D) Emissions of the bulk and microscale 1D perovskite crystals (excited at 360 nm) at room temperature (dash lines) and 77 K (solid lines).
(C) and (D) Reproduced under the terms of the Creative Commons CC BY license from Reference 34. Copyright 2017, Springer Nature.

(E) Mechanism for emission from a reorganized excited state in 0D perovskites. Reproduced with permission from Reference 35. Copyright
2016, American Chemical Society. (F) Various excited-state decay pathways for CsPbBr; QDs. Reproduced with permission from Reference

36. Copyright 2020, American Chemical Society
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The 1D perovskite wire is structurally connected by
the metal halide octahedra via corner-sharing, edge-sharing,
or face-sharing configurations and organic cations surround
the inorganic octahedra outside. Depending on the connect
manner among octahedrons, the configurations of 1D
perovskites could be either zigzag or linear with variable
chemical formulas. Only one degree of freedom does exist
in 1D perovskites. The high level of spatial confinement in
two directions thus enlarges the binding energy to several
hundred levels, resulting in the stronger quantum confine-
ment for an increased PLQY.? In addition, the spatial con-
finement of 1D perovskites will prompt carrier transfer in a
given direction but constrains charge transport capabilities
in other directions.

0D perovskite polyhedrons have a structure of the
individual metal halide octahedra surrounded by organic
cations. The OD perovskites molecular units are con-
nected periodically to form bulk materials with the gen-
eral chemical formula of A4;BX,. In contrast to the 0D
perovskite polyhedrons, the 0D PeQDs are formed
through surrounding either a 3D perovskite cluster or 2D
perovskite cluster with long-chain ligands to a size of sev-
eral or several tens of nanometers. Although the struc-
ture of 0D perovskite polyhedrons and 0D PeQDs are
different, they have the spatial confinement effect in
common. The 0D perovskites have zero degree of free-
dom with a dimension smaller than the exciton Bohr
radius. The measured ultra-large exciton binding energy
ranging from 84 to 320 meV in 0D perovskites reduces
the exciton dissociation probability to show the enhanced
light emission.*

3.2 | Excited-state physics and PL
emission in perovskites

Based on the discussion above, one of the core discrepan-
cies among perovskite materials with various structures
is the exciton binding energy. With the reduction of
dimensionalities from 3D to 0D, the exciton binding
energy of perovskites increases from a few meV to hun-
dreds of meV. The exciton binding energy directly deter-
mines the excited-state physics and excitons behaviors of
perovskites with different dimensionalities. As for the 3D
perovskites, there are strong interactions between metal
halide octahedra, resulting in the formation of delocalized
excitonic band characteristic. As shown in Figure 2B, upon
excitation, the charge carriers are directly excited from the
valence band to the conduction band in a band-to-band
approach.®® As a result, the PL emission of 3D perovskites
generally has a small Stoke shift with a narrow full
width at half maximum (FWHM).?’® With the reduction
of dimensionalities, the excitonic effects would be

strengthened due to the increased exciton binding energy.
The enhanced excitonic effect results in a strong electron-
phonon coupling. In a lattice distortion field with the
presence of a strong exciton-lattice coupling, the bound
excitons would be self-trapped as a small polaron. Such
phenomenon is called “self-trapped exciton” (STE). As for
2D and 1D perovskites, electrons, after being excited to
free-exciton excited states, would relax to STE with multi-
ple trapped states promptly (Figure 2C). As a result, self-
trapping of excitons in 2D and 1D perovskites lead to
broad-bands, Gaussian-shaped, and strongly Stoke-shifted
luminescence (Figure 2D).>* As depicted in Figure 2E, the
STE is easy to form in 0D perovskite polyhedrons because
there is no potential energy barrier between the excited
electrons and STE.* Upon excitation, high energy excited
states would induce ultrafast structural reorganization of
excited states to release toward lower-energy excited states
so that strongly Stokes-shifted broad-band emissions with
high PLQY values can be obtained.*’

As for PeQDs, the weak electron-phonon coupling
under ambient conditions determines the relatively small
STE binding energy.*" Excited electrons are more easily to
transit from valence band to conduction band and bound
excitons are readily to form due to strong quantum con-
finement owing to the unique structure of PeQDs. The
formed bound excitons will contribute to a band-edge
emission with narrow FWHM and high PLQY. However,
the undercoordinated surface atoms with dangling bonds
often occur when the surface ligands are removed during
the film formation. Then the undercoordinated surface
atoms would act as localized trap states for carriers and
thus quench the PL emission, as shown in Figure 2F.¢

3.3 | Charge carrier recombination and
transport in perovskites

The carrier transfer dynamics which determine the perfor-
mance of perovskite optoelectronic devices is found to be
correlated with the structure of perovskites.** Generally,
recombination pathway plays significant roles in carrier
transfer processes for all types of perovskite-based optoelec-
tronic devices. The carrier recombination processes include
radiative and non-radiative recombination. The non-
radiative recombination occurs via deep defect states in the
band and is responsible for the energy offset between the
charge transfer (CT) state and the V¢ state (see Figure 3A).
The recombination dynamics depend on carrier densities in
the active layer under different excitation levels. As shown
in Figure 3B, geminate recombination (monomolecular)
dominates the carrier decay when the free carrier density n,
falls in the range of 10'°~10" cm™> under low excitation. In
contrast, nongeminate recombination (bimolecular) and
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(B) Various photophysical processes and recombination rates in perovskite materials over a range of photoexcited carrier densities, n.
Reproduced with permission from Reference 43. Copyright 2016, American Chemical Society

Auger recombination (trimolecular) become dominant in
the regime of high carrier densities of 10'°-10'® cm3.*
The whole recombination process is depicted by the follow-
ing equation:

d—n = —kll’lo — kzl’loz — k3n03, (9)
dt
where k,, k,, and k; are the first-order process, the
second-order process, and the third-order process rate
constants corresponding to the monomolecular recombi-
nation, bimolecular nongeminate recombination, and
Auger recombination, respectively. The Auger recombi-
nation and the monomolecular recombination include
the intrinsic defect-assisted recombination and the band-
tail indirect recombination, contributing to the non-
radiative recombination losses. Theoretical calculation
has proved that the photocarrier density in typical PeSCs
falls in the range of 10'*-10"° cm ™ under AM 1.5G illu-
mination, which is suited in the first-order recombination
regime.** Therefore, the monomolecular recombination
is considered to be a major photocarrier loss in PeSCs.
These recombination pathways also apply to PeLEDs
and influence the carrier-densities dependent internal lumi-
nescent yields in the perovskite emitter. In PeLEDs, electri-
cally injected excited carrier densities in the range of 10"~
10" cm* will produce a high internal luminescence yield
(>90%).2'* In contrast, with a lower carrier density (<10
cm ), the luminescence yield is extremely low (<1%)
unless the non-radiative recombination could be signifi-
cantly suppressed. On the other hand, the Auger recombina-
tion becomes the main killer of luminescence yield when the
carrier density is higher than 10'” cm ™. Together with car-
rier density effect, the mobility of transporting materials”'”
and interfacial defects'™® are also found to influence the car-
rier diffusion length and lifetime of perovskite films.

As shown in Figure 4A, in 3D perovskites, the photo-
generated free carriers would relax from high-energy excited
states to low-energy ground states (GS) spontaneously with
different time scale for different processes.*® The carriers are
inevitably thermalized because the short-wavelength light
possesses energy greater than the bandgap of perovskites to
pump carriers to energy positions higher than the conduc-
tion band minimum (CBM). After thermalization, hot car-
riers begin to cool down to the charge transfer states
(CT) accompanied by the release of thermal energy.** As
reported by Beard et al., the cooling time of hot carriers
could be ultralong up to 100 ps,* and such long relaxation
process of hot carriers provides an opportunity to further lift
the efficiency of PeSCs to overcome the Shockley-Queisser
limit. After cooling down, the carriers have to undergo the
next transport processes within several nanosecond to
microsecond, where a dynamic competition exists between
the recombination and the extraction. As for 3D perovskites,
a peculiar property is the slight Stokes shift for PL emission
and exceptionally sharp absorption onset over 10* cm™*
above the absorption edge. Due to the high radiative recom-
bination rates and the long carrier lifetimes, the Stokes shift
of perovskites induces the simultaneous occurrence of
absorption and reemission of excited carriers, leading to the
photon recycling in 3D perovskite films.*'¢ This multiple
absorption-diffusion-emission process has been experimen-
tally verified via the observation of the photocurrent
detected at over 50 pm away from the photoexcited position
in a lateral-contact architecture solar cell (Figure 4B).*’
Apart from the 3D perovskite, the photon recycling is also
observed in quasi-2D perovskite materials.”* The existence
of the photon recycling in perovskite materials can enhance
the externally outcoupled PL of perovskites and thus
improve the voltage characteristic of PeSCs.*’ Likewise,
owing to the high luminescence efficiency of perovskite
materials, the photon recycling could facilitate the light
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FIGURE 4 (A) Charge carrier processes and the corresponding timescale in 3D perovskite optoelectronic devices. Reproduced with

permission from Reference 46. Copyright 2018, Elsevier. (B) Photocurrent map at the edge of the active area of an interdigitated back-contact
perovskite-based device. The lateral position is along the electrode direction. The photocurrent is observed at sites several tens of
micrometers beyond the last electrode (x-axis position 0 mm, bold dashed line). Reproduced with permission from Reference 47. Copyright
2016, The American Association for the Advancement of Science. TA spectra of (C) 3D CsFAMA perovskite, Reproduced with permission
from Reference 48a. Copyright 2020, John Wiley and Sons. (D) 2D PEA,Pbl, perovskite, Reproduced under the terms of the Creative
Commons CC BY license from Reference 48b. Copyright 2018, Springer Nature, and (E) 0D (C3H;;N50),PbBr¢ perovskite. Reproduced
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outcoupling via randomizing propagation directions of pho-
tons and redirecting the photons outcoupling from trapped
states.”'“>" Therefore, different from other types of LEDs
that re-absorption of the emitted light is a typical light loss,
the photon recycling phenomenon would benefit the
enhancement of outcoupling efficiency of 3D PeLEDs.

