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Two-dimensional (2D) halide perovskites have attracted increasing attention because of their unique
optical and electronic properties, resulting in versatile applications in the fields of energy, information,
display and lighting, etc. However, due to some unfavorable characteristics of 2D halide perovskites,
such as their low carrier mobility and low radiation recombination efficiency, researchers have
combined them with other functional materials to form composites with enhanced features not
observed in their individual components, manifesting the positive “1 + 1 > 2" effect. In this review, we

Received 11th October 2021, summarize the latest progress and future perspectives of 2D halide perovskite composites, focusing on

Accepted 19th November 2021 their structures, fundamental optoelectronic properties, characterization techniques and typical use. 2D
DOI: 10.1039/d1ma00944c halide perovskite composites have become the most recently discovered goldmine to be exploited for

endless possibilities beyond optoelectronic applications and require joint endeavors of researchers from
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1. Introduction

Halide perovskites belong to the enormous perovskite family,
which have the form ABX;, where A is a monovalent cation such
as methylammonium and alkali cation; B is a bivalent cation
such as Pb®"; and X is a monovalent anion such as a halide
anion. The metal halide [BXq]*~ octahedral building blocks
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show great structural tunability in various formats including
three-dimensional (3D), two-dimensional (2D), and one-
dimensional (1D) or even zero-dimensional (0D) crystal
structures.’™ In general, 2D perovskites can be divided into
two types, where the first type includes traditional 2D geometric
nanostructure morphologies such as like nanoplates and
nanosheets, which are obtained by limiting the growth of their
different crystal faces with an eventual thickness on the atomic
scale.”® The second type is electronically “2D” even in the bulk,
with a crystallographic-stacking layered crystal structure.
Note that both 2D perovskites and 3D perovskites with a 2D
morphology are discussed in this review.
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Generally, if cut along the (100), (110) and (111) crystal-
lographic planes of the parent 3D perovskite structure, 2D
halide perovskites are obtained, which results in three different
orientations. Among them, the (100) oriented perovskites are
most intensively studied® and can be further divided into three
types of alternating cations in the interlayer (ACI),*” Dion-
Jacobson (DJ) phase,® and Ruddlesden-Popper (RP) phase”'°
according to the capping cation type and relative position
between the inorganic layers. Among them, the RP phase with
the general chemical formula of L,A,,_1B,X3,+1 (here L is a large
cation and A is a small cation) is the most popular, where
n represents the number of metal halide octahedral layers
between the two L cation layers.">'® An infinite n number
indicates a 3D perovskite and a finite n number suggests an
ideal quantum well (QW). Thus, by adjusting the size of n,
tailored band gaps and quantum confinement effects can be
achieved.™

Moreover, with a hydrophobic organic spacer, 2D halide
perovskites generally exhibit greater moisture resistance than
their 3D counterparts. Due to their high photostability,
chemical stability and tunable optoelectronic properties, 2D
halide perovskite materials have found broad applications in
fields such as solar cells and light-emitting diodes (LEDs) in
recent years.">™ Usually in these devices, crystals growing
along the vertical direction of the substrate in the film contain
numerous phases instead of a single phase. The 3D phase
generally has a smaller exciton binding energy and is more
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appropriate for application in solar cells. The 2D phase with a
relatively high exciton binding energy is more appropriate for
application in luminescent LEDs. Meanwhile, electrons and
holes can transfer between different phases based on the
energy level, with electron transport occurring from the 2D
phase to 3D phase, whereas the reverse occurs for holes. Hence,
depending on the type of device, the direction of crystal growth
is crucial. Specifically, a deposition of the 3D phase on the
bottom is beneficial for forward devices given that it is more
conductive to charge collection and transfer, whereas deposi-
tion of the 2D phase on the bottom is more favorable for reverse
devices."®

Compared with single semiconductor devices, those based
on heterostructures can effectively manipulate the generation,
reorganization and transmission of carriers. Due to the unfa-
vorable characteristics of 2D halide perovskites, such as low
carrier mobility and low radiation recombination efficiency,'”
researchers have combined them with other optoelectronic
materials to solve these shortcomings. In comparison with
pristine perovskites, heterostructures consist of two or more
materials with different energy levels and demonstrate
enhanced performances not exhibited by a single material
system. Due to the weak van der Waals coupling between the
organic layer and the inorganic layer, the 2D perovskite sheets can
be mechanically stripped from their bulk crystals. In particular,
the possibility of the delamination of 2D perovskites allow
them to form different van der Waals heterostructures with
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Fig. 1 Schematic illustration of 2D halide perovskite composite structures
with versatile applications. Adapted with permission from ref. 18—-25.

2D materials such as graphene, transition metal disulfides
(TMDS), black phosphorus (BP) and other types of 2D
perovskites.>*>® These 2D/2D heterostructures have a sharp
atomic interface without surface dangling bonds, which are
especially important for high-performance and low-noise
optoelectronic devices.?® 2D perovskites can also be combined
with 3D perovskites, organic polymers, carbon nanotubes
(CNTs) and others to create optoelectronic devices with novel
properties. Therefore, composite structures based on 2D halide
perovskites will provide an excellent platform for the further
exploration of new applications.