With the reduction of dimensionalities of perovskite
materials, the excitation, and relaxation span decreases
owing to the increased exciton binding energy.
Figure 4C-E show the transient absorption (TA) spectra
of a mixed-phase 3D perovskite, a 2D PEA,Pbl, perov-
skite and a 0D (Cs;H;;N;0),PbBr, perovskite.** For all
samples, there are detectable photobleaching (PB) sig-
nals located at the band edge region. Free carriers are
formed spontaneously within 1 ps for 3D perovskites.
After generation, the excited carriers would relax via
two pathways (Figure 4C), including a several hundred
ps pump-fluence dependent lifetime induced by the
bimolecular recombination and a several thousand ps
lifetime derived from trap-assisted monomolecular

recombination.**® Compared with 3D perovskites, a
shorter lifetime is observed for 2D perovskites, such as
approximately 100 ps GS bleaching recovery shown in
Figure 4D.*® 1D perovskites have a similar exciton
recombination lifespan to the 0D perovskite.**® Take the
0D (C3H,;N;0),PbBrg perovskite crystal as an instance.
Upon photoexcitation, the as-formed excitons relax to
multiple states within different energies caused by the STE
phenomenon within several ps (Figure 4E).**¢ In addition,
low dimensional perovskites show a larger Stokes shift
effect, indicating that the photon cycling phenomenon
become less important than that in 3D perovskites.

As for PeQDs, multi-excitonic states (MESs) were
observed during the excitation process. It is found that
MESs is produced by direct multi-exciton generation, that
is, the absorption of a single photon with sufficiently
high energy generates more than one exciton. The MESs
account for the high PLQY values in PeQDs. During the
relaxation, the first electron transfers in a rapid speed.
After that, the driving force for the next electron
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transfer become smaller due to the increased Coulomb
potential and the lower energy of the next available
exciton. Such multi-exciton transfer process has been
observed in PeQDs previously.’* As estimated, the elec-
tron transfer of the multi-excitonic state could be as
short as within 1 ps.”* Although the multi-excitonic
behaviors is favorable to obtain a high PL emission in
PeQDs, the Auger recombination would play a more
essential role in nonradiative process under
multiexciton generating regime.

3.4 | Formation energy and stability of
perovskites

The stability of perovskite materials is strongly affected by
their lattice structure. As shown in Figure 5, the formation
energy of perovskites with different structures is calculated
by density functional theory approach.> The 0D perovskite
polyhedrons have the lowest formation energy of —0.69 eV
in perovskite family, indicating their intrinsic unstable char-
acteristics. Compared to the widely used 3D perovskites with
the formation energy in a range of —0.95 to —0.85 eV, both
2D and 1D perovskites show an increased formation energy
in the range of —2.68 to —1.51 eV and —2.27 to —0.99 eV,
respectively. Therefore, 2D and 1D perovskites are more
thermodynamically stable than 3D perovskites, providing an
approach to improve the stability of 3D perovskites optoelec-
tronic devices through perovskite dimension management.
In addition to the higher formation energy of 1D and 2D
perovskites, bulky ammonium cations used in 2D perov-
skites are generally hydrophobic, strengthening the film
resistivity to humid environment.'***” In 1D perovskites, the
[MXg]*~ octahedra are connected shoulder to shoulder,
which promotes the skeleton strength of perovskite lattices.
Furthermore, the [MXs]*~ octahedra in 1D perovskite lattice
is wrapped by inactive organic cations to avoid the direct
exposure to moisture and oxygen.>> As for PeQDs, surface
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ligands have risks to secede from the surface of PeQDs and
undergo a fast exchange between free states and bound
states. The unstable surface of PeQDs causes the aggregation
of adjacent PeQDs, leading to severe challenges for their
deployments.”® The unique physical properties and phase
stabilities of perovskites with different structures render
them different advantages in the applications of PeSCs and
PeLEDs, which is briefly reviewed and summarized in the
following section.

4 | AN OVERVIEW OF PESCS AND
PELEDS BASED ON SINGLE
STRUCTURE PEROVSKITES

In Section 2, we analyzed the reciprocity theorems
between solar cells and LEDs and factors determining
the device performance. These factors are related to the
specific structures of metallic halide perovskites. There-
fore, the structural evolution of perovskites and their
impact on the optoelectronic properties are discussed in
Section 3, including excited-state physics, PL emission,
charge carrier transport and recombination, formation
energy, and phase stability. Based on these discussions,
the developments of solar cells and LEDs using different
structural perovskites are elaborated in this Section 4.
Then the development of PeSCs and PeLEDs based on
perovskite structure assembling engineering will be fur-
ther overviewed in Section 5.

4.1 | 3D perovskites for PeSCs and
PeLEDs

3D perovskites are widely used for developing highly effi-
cient PeSCs because free charge carriers are generated in
perovskite layer upon light illumination. Alongside the
deeper understanding of 3D perovskites, various effective
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approaches have been illustrated to improve the effi-
ciency to 25.5%. Meanwhile, the stability of PeSCs have
been enhanced to maintain more than 90% of their initial
efficiency for 1000 h testing under moisture, thermal
stress, and light illumination through precisely passivat-
ing defects, suppressing ion migration, etc.”’

The relatively small exciton binding energy limits the
luminance efficiency for efficient PeLEDs. Two effective
strategies have been exploited to enhance the luminance effi-
ciency of PeLEDs: (1) spatial confinement of charge carriers
to lift the excitonic recombination rate, and (2) defects pas-
sivation to reduce the defect-induced non-radiative recombi-
nation. A breakthrough was achieved in green PeLEDs with
a high EQE of 20.3% and a strong luminance of 14 000 cd/
m? by Wei and cooperators.™ They took advantage of the dif-
ferent solubility and crystallinity behavior between the
CsPbBr; perovskite and MABr passivated agent in polar sol-
vents to produce sequential crystallization of CsPbBr; perov-
skite coated with MABr. This sequential crystallization
process finally yielded a CsPbBr;/MABr quasi-core/shell
structure, which provided a place for light-emitting. In addi-
tion, the MABEr shell passivated defects in grain boundaries
simultaneously balanced charge injection, thus yielding a
high PLQY of 80%. A near infrared PeLED with an EQE of
20.7% was reported through introducing amino-acid addi-
tives into the perovskite precursor solution. The introduced
amino-acid additives controlled the growth of the FAPbI;
perovskite to spontaneously form submicrometer-scale
structures with reduced surface defects.*® In another work,
Xu et al. pointed out that the amino group in the reported
passivation molecules was insufficient because it could
form stronger hydrogen bonds with the organic cations in
perovskites and thus attenuate its passivation effect.®® Both
hydrogen bonds and passivating coordination bonds are
stemmed from the long pair electrons at nitrogen atoms in
amino groups. The oxygen (O) atoms were capable to polar-
ize amino groups to reduce the hydrogen bonding ability.
A rational design of passivation molecules was illustrated
by modulating the position of O atoms to strengthen the
interaction between the passivation agents and perovskite
defects to record the highest EQE of 21.6% for the near-
infrared PeLEDs based on the FAPbI; perovskite. Benefited
from the extremely efficient defects passivation, the half-
lifetime of PeLEDs is improved from 1.5 to 20 h at a con-
stant current density of 25 mA cm 2.

4.2 | 2D perovskites for PeSCs and
PeLEDs

In contrast to 3D perovskites, one of the unique features of
2D perovskites is the facile structure tunability through the
molecular design of organic cations for different

chemical and optoelectronic properties. Various types
of organic cations were investigated to synthesize new
2D layered perovskites, as summarized in a previous
review article.®’ 2-phenylethylammonium (PEA) and
n-butylammonium (n-BA) are the most widely used
organic cations to synthesize 2D perovskites consisting
of single [PbXs]*™ octahedra sheets separated by bilayers
of organo-ammonium cations with the general formula
of (PEA),PbX, or (BA),PbX,.°> The Two-photon absorp-
tion (TPA) properties with a giant TPA coefficient which
is one order of magnitude higher than 3D perovskites
were observed in 2D (PEA),Pbl, perovskites. Moreover,
the TPA coefficient was negatively correlated with the
thickness, indicating unique optical properties of 2D
perovskites.®> A systematic theoretical calculation was
performed to further understand the unique properties of
2D perovskites. It was found that the carrier mobilities of
2D perovskites are much smaller than that of 3D perov-
skites, whereas the exciton binding energy is greatly
enlarged. Moreover, the 2D (PEA),Pbl, perovskite
exhibits a strong linear dichroism, indicating extremely
weak absorption along the c axis in the visible spec-
trum.®* Despite of the enlarged exciton binding energy,
the luminescence of the 2D perovskite can only be condi-
tionally observed at low liquid-nitrogen temperatures
due to the thermal quenching of excitons.®> Moreover,
the insulating of the bulky organo-ammonium cations
impede efficient charge transport and thus constrain the
luminescence efficiency of 2D perovskites.® All these
physical properties investigation indicates that 2D perov-
skites are unsuitable to be used as photovoltaic or light-
emitting materials. The 2D perovskites are generally
integrated with 3D perovskites in the form of quasi-2D
perovskites or 2D/3D mixed perovskites to modulate car-
rier dynamics and phase stability for the applications of
PeSCs and PeLEDs, which will be discussed in the fol-
lowing section of structural assembling perovskite. The
strong spin-orbit coupling (SOC) was observed in the 2D
perovskite, which split the spin-degenerate bands in its
non-centrosymmetric structure, thus generating the Ras-
hba splitting.®” The Rashba splitting observed in non-
centrosymmetric 2D perovskites is indicative of promis-
ing nonlinear photodetection. Experimentally, excellent
light responsivities were observed based on the 2D
(PEA),Pbl, single crystalline perovskite with anisotropic
optoelectronic properties.®®

4.3 | 1D perovskite for PeSCs and
PeLEDs

1D perovskites present superior anisotropic optical and
electrical properties. The anisotropic optoelectronic
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properties of 1D perovskites contribute to the better con-
ductivity of charge carriers in a specific direction and the
higher photoluminescence due to the spatial quantum
confinement.*® For the device development, a PCE of
14.71% was achieved in PeSCs based on MAPbI; perov-
skite nanowires.”” After this pioneer work, several
works’® controlling the nucleation and the growth of 1D
perovskites as well as exploring appropriate transporting
materials have been reported to further improve the PCE
to 18.83% with a Tg, of 1500 h.”* However, the PeSCs
based on 1D perovskites finally failed to be dramatically
developed and we ascribe its sluggish to the mismatching
of the nanowire or nanorod perovskite morphology with
the planar or mesoporous solar cell architectures that
require full coverage of each layer to guarantee the bal-
anced and efficient interfacial charge transport. The rea-
son of severe interfacial charge recombination also
hinders the development of PeLEDs using 1D perovskites
as the light emitter, despite their observed high photo-
luminescence. To the best of our knowledge, only few
works have been reported regarding the luminesce phe-
nomenon of 1D perovskites.>***

4.4 | PeQDs for PeSCs and PeLEDs

PeQDs are universally explored for the applications of
PeSCs and PeLEDs due to their optoelectronic properties
such as multiexciton generation, additional bandgap tun-
ing via quantum-confinement effect, near-unity PLQY,
easily-processable colloidal synthesis compatible for
industrial manufacturing.”? It is found that the a-phase
CsPbl; PeQDs can sustain its cubic phase at low tempera-
ture and show size-controlled band gap and long-range
electronic transport. The first PeSCs based on the CsPbl;
PeQDs showed a PCE of 10.77% with a high V- 0f 1.23 V.
Such PeSCs also exhibited bright red electroluminescence
under a low turn-on voltage of 1.8 V, indicating its poten-
tial for light-emitting applications.”” Since then, a series of
works were committed to promote the performance and
stability of PeSCs and PeLEDs based on PeQDs. For solar
cells, the electronic coupling between CsPbl; PeQDs was
tuned through a post-treatment by cation halide salts to
enhance their carrier mobility and achieved a high PCE of
13.43%.” Through using a ligand-assisted cation-exchange
strategy, mixed cation Cs; ,FA,Pbl; PeQDs was synthe-
sized with long carrier lifetime’* due to the enhanced
orbital overlap and the easier polaron formation resulted
from the fast rotation of FA.”> Moreover, the concomitant
occupation at A site by FA and Cs decreased the entropic
formation energy of the mixed cation PeQDs.”® Conse-
quently, a record efficiency of 16.6% was achieved with
improved device stability (Tos: 600 h).”*

For LED application based on PeQDs, in 2014,
MAPDBr; PeQDs with a diameter of 6 nm was firstly syn-
thesized using medium-sized chain assisted synthesis
method, which emitted green light with a narrow band-
width and a decent PLQY of 20%.%” Shortly after, the
PLQY was lifted to 70% for MAPbBr; PeQDs by using a
ligand-assisted re-precipitation method’® and to 93% via
temperature controlling the ligand-assisted re-precipitation
process.”” In order to enhance the stability of PeQDs, all-
inorganic CsPbX; based PeQDs was synthesized and
showed a high PLQY of 90%.”® The excellent optical prop-
erties of PeQDs imply their great potential in the display
technology, but the preliminarily fabricated PeQDs LED
exhibited an EQE of 0.12%.”° Despite the moderate device
performance, this groundbreaking work testified the possi-
bility of achieving PeQDs LED and attracted tremendous
research interest in the improvement of the device perfor-
mance and stability via various approaches such as surface
engineering, composition engineering, defects passivation,
etc.® Particularly, Kido et al. achieved the state-of-the-art
red PeQDs LED with a striking EQE of 21.3% and a longer
Tso lifetime of 180 min using an anion exchange
method.®! As for Green PeQDs LED, a breakthrough was
reported recently via modulating the organic cation and
surface passivation of halide defects to achieve an EQE of
23.4% with a Tsq of 132 min.®

5 | STRUCTURALLY ASSEMBLED
PEROVSKITES FOR PESCS AND
PELEDS

Perovskite materials with structural modulation have
exhibited tunable optoelectronic properties such as opti-
cal bandgaps, which is generally due to the organic cat-
ions doping and metallic cations doping as summarized
in other review articles.*” For example, doping organic
amine cations with long alkyl chains to partially replace
the commonly used MA and FA cations will not only
reduce the dimension of perovskites, but also modulate
the bandgap of the resulting perovskites.*® It has been
demonstrated that long alkyl chains in the low-
dimensional perovskites can increase the steric hindrance
effect in perovskite lattice, and thus manipulate and sta-
bilize the corresponding structurally assembled perov-
skites.®* Therefore, It is foreseeable that the use of more
than one perovskite structural building blocks in the
perovskite layer (structural assembling engineering) will
help to take full advantage of their unique properties for
efficient PeSCs and PeLEDs. In this section, we review
and discuss the reported works regarding perovskite
structure assembling engineering for the applications of
both PeSCs and PeLEDs.
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5.1 | Quasi-2D perovskites for PeSCs and
PeLEDs

Although the 2D perovskites with a monolayer of [PbX]*~
octahedra are not suitable for solar energy harvesting or
luminescence application, combining the 3D perovskite
features with 2D perovskites to assemble the quasi-2D
Ruddlesden-Popper (RP) perovskites is a hot topic for the
applications in PeSCs and PeLEDs. The general formula
for the class of quasi-2D perovskites is (RNH3),A,_,Pb,
Xsn11, where RNHj; is the bulky aromatic or aliphatic
alkylammonium spacer cation, for example, PEA or BA
for 2D perovskites, A is the monovalent organic/alkaline
cation, for example, MA, FA, and Cs for 3D perovskites.
The thickness of the inorganic sheet could be tuned by
the stoichiometric ratio between the small cation and
the spacer cation, and in turn, the optoelectronic proper-
ties, including the bandgap, the exciton binding energy,
and carrier dynamics.'**®> Due to the layer thickness-
dependent optoelectronic properties, quasi-2D perovskites
exhibit strong light absorption in the visible region when
n > 3 for photovoltaic applications, and strong PL at room
temperature for the use of LEDs.*

511 | PeSCs

In 2014, the quasi-2D (PEA),(MA),PbsI;, perovskite was
used as the light absorber for the first time. Despite the low
efficiency of 4.73%, the excellent moisture resistance even
after storage for 46 days under 52% RH was attracting
enough to temporarily address the stability issue of the
widely studied 3D PeSCs.*’” At that time, the quasi-2D (BA),
(MA),Pbs]; was also applied and exhibited ultralong stabil-
ity over 2 months under 40% RH, but a low PCE of 4.02%.%
The low efficiency is ascribed to the growth of the quasi-2D
perovskite with a lateral alignment of inorganic layers
because the large spacer cations preferentially adapt to the
alignment parallel to the substrate. As revealed, the vertically
oriented 2D perovskite thin film offers the direct pathway for
carrier transport, nevertheless, the carriers have to hop
across the long-chain organic surface ligands in the ran-
domly oriented film. The effect of the orientation of quasi-2D
perovskites on the charge transport and the photovoltaic
performance is schematically illustrated in Figure 6A-E.*®
A hot-cast method was proposed to align the quasi-2D
perovskite growth perpendicular to the substrate, thereby
dramatically expediating the charge transport across the
film.>” As a result, a PCE of 12.52% was achieved and was
further enhanced to 14.3% through using the substrate
effect.”’ Despite this breakthrough, the hot cast method
generally requires to heat substrates to over 100°C before
depositing the precursor solution, which imposes

difficulties of accurately controlling the temperature and
the thermal homogeneity of substrates for reproducible
PeSCs. This challenge was then alleviated through intro-
ducing the 2-thiophenemethylammonium (ThMA+) as the
spacer cation coupled with MACI additives to achieve a
high PCE of 15.42%.°% Except for the exploring new spacer
cations, it was solved by partially replacing the MA™* with
the BA™ spacer cation to form the BA; ¢MA; 4Pb,I;5 quasi-
2D perovskite. Such quasi-2D perovskite film possesses
highly oriented grains and uniform grain size distribution
without the requisite of preheating process and yielded a
reproducible 15.44% PCE that could be stored for a long
term.”?

The origin of the significant influence on the charge
transport capability by the orientation of quasi-2D perov-
skites is stemmed from the insulating characteristic of large
organic spacer cations. It was found that dominant photocur-
rent is collected through the electric field-assisted exciton
separation and transport across potential barriers built by
spacer cations.”* Two main strategies including the thickness
modulation of inorganic sheets and optimizing organic cat-
ions have been developed to overcome this obstacle. As
depicted in Figure 6F, with increasing the number of the
inorganic octahedra sheet (1) between two adjacent organic
spacers, PeSCs exhibit enhanced PCE approaching to that of
PeSCs based on 3D perovskites (n = oo). However, the for-
mation energy tends to lower to sacrifice the device stabil-
ity.* In order to take full advantage of the outstanding
stability of the 2D perovskite, most of the quasi-2D perov-
skites with n = 3 or 4 are selected as the candidate for light
absorption.” Cs* or FA™ cations have been used to incorpo-
rate in quasi-2D (BA),(MA),Pbsl;, perovskites to control the
crystallization kinetics and reduce nonradiative recombina-
tion centers so that the PCE was improved to 13.7% and
12.81%, respectively.”> A recent work further explored the
incorporation of dual cations of Cs™ and FA" into quasi-2D
perovskites to enhance the charge transport and achieved a
high PCE of 14.23%.%® In addition to the modulation of small
cations in quasi-2D perovskites, the combination of the typi-
cal PEA™ and BA™ to be the spacer cation was exploited to
yield efficient quasi-2D PeSCs with a PCE of 15.46%.”” It was
found that the incorporation of PEA™ in quasi-2D perov-
skites could offer & electron to interact with I of Pbls*~ to
decrease the exciton binding energy for efficient charge
transfer. In addition to the cation modulations, new spacer
cation was explored to yield high-performance quasi-2D
PeSCs. For example, 3-bromobenzylammonium iodide
(3BBAI) based quasi-2D perovskites were synthesized.”® The
3BBAI based quasi-2D perovskites exhibited a high degree of
electronic order and structure orientation, consisting of
ordered large-bandgap perovskites vertically grown in the
bottom region and oriented small-bandgap located on the
top (Figure 6G), as derived from the GTWAX spectra shown
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provides direct pathways for electron and hole extraction. (B) GIWAXS results show the film with strong vertical orientation. (C) Post-
crystallization annealed film charge carriers need to hop through electrically insulating organic ligands to reach ETL and HTL. (D) GIWAXS
results show the film with partial random orientation. The percentage of oriented crystallites in the perovskite film is defined as f;;. (E) The
performance of PeSCs fabricated using the pre-crystallization annealing method (red and black lines) is significantly higher than that of the
post-crystallization annealing method (green and blue lines). (A)-(E) Reproduced under the terms of the Creative Commons CC BY license
from Reference 88. Copyright 2018, Springer Nature. (F) The influence of the thickness of the inorganic sheet number n on the formation
energy, efficiency, and stability of quasi-2D PeSCs. Reproduced with permission from Reference 89. Copyright 2016, American Chemical
Society. (G) Schematic illustrations of the proposed self-assembled 3BBA-based quasi-2D perovskite film structure. (H) GIWAXS images to
show the structure of the quasi-2D perovskite film. The incidence angles are 0°, 0.05°, 0.1°, 0.2°, and 0.5°. (I) J-V curve for the champion cell
based on quasi-2D perovskites. (G)—-(I) Reproduced with permission from Reference 90. Copyright 2018, John Wiley and Sons

in Figure 6H. The ordered structure suppressed the non-
radiative recombination and facilitated the charge transport.
Consequently, the highest PCE of 18.20% with the improved
Voc and FF (Figure 6I) in quasi-2D PeSCs was recorded.”
Moreover, such highly efficient quasi-2D PeSCs could be
stored for a long duration (retaining 82% of the initial effi-
ciency over 2400 h). Other spacer cations were also widely
explored to realize highly efficient quasi-2D PeSCs, as sum-
marized by the previous review discussing the principles for
the molecule design of spacer cations.”®