Our group have made contributions in this field by devel-
oping methods for the fabrication of novel perovskites and/or
composites and studying their photoexcited state dynamics
through various time-resolved spectroscopic techniques. In this
review, we summarize the latest progress on composite struc-
tures based on 2D halide perovskites (Fig. 1), focusing on their
structure, fundamental optoelectronic properties, characteriza-
tion techniques and applications. Initially, we introduce the
types and fabrication of 2D perovskite composites in Section 2.
Subsequently, in Sections 3 and 4, the fundamental opto-
electronic properties and common characterization techniques
of 2D perovskite composites are discussed, respectively.
We discuss these composites in detail based on their latest
optoelectronic applications and beyond in Section 5. Finally,
the prospects and challenges of this field are summarized in
Section 6. This review is expected to provide new insights for
the future direction of 2D perovskite composites.

2. Fabrication of 2D perovskite
composites
2.1 General fabrication methods

The liquid phase method is the most commonly used method
to prepare metal halide perovskites.***' The growth process
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can be controlled by adjusting the surfactants in solution
to obtain perovskite nanosheets directly, which are usually
uniformly distributed and convenient for further processing.
Many research groups have reported the synthesis of MAPbBr;
and CsPbBr; nanosheets with a thickness of several nan-
ometers in solution. Zeng et al.>* prepared CsPbBr; nanosheets
with a thickness of about 3.3 nm via a solution method for the
first time using long-chain alkyl amine and oleic acid soft
surfactant templates (Fig. 2a). Similarly, Manna et al*
obtained CsPbBr; nanosheets by introducing shorter alkyla-
mines and longer oleic acid amines as ligands. The transverse
size was adjusted by changing the ratio of shorter ligands to
longer ligands, while the thickness was maintained at 3 nm
(Fig. 2b). Liu et al.** synthesized CsPbX; nanosheets at a high
temperature (170 °C) using long-chain carboxylic acids and
short-chain amines as ligands. Dou et al.*® directly grew large-
area and atomic thin 2D halide perovskite sheets in solution
(Fig. 2c), where ternary solvent mixtures were used and crystals
grew during solvent evaporation. The atomic force microscopy
(AFM) images confirmed that the thinnest sheet was a single-
layer structure with a thickness of about 1.6 nm. This group®®
further used the liquid phase epitaxy growth method to inhibit
the in-plane ion diffusion in 2D halide perovskites by rigid
n-conjugated organic ligands, such as dithiophenylethylammo-
nium (2T) and phenylethylammonium (PEA), to create a trans-
verse heterostructure close to the atomic interface.

The substitution of organic ammonium ions for Cs" ions has
been proven to be an effective method to transform perovskites
into 2D RP layered structures and introduce quantum confine-
ment effects. For example, Jie et al.*” reported the colloidal
synthesis of (PEA),PbBr, via the substitution of Cs* ion with
PEA" (Fig. 2d). The large organic cations prevented water from

Fig. 2 (a) 2D CsPbBrs; nanosheets. Low-magnification and high-magnification
images. Adapted with permission from ref. 32. (b) TEM images of the CsPbBrsz
nanosheets (scale bar is 1 pm). Adapted with permission from ref. 33.
(c) Structural illustration of a single layer of (C4HgNHs),PbBr, and optical
images of the 2D square sheets (scale bar is 10 pm). Adapted with
permission from ref. 35. (d) Crystal structure of (PEA),PbBr, and TEM
image of the 2D (PEA),PbBr, nanosheets. Adapted with permission from
ref. 37. (e). Morphology of perovskite thin films (scale bar is 10 pm).
Adapted with permission from ref. 40. (f) Optical microscopic images of
2D Pbl; platelets (scale bar is 10 nm). Adapted with permission from ref. 41.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 2D perovskites synthesized via liquid-phase methods
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Preparation Emission
Component Temperature  Ligands Atmosphere  Thickness methods peak Ref.
2D CsPbBr; 140 °C Oleyl amine (OAm), N, 3.3 nm Hot-injection — 32
dodecylamine, and
n-octylamine and
oleic acid (OA)
2D CsPbX; 145-155 °C Octanoic acid, N, 3 nm Hot-injection 452 nm 33
(ClI,Br and I") octylamine, OA and OAm
2D CsPbBr; 140 °C Hexanoic acid and OAm N, 2.6 £ 0.4 nm Hot-injection — 34
2D (C4HoNH;),PbBr, 75 °C — Ar, ~1.6 nm Solvent evaporation 406 nm 35
(£0.2 nm)
(2T),PbL,~(2T),PbBr, 50 °C Dithiophenylethyl- N, 5 nm Solvent evaporation 520 nm 36
ammonium (2T)
(PEA),PbBr, Room n-Octylamine Air 4 nm Anti-solvent 410 nm 37
temperature recrystallization
2D (BA),(MA),_1- 140 °C — Air 50-90 pm Precursor acid 420-690 nm 48
Pb,,Brs,1 precipitation
2D (PEA),PbBr, Room Octylamine Air — Anti-solvent 415 nm 38
temperature recrystallization

invading PbX*~ and improved the chemical stability. Zhao
et al.*® fabricated a 2D/3D perovskite composite by adding
Cs' to 2D (PEA),PbBr, nanoplates, which combined the excel-
lent stability of 2D perovskites and low exciton binding energy
of 3D perovskites, showing promise for practical LEDs. Wright
et al.*® reported the preparation of a heterostructure of both
horizontally and vertically aligned perovskite (PEA),PbBr,
grown on 3D CsPbBr; in solution, which provided an ideal
platform to study the physical properties and cross-heterojunction
charge transfer process in more detail.** Table 1 summarizes the
experimental conditions for the synthesis of 2D perovskites via
liquid phase methods.