51.2 | PeLEDs

The multi-quantum well structure of quasi-2D perov-
skites renders them an enlarged binding energy to yield a
strong PLQY for efficient PeLEDs. In 2016, Sargent et al.
firstly assembled the quasi-2D PEA,MA,,_,Pb,l5,., for
near-infrared PeLEDs application.”® After optimizing the

stoichiometric ratio between the PEA" and the MA™, an
EQE of 8.8% and a radiance of 80 W/sr/m?* was recorded
when n equals to 5. More importantly, the typical funnel-
like carrier transport model was demonstrated by analyz-
ing carrier dynamics of quasi-2D perovskites. They found
that quasi-2D perovskites exhibited an inhomogeneous
energy landscape and charge carriers could funnel from
high-bandgap parts to the low-bandgap ones, ultimately
concentrating these carriers on the smallest bandgap
zone. The energy transfer through the funnel route could
complete within 1 ps through passivating nonradiative
recombination pathways by using a wide-optical-gap
polymer (poy-HEMA).'® The quasi-2D perovskite-
polymer heterostructure film displayed an ultra-high
PLQY of 96% and EQE of 20.1% for the near-infrared
PeLEDs, approaching to the record EQE of 21.6% for a
near-infrared PeLEDs based on 3D FAPbI; perovskite.*
By using 1,4-bis(aminomethyl) benzene molecules as
bridging ligands in the Dion-Jacobson (DJ) quasi-2D
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perovskites, the formation energy is dramatically
improved, in comparison to the generally used PEA
based RP quasi-2D perovskites. The longest half-lifetime
until now was reported to be 100 h, despite its moderate
EQE of 5.2% for a near-infrared PeLEDs, which may pro-
vide a new strategy to improve the operational stability of
PeLEDs.”

The charge funneling efficiency was found to corelate
with the crystal orientation, which could be tuned by the sol-
vent of quasi-2D perovskite precursor solution for an effi-
cient green quasi-2D perovskite LED with an EQE of
11.5%."°* Moreover, the charge transfer and the crystalliza-
tion was enhanced through the modulation of spacer cations,
similar to the widely reported strategy for improving the pho-
tovoltaic performance based on quasi-2D perovskites. For
instance, dual spacer cations of the phenylbutylammonium
(PBA) and the propylammonium (PA) were used to substi-
tute the commonly used PEA cation to achieve a high PLQY
of 89% and an EQE of 15.1% for green PeLEDs.'**> Through
further bulk and interfacial defects passivation, the EQE of
the green quasi-2D PeLED is further improved to 19.1%.'%*
It should be noted that the rational design of bulky ammo-
nium salts as spacer cations in quasi-2D perovskites ought
to be scrupulous. For instance, the singlet and triplet exci-
ton behavior that is fundamental to the design of efficient
organic LEDs but is rare report in PeLEDs should be

I H (©)

considered. Figure 7A shows the crystal structure of quasi-
2D perovskites for green LED applications, in which the
excitons will be tightly confined at the inorganic well layer.
Figure 7B shows its corresponding energy structure
and exciton decay dynamics in which the inorganic [PbBrg
1*~ layer has a I's singlet state at 3.01 €V and two triplet
states of I'; and I, at ~2.99 eV.'** The energy gap between
the singlet state and the triplet state is extremely small and
even could be thermally activated at room temperature.
The singlet excitons generated in the quantum well can
efficiently transfer via Forster energy transfer over long
distances, whereas triplet excitons transfer via Dexter
pathways over a short distance. Therefore, in a recent
report, the quasi-2D green PeLEDs with PEA spacer cation
possessing a high triplet energy level (3.3 eV) could be
warranty of efficient carrier transfer based on the funnel
model to achieve a high EQE of 12.4%. In contrast, the
energy of the lowest excited triplet state of the NMA
spacer cation is 2.4 eV, 0.4 eV lower than the two triplet
states of I'; and I', in the inorganic [PbBre]*™ layer.
Therefore, if using the NMA as the spacer cation in
green-quasi-2D perovskite LEDs, considerable non-
radiative recombination would not be avoided, resulting
in a low EQE of 3.4%.'%¢

Compared to the improved performance and stability of
near-infrared, red, and green LEDs based on the quasi-2D
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perovskites, the blue quasi-2D perovskites-based LEDs still
suffers unsatisfactory device performance. Improving the
performance of blue PeLEDs is extremely significant for
developing full-color displays and white-light illuminations.
The blue PeLEDs can be obtained through incorporating
Rb" and Cs" into quasi-2D perovskites with an EQE of
1.35%.'°” Through the Cl insertion into quasi-2D perov-
skites and optimization of the radiative recombination
zone, the EQE of corresponding PeLEDs was dramatically
improved to 5.7%.'°® By incorporating both the Cs™ cation
and the CI™ halide ion into quasi-2D perovskites, the EL
peak and the light emission of corresponding PeLEDs could
be tuned from red to blue (Figure 7C).'°® The highest EQE
values are 6.2% (465 nm),'® 6.3% (478 nm)'® and 12.1%
(488 nm)*!° for current state-of-the-art blue PeLEDs fabri-
cated using quasi-2D perovskites. However, the spectral sta-
bility of blue PeLEDs is poor and an undesirable shift (over
7 nm) toward the longer wavelength under operating condi-
tions is generally observed due to the Cl ion migration and
the multi-phase separation. Sargent et al. ameliorated this
issue by dynamic treating the quasi-2D perovskite with
organic chlorides.'"! The organic chlorides in situ
immobilized Cl vacancy and formed hydrogen bonds with
quasi-2D perovskites to inhibit phase separation. The blue
PeLEDs were achieved with an EQE of 5.2% and an operat-
ing half-lifetime of 90 min.

5.2 | 2D/3D perovskite heterostructure
for PeSCs and PeLEDs

The 2D perovskites have a pure one-layer perovskite in
the film, while quasi-2D perovskites are mixtures of dif-
ferent perovskite layers in the film."'* Since the 2D/3D
and quasi-2D/3D perovskites have similarities in both
structure and working mechanism, we overview the
development of PeSCs and PeLEDs based on both 2D/3D
and quasi-2D/3D structures in this section.

521 | PeSCs
The merits of superior device stability based on 2D perov-
skites have attracted interest in assembling 2D perovskites
and 3D counterparts to form 2D/3D heterostructures. Two
main strategies have been developed to form the 2D/3D
perovskite heterostructure. One method is depositing 2D
or quasi-2D perovskites on 3D perovskites by the capping
mode. Another approach is the in-situ growth of 2D or
quasi-2D perovskites in a 3D perovskite host by an
interspersing mode.

The capping mode takes full advantage of the mois-
ture stability of 2D or quasi-2D perovskites to protect the
3D perovskite underlayer from the direct exposure to

humid environment. As demonstrated in Figure 8A, the
2D/3D or quasi-2D/3D perovskite heterostructure is gen-
erally realized through the post-treatment of a 3D perov-
skite layer with ammonium salts.""* The formation of the
2D/3D perovskite heterostructure was confirmed by the
high-resolution TEM image showing different diffraction
lattices for the 2D perovskite capping layer on the 3D
perovskite (Figure 8B).'* Also, the grazing incidence
XRD was employed to elucidate the crystallization pro-
cess for the 2D/3D perovskite heterostructure. Docampo
and co-workers used PEA to post-treat the 3D perovskite
and formed a thin layer of quasi-2D PEA,MA,Pbsl
perovskite onside to form the 2D/3D heterostructure. As
shown in Figure 8C, both diffraction patterns display
the broad Debye-Scherrer rings as a representative of the
3D perovskite host. The labeled ring pattern centered at
g, = 0 A™! corresponds to strongly oriented crystal planes
parallel to the substrate, indicating the formation of 2D
perovskites."'> The PEA,MA,Pbsl;¢ quasi-2D perovskite
had mutual effects that reorganized and shielded the
MAPbDI; underlayer. Such a bilayer configuration demon-
strated an efficiency of 14.94% with a benign stability that
could retain 76% of its initial efficiency for 19 days in
humid air (70% RH). Apart from the quasi-2D perovskite,
the thin layer of 2D AVA,PdI, perovskite, where AVA is
the amino valeric acid cation, was explored to self-
assemble on the 3D MAPDI; perovskite."”” A high effi-
ciency in that era of 14.6% for small area cells (0.64 cm?)
and 12.71% for 10 x 10 cm” solar module was achieved
based on the 2D/3D architecture. The module showed
decent stability when it worked at short-circuit conditions
under one-sun light illumination and 55°C thermal stresses
for 1 year. The integration of multi-phase 3D perovskites
with 2D or quasi-2D perovskites should display more satis-
factory photovoltaic performance and stability. For instance,
PEALI solution was dynamically spin-coated on the 3D Csy;
FAg.74MAg 13PbL, 45Brg 30 (CSFAMA) perovskite to form the
2D/3D heterostructure to achieve a high efficiency of
20.1%."® The PEA,Pbl,/CsFAMA PeSCs exhibited robust
durability, which can survive in air (30%-60% RH) for
60 days and maintain 80% of its initial efficiency under the
MPP-tracking for 800 h. The BA™ was used to substitute the
PEA™ to form quasi-2D BA,MAPb,I, perovskite. The quasi-
2D BA,MAPb,I; perovskite efficiently passivated the surface
trap centers of the 3D CsFA perovskite and remarkably
enlarged the Vo of 1.31V that is the highest Vpcto-
bandgap ratio report so far."'® Most of quasi-2D perovskites
formed relying on relatively weak inter-well van der Waals
bonds between hydrophobic organic moieties of ligands and
such weak bonds post potentially risks on the stability.
Recently, ligand-4-vinylbenzylammonium was used to con-
stitute well-ordered perovskite quantum wells atop a 3D
CsFAMA perovskite layer. The vinyl group of such ligand
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was activated using UV-light to photochemically form cova-
lent bonds among quasi-2D perovskites.'** The UV-cross-
linked 2D/3D perovskite device exhibited a high efficiency
of 20.4% and maintained over 90% of its beginning efficiency
when aged in air with the 30% relative humidity for 2300 h.
The 2D/3D perovskite heterostructure in the inter-
spersing mode is realized through directly introducing
the bulky ammonium salts in the perovskite precursor
and form 2D or quasi-2D perovskites as nanoplates
embedded in 3D perovskite crystals. Figure 8D shows the
crystallographic connectivity between the quasi-2D and
the 3D perovskites synthesized by the interspersing
mode."® The first work on such a topic was reported by
Snaith et al., in which they introduced n-BA™ into the 3D
FA053CS017Pb(L,Br; ,); perovskite precursor solution.'*"
Since the perovskite films with 2D/3D heterostructure
exhibit the typical quantum-well electronic configuration
as shown in Figure 8E,'"” the carrier trapping and recom-
bination can be alleviated at grain boundaries so that the
carrier lifetime was increased, contributing to a stabilized
power output of 17.3% and 19.5% for the wide-bandgap
perovskite and low-bandgap perovskite, respectively. The
quasi-2D/3D perovskite in the interspersing mode
maintained 80% of its original efficiency for 3880 h for

the encapsulated device operating at open-circuit condi-
tion in air (45% RH). Such quasi-2D/3D system was then
systematically investigated by controlling the content of
BA cations in the precursor. It was found that the appro-
priated content of quasi-2D perovskites could help to
improve crystallinity and appear to passivate grain
boundaries, thus enhancing charge-carrier mobilities for
an ultra-long carrier-diffusion length up to 7.7 pym.'*
Such quasi-2D/3D heterostructure perovskite film was fur-
ther treated using molecule passivation and recorded a
high efficiency of 20.62%.'** Another widely used bulky
cation, PEA™, was also introduced in the phase-pure 3D
FAPbI; perovskite precursor by Yang et al.'** The 2D
PEA,Pbl, perovskite spontaneously formed at grain
boundaries to suppress ion migration to output a high sta-
bilized efficiency of 20.64%. Both outstanding shelf lifetime
and operational stability for the 2D/3D heterostructure
devices were observed. Motivated by these developments,
the low toxic bismuth-based 2D perovskite with small cat-
ions, MA;Bily was tentatively embedded in the 3D
MAPbDI; perovskite to enhance the efficiency to 18.97%
from 16.83%. In addition, long-term shelf lifetime was
observed for the optimal MA;Bil,-MAPbI; 2D/3D
heterostructure perovskite device.'* In addition, Wang
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et al. fabricated a 2D-quasi-2D-3D hierarchy structural Sn-
based perovskite by using pseudohalogen NH,SCN as a
mediator to separate the nucleation and growth of perov-
skite. The 2D perovskites at the film surface acted as a
shield to prevent the oxidation of the internal Sn-based 3D
perovskites, significantly enhancing the device lifetime.*®

52.2 | PeLEDs

The strategies of potential or spatial confinement either
using the quasi-2D multi-quantum-well structure or
reducing the grain size have boosted the rapid develop-
ment of PeLEDs. One inevitable issue in these potential
or confinement structures is the increased surface-to-
volume ratio and multiphase interfaces, generating the
risk of a high degree of surface or interface defect states.
Although these defects are electronically benign or inac-
tive, which exerts benign influence on the performance
of high-efficiency PeLEDs, they are critical to the envi-
ronmental and operational stability of PeLED via ion
migration or defects induced film degradation.

Very few reports were reported to mitigate such draw-
backs using the 2D/3D heterostructure perovskites film
until a recent breakthrough was made by Yang et al.
through spin-coating PEA solution on 3D FAg93Csg o2
Pbl; perovskite to induce the formation of the 2D PEA,
Pbl, perovskite."?” By quantitatively controlling the con-
centration of the spin-coated PEA solution, only a small
amount of FA" in the 3D perovskite was substituted by
the PEA" to form surface-2D/bulk-3D hetero-phased
perovskite nanograins. The TEM images shown in
Figure 9A confirmed the spontaneous formation of the
surface-2D perovskite phase on the 3D counterpart rather
than the generally investigated quasi-2D RP perovskites
for LED applications. They carefully compared the carrier
dynamics in such 2D/3D structure with the commonly
used 3D perovskite nanograins and quasi-2D perovskites.
The spatially resolved electrical properties of the perov-
skite film was characterized by the conductive atomic
force microscopy (c-AFM) as displayed in Figure 9B. The
spatial difference in charge carrier conduction was puny,
but the electrical properties of quasi-2D perovskites
exhibited large grain-to-grain spatial inhomogeneity due
to the multiphase in nature with disparate charge
transporting capabilities of quasi-2D perovskites. Further-
more, the carrier recombination process was found to be
dependent on the form of the perovskite film. As shown
in Figure 9C, quasi-2D perovskites and surface-2D/bulk-
3D perovskites exhibited shorter and longer PL lifetimes,
respectively, than 3D perovskites under a lower carrier
density (10"° cm™>). In the range of higher excitation car-
rier densities (10*® cm™?), the PL lifetime of surface-2D/

bulk-3D perovskites turned to be shorter than 3D perov-
skites. This difference indicated that the quasi-2D perov-
skites presented both strong monomolecular trapping
and bimolecular radiative recombination, which was fur-
ther confirmed by the calculated trap-mediated recombi-
nation coefficient Ay,, and bimolecular radiative
recombination coefficient B,,4 (Figure 9C). By contrast,
the surface-2D/bulk-3D perovskites possessed a dramati-
cally decreased A,, but a significantly increased Biaq.
Therefore, the surface-2D/bulk-3D heterostructure perov-
skite could reduce trap densities and enhance the radia-
tive recombination efficiently. As measured, the near-
infrared PeLEDs based on the surface-2D/bulk-3D
heterostructure perovskite exhibited an EQE of 7.7% in
together with an improved operational stability. In spe-
cific, the surface-2D/bulk-3D PeLED could maintain the
initial radiance upon 100 cycles of current-voltage scan-
ning and 100 h, while PeLEDs based on both the 3D and
the quasi-2D perovskite declined rapidly within 30 cycles
and dropped rapidly within 30-min testing (Figure 9D,E).
Although the performance of PeLEDs fabricated using
the surface-2D/bulk-3D perovskite was moderate com-
pared with those advanced PeLEDs (~20% for near-infra-
red PeLEDs) reviewed in previous chapters, the
operational stability is a huge breakthrough. Further
works are supposed to improve the performance and sta-
bility based on such surface-2D/bulk-3D heterostructure.

Similar to PeSCs, the 2D/3D PeLEDs were also fabri-
cated in an interspersing mode through in-situ growth of
2D perovskites in the 3D perovskite host. Zeng et al.
introduced the GABr in the 3D perovskite to form a self-
organized 2D/3D perovskite."*® They found the energy
cascade was boosted in the 2D/3D perovskite structure to
induce energy transfer from the wide 2D perovskite to 3D
perovskite, which enhanced the radiative recombination
and density of carriers. Profiting from the optimized
energy cascade, a blue PeLED (492 nm) exhibited a high
EQE of 8.2% for 2D/3D perovskite structure as compared
with the 3D perovskite with an EQE of 1.5%. The carrier
density distribution in 2D/3D PeLEDs was capable to sta-
bilize the EL spectra and operational stability.

5.3 | PeSCs and PeLEDs based on 0D/
1D@host assembling perovskite matrix
53.1 | PeSCs

Initially, the QDs embedded in a high-dimensional
perovskite host were focused on the near-infrared
PeLEDs were fabricated and exhibited an EQE and SnS

QDs."® It was found that the perovskite nucleation pro-
cess was influenced by specific crystal planes of
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embedded chalcogenide QDs. The heteroepitaxy-
atomically aligned growth of perovskites on the selected
plane of chalcogenide QDs was observed through quanti-
tatively controlling the composition of perovskites and
the quantity of chalcogenide QDs within the perovskite
matrix. Lattice anchoring purpose were thereby achieved
to dramatically improve the stability of the hybrid
perovskite-QDs films.'***¢ The embedded chalcogenide
QDs were also found to reduce the energy barrier for effi-
cient carrier hopping within the hybrid film in compari-
son with individual counterparts.'*®*¢ Thanks to the
lattice anchoring and the fast carrier hopping, the opto-
electronic performance of chalcogenide QDs@ perovskite
matrix was greatly promoted. For example, PeSCs with
efficiencies up to 19% have been reported based on PbS
QDs@ MAPDI; matrix.!**® Although the photovoltaic
performance of PeSCs was improved with QD incorpora-
tion, it still far lags behind those advanced PeSC devices
with over 20% PCE. This large discrepancy is because PbS
QDs could efficiently extract carriers from the large
bandgap perovskite to the low bandgap PbS QDs when
the PbS QDs is minority. However, if PbS QDs is heavy
loaded, perovskite would fill PbS QDs voids so that
charge carriers have to surmount a higher barrier to
transfer outside. If decreasing the loading of PbS QDs,

the stability improvement would be deteriorated. In addi-
tion, in order to realize the heteroepitaxy growth of the
perovskite on the PbS plane, the composition of the
perovskite, such as I/Br ratio should be strictly controlled
for the sake of lattice matching and anchoring between
PbS QDs and perovskites.'**® Nevertheless, the halide
ratio is extremely significant to optoelectronic properties
and stability of perovskite-based devices."*® In a word,
the balance between the perovskite nucleation and
growth and the charge transfer among the hybrid matrix
should be considered and optimized for the chalcogenide
QDs incorporation.

Although the optoelectronic performance of devices
based on chalcogenide QDs@ perovskite matrix is not
satisfactory, the concept of borrowing the unique opto-
electronic properties of QDs to influence the growth of
perovskites and the carrier dynamics within the matrix is
interesting. Compared with chalcogenide QDs, the perov-
skite QDs incorporation would be more promising if con-
sidering the latticing matching, homoepitaxy growth, and
better chemical compatibility between perovskite QDs
and perovskite matrix. However, until now, the related
reports on those topics are not as plentiful as chalcogen-
ide QDs incorporation. The lack of research on such
topics can be ascribed to the difficulty of the chemical
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incorporation of synthesized perovskite QDs within the
perovskite matrix because the perovskite compounds are
extremely susceptible to polar solvents which are gener-
ally used for dissolving perovskite precursors."”*

Currently, a few research works explored the struc-
tural assembling between 0D, 1D, and QDs and relatively
higher dimensional perovskites (2D and 3D) through
using the stoichiometric modulation of added precursors.
For instance, Jen et al. reported the formation of a het-
erojunction of 0D Cs,Pbls and 3D CsPbl; by tuning the
stoichiometry of CsI and PbI, to realize a high efficiency
PeSCs (16.39%) with a 500 h storage shelf-lifetime
(Figure 10A,B). the embedded 0D Cs,Pbls perovskite
played the role of molecular locking to improve the acti-
vation energy barrier of the matrix as depicted in
Figure 10C, and thus stemming the transition of active
a-CsPbl; phase to non-active y-CsPbl; phase.®' Instanta-
neously, CsPbBr,Cl PeQDs were introduced during the for-
mation of the 3D perovskite film to distribute QDs elements
into the host but leave organic ligands on the surface.'*
The extra elemental additions filled the defect sites to nar-
row the band-tail electronic states so that a high efficiency
of 21.5% was obtained (Figure 10D,E). Simultaneously, the
self-assemble organic ligands rendered the matrix a hydro-
phobic surface to block the moisture penetration and the
escape of MA™, prolonging the operational lifetime of
PeSCs (Figure 10F,G). The strategy of simultaneous ele-
ments compensation and surface hydrophobization is valid
for the optoelectronic performance improvement of PeSCs
but leaves the issue that whether QDs still exist or have
been dissolved in the host. Similarly, multiple cations
PeQDs (Cs.05sIMAg17FA.53]0.05PbBr3) were introduced into
the 3D perovskite host to offer the dual functions of 1) inter-
diffusion of cations and anions from PeQDs to occupy the
ionic vacancies at the surface and grain boundaries of
perovskite host; and 2) leaving the hydrophobic long
ligands from PeQDs to form low-dimensional perovskites
on the surface to impart ameliorated moisture tolerance.'**
In addition, Zhu et al. referred to the cap function of 2D
perovskites in the 2D capped 3D system and coated 0D
PeQDs on the surface of 3D perovskites.'** The coated
CsPbBr; PeQDs effectively suppressed surface imperfec-
tions of the 3D perovskite and reduced the non-radiative
recombination loss. Therefore, the built-in-potentials
determined by the quasi-Fermi level splitting were pro-
moted to achieve a high PCE of 21.03% with a large V¢
of 1.19 V for PeSCs.

As shown in Figure 11A, a multi-graded structural
assembling (3D-2D-0D) was fabricated via spin-coating
3D CsPbl,Br bulk film, 2D CsPbI,Br nanosheet (NSs),
and 0D CsPbl,Br QDs in sequence.'* Such method
induced continuously upshift energy levels of perovskites
to optimally align energy levels among the ETL, the

multi-graded perovskites and the HTL (Figure 11B),
enhancing the carrier extraction and decreasing the inter-
facial recombination. The continuous upshifted energy
levels result in a high Jg¢ of 12.93 mA cm ™. The reduced
recombination loss helps to enhance the built-in electric
field to obtain a high V¢ of 1.19 V and high FF of 80.5%.
Consequently, a PCE of 12.39% was obtained for the fab-
ricated PeSCs. Furthermore, such device showed an
enhanced stability without any degradation after being
stored over 60 days in air with 25%-35% RH at 25°C. For
the same purpose of aligning energy level, an internal
heterojunction of graded perovskite QDs were formed
through spin-coating perovskite QDs with different com-
positions layer by layer as shown in Figure 11C."*° The
perovskite QDs with different cation ratios of FA/Cs
formed the perovskite QDs heterojunction with graded
energy level positions (Figure 11D). By virtue of such
graded energy level, the photo-generated carriers can be
efficiently separated and driven to opposite directions
(Figure 11E). This graded energy level aligned structure
help to harvest more photogenerated charge carries to
increase the Jg¢ for a high PCE up to 17.39%.

During the exploration of assembling 0D perovskites
with higher-dimensional perovskites, 1D/3D perovskites
assembling was also investigated to further improve the
stability of PeSCs. Unlike corner-sharing MXy octahedra
structures in 3D and 2D perovskites,1D perovskites have
the face-sharing MX, octahedra structure that tends to
lower the Pb 6s® or Sn 5s orbital energies dominating
the top of the valence bands in perovskites."*” Therefore,
the 1D perovskiteoid exhibit high environmental stabil-
ity. Fan et al. blended large alkyl ammonium cation salt
PZPY into 3D perovskites to induce the 1D PZPY-PbX,
perovskite formation in the 3D perovskite host
(Figure 12A) to enhance the cycling stability of PeSCs.'*®
As shown in Figure 12C, with the introduction of the 1D
perovskite, the perovskite matrix PeSCs could maintain
its initial efficiency during the test iterated in a large tem-
perature range. The pronounced cycling stability of the
1D@3D perovskite matrix was stemmed from the better
structural flexibility of 1D perovskite (Figure 12B), as
compared with the densely packed 3D perovskite,
supporting the stress relaxation and defects self-healing
within the hybrid perovskite matrix. The same group fur-
ther optimized the cation salt by using bipyridine (BPy)
to form the 1D perovskite which is well-lattice-matched
with the 3D perovskite host (Figure 12D). Furthermore,
the structurally flexible 1D perovskite alleviated the ion
migration to hold up the whole 3D perovskite frame-
work. As shown in Figure 12E,F, the corresponding
PeSCs based on 1D@3D perovskites exhibited decent
device efficiency (21.18%) with superior stability against
moisture, oxygen, and light.>> However, the intrinsic



LIU ET AL. WI LEY 1237
(A) 1+ 7+ (B) (©) T
| | 104 ! \
; 14.45° 120.76°— Cs,Pbl, | 1 I
| 4 I
: 1 — A AN wos —a— Cs, Pbl
3 I | %) 125 Pl32 > J |
L] I 120 Cs,¢Pblyg o Dl .
-~ ' ,h\ X 2 | cs,,.Pol mm\LI \G,
2 /\ AL A AL SN\ T @06 @1 (x>0) —
5 1 14.40° 120.70° Cs,,Pbl,, as Under continous light soaking ": CsPbl; films
"E I ] E 0.4 :g Room temperature
114.35° 1 20.68° —— CsPbl; X
| I 0.2 4
(110) (020) (120) (121) 4 (220)
BT T e I s g, G
—— 004 T r r T T
29 0 100 200 300 400 500 a-phase S-phase
Ti (h) Reaction coordinate
ime
MAPbI.: CsPbBrCI 3
(D) S (E) MAP MAPbI, with QDs

Counts per second

| | lhé\‘l‘ ! ‘CI:‘
600 0 200 400
Apparent depth (nm)

6(

(G)

Pristine

e ©C

® 0O with aps
®H

@ De

Oleic acid

MAPbI,:CsPbBrCl,

FIGURE 10

(A) XRD patterns of Cs; ,,Pbls ., films. Cs,Pbls QDs was formed through stoichiometric modulation of CsI and Pbl,.

Mid-gap states —

160°C 0h 1h

mT
¥

7h 11h

(B) Light-soaking stability measurement of the device under continuous 1 sun illumination (100 mW cm™2) at room temperature in a
nitrogen glovebox. (C) Gibbs free energy and reaction coordinate diagram of Cs; , ,Pbl; ., films. (A)-(C) Reproduced with permission from
Reference 131. Copyright 2019, John Wiley and Sons. (D) Depth-dependent elemental distribution measured by SIMS for the pristine
MAPDI; film and the film with 0.25 wt% of CsPbBr,Cl QDs in anti-solvent. (E) Schematic illustration of how doped CsPbBr,Cl QDs
influence the tail states and mid-gap states of the perovskite layer. (F) Schematic illustration of the uniform elemental distribution across the
MAPDI; film and self-assembly of the OA molecules on the surface of the MAPbI; film. (G) Photographic images of MAPbI; films without
QDs and with 0.25 wt% QDs under 150°C for different time intervals in ambient conditions with 70% + 5% humidity. The size of films is

15 x 15 mm. (D)~(G) Reproduced with permission from Reference 132. Copyright 2019, Elsevier

insulating nature of the organic cations surrounding the
face-sharing octahedra in 1D perovskites constrains the
one-direction charge carrier transfer. In order to improve
the carrier transfer between the face-sharing octahedra,
an in-situ cross-linking propargylammonium (PA") was
introduced through a mild thermal treatment to form
polymerized groups surrounding the 1D perovskitoid and
formed a thin cross-linked 1D perovskite on the top of

3D perovskite. On one hand, the cross-link 1D perovskite
exhibits a better carrier transport at the interface. On the
other hand, the cross-linked PA" was illustrated to have
the capability to release residual tensile stress. The better
charger transfer across the 1D perovskite and 3D perov-
skite interface and the release of tensile stress benefit the
device stability so that a maintained 93% of the initial
efficiency (21.19%) was recorded under MPP tracking for
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(A) Schematic structures of devices without and with a graded interface and (B) energy-level diagram and carrier-transport

mechanism in multi-graded CsPbBrI, PeSCs. (A)-(B) Reproduced with permission from Reference 135. Copyright 2018, John Wiley and
Sons. (C) Schematic overview of layer-by-layer assembly showing a perovskite QD film composed of different layers of QDs. MeOAc

treatment is carried out between the deposition of different QD layers to remove the native oleate ligands and to render the deposited QDs
insoluble in the solvent. (D) Energy band positions for perovskite QD compositions and contact layers considered in the work. (E) Energy
level diagram of the heterostructure film. From the alignment, electrons are driven to the FA-containing side with a conduction band offset

of 180 meV, while holes have a small (20 meV) offset driving holes toward CsPbls. (C)-(E) Reproduced under the terms of the Creative
Commons CC BY license from Reference 136. Copyright 2019, Springer Nature

3350 h.'®* Table 1 has summarized the development of
PeSCs based on perovskites with structural assembling
engineering.

53.2 | PeLEDs

Similar to the development of PeSCs, the initially selected
QDs to assemble with high-dimensional perovskites for
PeLEDs application were the chalcogenide QDs.'??%'%?
Recently, PeQDs assembled with quasi-2D perovskites
were tentatively applied in PeLEDs. A mesoscopic film
architecture (Figure 13A) featuring the graded-size
FAPbBr; PeQDs coupled with 2D (OA),FA,, Pb,Brs, 1

perovskite microplates was designed for efficient green
PeLEDs. This unique mesoscopic architecture assembled
with PeQDs and 2D perovskites enabled an energy cas-
cade, as revealed in the kinetics of TA signals at 440 and
525 nm in Figure 13B. The 440 nm TA kinetics displayed
a faster rising time, distinguishable after 150 fs, versus a
much slower rising time (400 fs) for the 520 nm kinetics
signal, indicating a slower start-up acceptation of exci-
tons by FAPbBr; QDs from the 2D (OA),FA,,_;Pb,Brs, 1
perovskite. Moreover, an internal energy funnel was
self-assembled through controlling the grain size of
FAPDbBr; PeQDs so that the excitons transferred from the
high bandgap 2D perovskite was more efficiently navi-
gated into the low bandgap PeQDs (Figure 13C).'*
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(A) High-resolution transmission electron microscopy (HRTEM) image of 1D-3D heterostructure perovskite.

(B) Ilustration of 1D chain [PbX,]*~ with edge-sharing and face-sharing octahedra. (C) Stability performance of the unencapsulated PVSCs
during temperature cycling (25°C-85°C) at 55% RH. (A)-(C) Reproduced with permission from Reference 138. Copyright 2018, John Wiley
and Sons. (D) Illustration for the structure of 1D@3D halide perovskite with the calculated CBM and VBM-associated charge density maps.
(E) J-V characteristics of the champion PeSC fabricated with the 1D@3D perovskites. (F) Comparison of stability performance of the
pristine 3D and 1D@3D hybrid PeSCs. (D)-(F) Reproduced with permission from Reference 55. Copyright 2020, John Wiley and Sons

As expected, the vectoral energy cascade within the
structural-assembled mesoscopic structure contributed
to high-performance green PeLEDs devices with a high
EQE of 13.4% and a high CE of 57.6 cd A~'. Apart from
the cascade structural assembling, the attempt of confin-
ing PeQDs within the 2D perovskite for PeLEDs applica-
tion was also successfully conducted recently. Treated
with antisolvent dissolved with PABr, the uniform
perovskite  film  comprising  quantum-confined

nanoparticles embedded in a majority of quasi-2D phase
was obtained."** The PeQDs have a relatively a lower
bandgap than the quasi-2D counterpart and a scenario
was built that excitons could efficiently transfer from
the gausi-2D perovskite to PeQDs. Through this method,
the highest EQE of 9.5% for the blue PeLEDs was
achieved. Although reports on the assembling between
0D or 1D perovskites and 2D or 3D counterparts are not
abundant, their mutual combination may be promising
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TABLE 1

Dimension
assembling

Quasi-2D

Quasi-2D

Quasi-2D

Quasi-2D

Quasi-2D

Quasi-2D

Quasi-2D

Quasi-2D

Quasi-2D/3D

Quasi-2D/3D

Quasi-2D/3D

Quasi2D/3D

2D/3D

2D/3D

2D/3D

2D/3D

2D/3D

2D/3D

2D/3D

0D@3D

LIU ET AL.

Type of perovskite

(BA)(MA);Pbal;
(hot cast)

(BA),(MA)sPb,l;3
(on PTAA)

BAy(MAosFA¢)s
PbsL;3

BA;(MA.05Cs0.05)3
PbsL;3

BA,(MAg 64FAg 34
C80.02)4Pbsly6

(BA)1 6(MA); 4Pbsl;3

(BAgoPEA(1):MA;3
PbsL;3

3BBA,;MA,,.1Pb, I3, 1
(n=3o0r4)

PEA,MA,Pb.l,,
/MAPbI,

BAZMAPb217/CSOA17
FA( 33Pbl; gBr; »

BA.05(FA0.83CS0.17)0.01

Pb(Iy.sBro2)3

BA,PbBr,/FAPbI,
(molecule
passivation)

AVA,PbI,/MAPDI;

VBA-2D/CsFAMA

PEA,PbI,/CSFAMA

PEA,PbL,/FAPbI,

(SBLC),PbL,/MAPbI,

PEA,Pbl,/FAPbI,

MA;Bi,I,/MAPbI,

CS4PbIG@CSPbI3

VOC

(%)

1.01

1.11

0.999

1.08

1.13

1.09

1.182

1.23

1.08

1.31

1.054

1.126

1.09

1.09

Jsc (mA cm 2)
16.76
17.50
18.12
19.95
18.23
17.66
17.12
18.22
18.63
19.3

22.7

24.40

21.45

22.5
22.73

24.22

22.36

24.44

23.03

18.84

FF

(%)

74.13

73.29

70.79

63.47

69

80.20

76.40

81.2

73

78

80

76.9

70.3

78

79.4

76.6

75.7

76.5

75.57

80

PCE

(%)

12.51

14.28

12.81

13.68

14.23

15.44

15.46

18.20

14.94

19.8%

20.6

20.62

14.6

20.2

20.75

21.15

20.14

21.06

18.97

16.39

Shelf lifetime

2050 h: 70%
(light, N) 10 h:
50% (65% RH)

1000 h: 97%
(dark, N,)

1300 h: 88%
(40%-60% RH)

1400 h: 89%
(dark, 30% RH)

85 days: 3% (N3)

1200 h: 95% (N,
light) 7000 h: 92%
(N, 85°C)

2400 h: 82%
(40% RH)

19 days: 70%
(79% RH)

2208 h: 80% (dark,
40% RH, RT)

300 h: 60%
(light, Ar, 45°C)

2300 h: 90% (dark,
30%RH)

60 days: 100%
(dark, 30-60%RH)

60 days: 52% (dark,
25°C, 30%-40%
RH)

30 days: 80.9% (50%
RH) 24 h: 80%
(85°C, N,) 300 h:
84% (light, N)

1392 h: 98% (dark,
30% RH)

1000 h: 72.34%
(30% RH, RT)

500 h:100%
(light, N,)

MPP-stability

700 h: 80%

20 h:100%
(open-circuit)

3880 h: 80%
(open circuit,
encapsulated,
45% RH)

10 000 h: 100%
(55°C, short-
cicuit)

800 h: 90%

450 h: 80%

Summary of the photovoltaic performance of PeSCs based on perovskite matrix with dimensional assembling engineering

Reference

37

91

95b

95a

96

93

97

90

115

119

121

123

15

120

118

139

114

124

125

131
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TABLE 1 (Continued)
Dimension Voc FF PCE
assembling Type of perovskite V) JscmAcm?) (%) (%) Shelflifetime MPP-stability Reference
0D@3D CsPbBr,CI@MAPbI; 115 23.40 80  21.50 12 h:film stability 500 h: 80% 140
(150°C, 70% RH)
0D@3D CsPbBr; 1.19 22095 77 21.03 - - 134
PeQDs@CsFAMA
0D@3D Csp0s(MAg17FApg3)005 1.10 23.82 80.8 21.10 168 h: 80% (85°C, 560 h: 95% 141
PbBr;@(FAPDI;), dry air) 1050 h:
(MAPDBI3); 92.8% (60%
RH, RT)
0D@2D@3D CsPbL,Br QDs-NSs- 119 12.93 80.5 12.39 60 days: 100% = 135
film (25°C, 25%-35%
RH)
Graded 0D  Cs2sFAq7sPbI-CsPbl; 1.20 18.91 76 1739 - - 136
1D@3D TAPbL,@(MA, FAPbI;) 1.08 22.81 77 18.97 1500 h: 92% (20 = 137
+ 10%, 20 + 5°C)
1D@3D PbX,-PZPY 1.08 21.70 77 18.10 35 h: 90% (85°C, 160 min: 90% 138
@CsFAMA 50% RH) (5 cycles, 25—
85°C, 55% RH)
1D@3D Pbl,-BPy@CsFAMA 1.15 24.10 76 21.18 75 h: 90% - 55
(light, 50% RH)
1D@3D PbI,-cross link 1.11  23.69 80.8 21.19 1500 h: 97% (40%— 3055 h: 93% 16a
PA@CsFAMA 70% RH, 25-
40°C); 840 h:
95.9% (0.8 Sun)
(A) (B) 100 (©)
1. L o
E
14
®
8
< A
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FIGURE 13
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(A) Hlustrations of energy transfer processes in the perovskite nanocrystal thin film under PeLED device operation

condition. (B) TA spectra of FAPbBr;@(OA),FA,,_1Pb,Brs, 1 composite perovskite film. (C) Illustration to show the energy cascade from 2D
perovskite to 0D PeQDs with graded size, where the deconvolution of the steady-state PL spectrum clearly displays the different PL
contribution at varying PeQDs sizes. (A)-(C) Reproduced with permission from Reference 143. Copyright 2018, The Royal Society of

Chemistry

for the development of PeLEDs, if considering the

advantages of PeQDs and perovskite nanorods, in partic-
ular their strong quantum confinement for high
PLQY.'*° The development of PeLEDs with perovskite

structural assembling engineering has been summarized
in Table 2.
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TABLE 2 Summary of properties of PeLEDs fabricated by perovskite structural assembling engineering
Structure Max Max
assembling  Type of perovskite EL (nm) EQE (%) CE (cd/A) L. (cd m ?) Halflifetime (Ts,) Reference
Quasi-2D PEA,MA,Pbsl;¢ 760 8.8 - - - 99
Quasi-2D (NMA),(FA)Pb,1, 800 20.1 = = 46 h 100
Quasi-2D (BAB)FA,,_1Pb,I3,1 787 5.2 - - 100 h 2b
Quasi-2D PEA,Cs, sMAq ¢Pb,Br;5 517 14 = 45230 3.5h 145
(TPPO treatment)
Quasi-2D (PA/PBA),FA,,_,Pb,Brs, 1 534 15.1 66.1 8052 - 102
Quasi-2D PEA,MA,Pb,Bry, 511.4 9.9 23.46 66 000 25 min 146
Quasi-2D PEA,FA,,_1Pb,Brs,.1 527 12.4 52.1 - - 106
Quasi-2D PEA,FA;Pb,Br3 542 11.5 41 = = 101
Quasi-2D PEA,(Rby 6CS0.4)-Pb3Br1o 476 1.35 100.6 14.5h 107
Quasi-2D PEA,CS,,_1Pb,(CLBI;_ )3, 1 480 5.7 6.1 3780 10 min 108
Quasi-2D BA,Cs, _1Pb(CLBL,L; . )sni1 487 6.2 ~6 3340 - 105
Quasi-2D PEA,Cs, §MA 4Pb;Bro 479 5.2 - - 90 min 111
(DPPOCI treatment)
Quasi-2D PEA,Cs,,_1Pb,Br3, 1 (GABr- 478 6.3 - 200 150 s 109
treatment)
Quasi-2D PEA,CS,,_1Pb,Brs,.1 520 19.1 = 1500 = 103
(TPPCI and LiF treatment)
2D/3D PEA,PbL,/FAg 95CSo.02Pbl5 ~830 7.7 - - 100 h: >100% 127
2D/3D (PEA, 75GAy »5),PbBr,/CsPb 492 8.2 13.1 1003 274s 128
(BrCl);
2D/3D BA,PbI,/MAPb(I/Br), ~720 16.8 - - 47h 147
0D@2D FAPbBr;@(0OA),FA,_Pb,Brs,.; 525 13.4 57.6 34 480 800 s 143
0D@Quasi-2D Cs,FA,_,PbBr;@PBABr,- 483 9.5 12 54 250 s 144
(Csy.7FA( 3PbBr3)
6 | CONCLUSION AND properties of various perovskites based on structural
PERSPECTIVES modulation were then discussed. A more vivid and

Perovskite materials with the structural modulation and
assembling have exhibited adjustable and appealing proper-
ties for various optoelectronic applications. In specific, 3D
perovskites are suitable for the photovoltaic application
due to the small exciton binding energy and excellent

detailed review and discussion were followed premised
on these fundamental types of perovskites and structur-
ally assembled perovskites for the application of both
PeSCs and PeLEDs. Although various works have
reported on perovskite structural modulation and
assembling for various optoelectronic devices, there are

carrier mobilities. Low-dimensional perovskites with several key aspects to be resolved before
high exciton binding energy could efficiently reduce the  industrialization.

carrier dissociation and are promising for LED applica-

tions. The structural modulation of perovskite materials

has a significant effect on the stability of perovskite 6.1 | Precisely control and plentiful

films due to its influence on the enthalpy. Through
structural assembling engineering that combining
perovskites with different structures within one matrix,
the optoelectronic properties and the operational stabil-
ity of perovskites can be effectively improved for more
efficient and stable optoelectronic devices. In this
review, the reciprocity relationship between PeSCs and
PeLEDs was first elaborated. The optoelectronic

structural assembling engineering

Currently, a series of guidelines have been demonstrated
to construct perovskite heterostructures, which could be
simply generalized as follows. To form 2D-3D assembled
perovskites, including quasi-2D perovskite and the
2D/3D perovskite heterostructure, large or bulky organic
cations, such as PEA", BA", and PBA", are usually
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introduced into 3D perovskites. The recipe of 2D-3D
assembled perovskite system is applicable to the forma-
tion of 1D-3D perovskite heterostructure where the 1D
perovskite exists in the grain boundaries or on the surface
of 3D perovskites. A slight difference between the 1D-3D
perovskite  heterostructure and 2D-3D  perovskite
heterostructure is the selection of large organic salts.
Propargyl ammonium cation (PA™") and bipyridine (BPy) are
widely used as large cations for the formation of 1D per-
ovskites.'®*>> For the formation of the 0D/3D perovskite
structure, one method is incorporating the PeQDs with 3D
perovskites.**® Another approach is tuning the stoichiometry
of the precursors between organic cations and metal
halides.”*"'* In addition to the perovskite dimensionality
modulation, controlling the precursor reactions also can
assemble perovskites with different compositions. For exam-
ple, Peng et al. fabricated Csy;5sFAqgsPbls/CsFA; ,Pbl;
core/shell heterostructure perovskite by using CsSCN as a
reactant to exchange the surface FA cations with Cs. Such
core/shell heterostructure perovskite exhibits enhanced sta-
bility under atmospheric conditions and high temperatures
because the Cs-rich Cs,FA;_,Pbl; shell can stabilize the
perovskite surface."® However, how to precisely control the
perovskites assembling is difficult. For example, the number
of the 2D perovskite layer in quasi-2D perovskites is often
undetermined and debatable. If incorporating other struc-
tural perovskites with 2D or quasi-2D perovskites, the layer
number of the layered perovskite may be disturbed due to
the change of its nucleation or crystallization. Likewise, the
growth direction of different structural perovskites, for exam-
ple, the out-of-plane growth of 2D perovskites, epitaxial
growth of perovskite host along the wall of 1D perovskites or
selected crystal planes of PeQDs, should take attention
because the anisotropic optoelectronic properties of perov-
skites will affect the final device performance directly.
Furthermore, the interface alignment among the mul-
tiple phases of perovskites with structural assembling
should be optimized, such as the interface within the
quasi-2D perovskites as well as 2D/3D heterostructure
perovskites, and the interface between the 0D/1D perov-
skites and their host perovskites. Considering the differ-
ent optoelectronic properties for disparate phases of the
structurally assembled perovskites, theoretical investiga-
tions on the dynamics of interfacial carrier transport,
interfacial electronic structures, and efficient interfacial
alignment modulation methods should be performed.
Apart from the precisely control of the structure and the
morphology of perovskites, there is a wide space for selecting
the organic cations in the low-dimensional perovskites, such
as the bulky organic cations for 2D or quasi-2D perovskites,
the ligands for 1D and 0D perovskites. Currently, the chemi-
cal interaction between these organic cations and the octahe-
dra units have been widely investigated to build a few

guidelines for the use of organic cations. However, the
deeper understanding to build the more general guidelines is
needed, such as the effect of the functional groups and chain
length on the excitonic states and charge transfer between
the donor and acceptor states within perovskites. In order to
avoid the conventional strategy of trial-and-error in explor-
ing the organic cations, a few new emerging techniques may
be helpful, such as machine learning in combination with
first-principles calculations, to assist the development of
more suitable organic cations for different perovskite matrix.
Based on the further exploration of organic cations, the car-
rier dynamics in the hybrid perovskite matrix may be more
efficient to be controlled to enhance the device performance.

6.2 | Deep photo physics understanding
and photon management

Except for the understanding of carriers transfer over the
interface between different perovskite phases, the theo-
retical investigation on the photon recycling in perovskite
materials with structural assembling should also be con-
sidered. As discussed in the Section 3 of carrier dynamics
of perovskites, the photon recycling is a distinct feature
for 3D perovskites, which favors the performance of
PeSCs and PeLEDs. However, the potential of the photon
recycling contributed to the performance improvement
has not been fully utilized. For the sake of maximizing
the photon recycling effect, the photon management
would be an efficient strategy that can be realized
through re-optimizing the architecture of perovskite
optoelectronic devices and the structure and morphology
of perovskites. For example, by introducing special nano-
or meso- structured back mirror in PeSCs to improve the
photon recycling."" Reducing the emissive electrode area
and introducing the back mirror layer with a high reflec-
tivity to pump out all photons and direct the photon flux
flow.>' The perovskite materials possess high reflectivity
indexes and can be modulated through altering their
compositions and structures. By introducing the struc-
tural assembling strategy to assemble perovskites in the
order of reflectivity indexes, a photon tunnel similar to
the carrier transfer cascade in quasi-2D perovskites can
be formed to realize the photon recycling function.
Although a few works were committed to maximizing
the photon recycling in experiment and numerical
simulation,>'*' the device optoelectronic performance
still lags behind expectations. Further works regarding
the architecture design and structure modulation for
structurally assembled perovskites in together with
related deep photo-physics understanding are needed to
further boost the performance of PeSCs and PeLEDs.
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6.3 | Toxicity problem and stability issue
Despite the intensive development of PeSCs and PeLEDs,
the toxicity issue of lead has attracted the main concern
and a great anxiety for ecologists. The maximum Pb*"
content is set at the maximum level of 0.15 and 15 pg/L
in air and water, respectively, according to rules and reg-
ulations issued by the U.S. EPA."*? Pb ions, once leaked
and washed away, have a larger solubility (Kg,) on the
order of magnitude of 10~® than that of the toxic Cd ion
(107°%).'% A direct strategy for addressing the toxicity of
lead-based perovskites is to prevent the leakage of Pb ions
in perovskite materials. For instance, Qi et al. simulated
the realistic scenarios in which perovskite devices with
different encapsulation methods were mechanically dam-
aged by a hail striking and quantitatively measured the
Pb leakage rates under a series of weather conditions."**
They found that the optoelectronic devices based on the
epoxy encapsulation dramatically reduced the Pb leakage
rate, in comparison with the glass sheet covering.
The reduction of the Pb leakage by epoxy is ascribed to
its optimal healing characteristic and superior mechani-
cal strength. A chemical approach by coating of lead-
absorbing material on the front and back sides of the
device stack was recently demonstrated.'>> The chemicals
coated on both sides could swell to absorb the lead,
rather than dissolve it, when subjected to sever condi-
tions, therefore retaining the structural integrity for eas-
ier collection and recycling of lead after device damage.

In normal operational conditions, if the halide
perovskite-based optoelectronic devices can work for a
long term, the lead leakage issue would be alleviated
drastically. Therefore, improving the stability of optoelec-
tronic devices is a critical way to satisfy requirements for
both commercialization and ecological protection. Perov-
skites with structural modulation and assembling have
shown the potential to achieve stable devices, for exam-
ple, several thousand hours stabilization for PeSCs and
several hundred hours half-lifetime for PeLEDs. In
together with external engineering methods, such as
lead-leakage prevention methods illustrated above and
valid encapsulation methods, perovskites materials with
the structural assembling approach can be expected to
further enhance the device stability. Apart from the
widely explored lead-based perovskite, lead-free perov-
skite materials are also potential candidates to address
the issue of the toxicity of lead.*'**'*® However, the per-
formance of those lead-free based perovskite optoelec-
tronic devices is still incomparable to the lead-based ones
and their stability is also challenging. The demonstrated
structural assembling strategy would provide tremendous
opportunities for lead-free perovskites and more efforts
can be invested.

The stability of perovskites is another tough issue in
the field of PeSCs and PeLEDs. It is well-known that the
3D organic-inorganic hybrid perovskites are sensitive to
the moisture in ambient air.'>” It is agreed that water is
one of the major degradation factors for 3D perovskites
due to the irreversible reaction between water and perov-
skites. As a result, optoelectronic devices based on 3D
perovskites usually show fast degradation when they are
operated under a humid environment. However, for the
low-dimensional perovskites, it becomes much difficult
for moisture to permeate into perovskite structure
because the long-chain cations for low-dimensional
perovskites are hydrophobic.”*® Therefore, the low-
dimensional perovskites show better humidity stability
than their 3D perovskite counterparts. On the other
hand, a trace amount of water has been also reported to
have a positive effect on perovskites by promoting the
nucleation and crystallization of perovskites during the
film growth.">® For example, for 3D perovskites, Zhou
et al. found that moisture can enhance the reconstruction
process of perovskites by partially dissolving the reactant
species and accelerating mass transport within the film,
and then exhibited enhanced optoelectronic properties
compared with a film grown in dry conditions.'® For the
low-dimensional perovskites. Liu et al. introduced water
into the perovskite precursor solution and obtained high-
quality 2D perovskite film. Compared to the DMF sol-
vent, water additive can regulate the crystallization pro-
cess of perovskite because of its lower boiling point and
higher vapor pressure.'®® However, the amount of water
additive should be carefully controlled. Voids and cracks
can be formed when the water content is over 5%, which
is mainly due to the decomposition of the hydrate perov-
skite caused by excessive water.'®> Furthermore, water
has been found to facilitate the formation of low-
dimensional perovskites. For example, Turedi et al. dem-
onstrated that introducing water on a 3D CsPbBr; film leads
to a direct transformation to a highly emissive 2D CsPb,Brs
film, which can be explained by a sequential dissolution—
recrystallization process induced by water. The post-
synthesized 2D film exhibit good thermal and moisture sta-
bility.'*® As for the 0D nanocrystals, the addition of a con-
trolled amount of water during the synthesis process would
result in improved PLQY and stability. For example, Kim
et al. proved that water molecules in perovskite nano-
crystals can promote the crystallization by strengthening
the bonding between Pb and Br. Consequently, the CsPbBr;
nanocrystals exhibited a PLQY greater than 90% and
sustained stability over 35 days.'®* Based on the above anal-
ysis, it is arbitrary to conclude whether water is beneficial
or harmful to perovskites. More efforts should be made to
investigate the degradation mechanisms of perovskite
materials and devices which may be triggered by both
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ambient environment and device architectures.!%1%

Advanced encapsulation technologies are also a possible
pathway to further develop high-performance perovskite-
based optoelectronic devices."*®
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