However, using the colloidal method, it is difficult to obtain
larger sheets and mostly mixtures with different thicknesses are
produced. In comparison, non-colloidal solution synthesis
simply involves blending stoichiometric amounts of precursors
to control the sheet thickness. Gas-phase growth, one of the
commonly used methods for the synthesis of 2D materials,
including chemical vapor deposition (CVD) and van der Waals
epitaxy, is another popular method for the preparation of
smooth large-area perovskite nanosheets. Xiong et al.*® first
used the van der Waals epitaxy method to grow lead halide
nanosheets on mica, and then through the gas-solid hetero-
geneous reaction with methyl ammonium halide molecules, 2D
perovskite nanosheets with a transverse size of 5-30 pm and
thickness from several atoms to hundreds of nanometers were
obtained. Subsequently, Shi et al.*® reported the 2D van der
Waals growth of 3D materials (non-layered semiconductors of
MAPDCL;) on ultra-thin mica (Fig. 2e). Although high-quality
perovskites were obtained by this method, a substrate with a
high melting point (>350 °C) was required during high-
temperature growth, which is not suitable for flexible sub-
strates with low melting points. Therefore, alternative methods
need to be developed to produce 2D perovskites on different
substrates, especially on flexible ones. To solve this problem,
Li et al*' reported the controlled synthesis of 2D perovskite
(Fig. 2f) on arbitrary substrates, including SiO,/Si, Si, mica,
glass and flexible polydimethylsiloxane (PDMS) substrates

© 2022 The Author(s). Published by the Royal Society of Chemistry

(as long as the melting point of the substrate was higher than
100 °C). The results showed that the gas-phase synthesis
provided additional flexibility for the fabrication of a new 2D
halogen perovskite composite.

2.2 Inorganic material/2D perovskite composites

Composite materials have played an indispensable role in the
long history of materials development and use. After two
or more components are combined in a specific order, the
complex often exhibits the unique advantages of each compo-
nent, thus improving the overall properties of the material. 2D
perovskites have shown great potential as new materials for
next-generation optoelectronic technology. Moreover, they can
be synthesized at a low cost, providing more possibilities for
their industrialization. However, the application of 2D perovs-
kite is still limited by some inherent drawbacks such as low
carrier mobility and low radiation recombination efficiency.**
Accordingly, many researchers have combined 2D perovskites
with inorganic materials to overcome these issues. In this
section, we discuss the composite structure of 2D perovskite
and inorganic materials based on the early and ongoing
research progress.

The past few years have witnessed the rapid development of
2D van der Waals materials with unique physical and chemical
properties. As one of the earliest 2D materials, graphene
has shown extraordinary electronic, thermal and mechanical
properties.*> It is usually used as a carrier transport layer in
heterostructures to obtain a greater gain. The heterostructure
formed by the combination of 2D perovskite with graphene and
its analogues has great potential in optoelectronic research. For
example, Peng et al.*® constructed photodetectors based on 2D
perovskite (C,HoNH;),PbBr, and monolayer graphene hetero-
structures (Fig. 3a) to enhance the performance of the devices.
The covered monolayer graphene can protect the 2D perovskite
crystals from dissolving in water or acetone, further increasing
the device stability. TMDs are also used to construct hetero-
structures with 2D perovskites, usually forming II-type hetero-
structures. Duan et al.*’ reported a combination of perovskite

Mater. Adv., 2022, 3, 756-778 | 759
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Fig. 3 (a) Schematic illustration of graphene-contacted 2D perovskite
photodetector and current-voltage (/sp—Vsp) curves. Adapted with per-
mission from ref. 46. (b) Schematic diagram of the device structure.
Adapted with permission from ref. 47. (c) Optical images of Pbl,
nanosheets, optical images and fluorescence photographs of MAPbIz
nanosheets (scale bar is 5 um). Adapted with permission from ref. 49.

and 2D materials through a layer-by-layer van der Waals
assembly process to achieve a high photoconductivity gain of
up to 2200 and high optical responsiveness of 950 A W™ " in a
vertical heterojunction device (Fig. 3b). Through the effective
protection of perovskite by boron nitride (BN), the lifetime of
the perovskite 2D heterostructure was extended to 7 months.
Li et al.*® constructed photodetectors based on few-layer MoS,
(n-type) and 2D perovskite (PEA),Snl, (p-type) heterostructures,
which exhibited an amazing responsivity of 1100 A W~" and
high rectifier ratio of 500 under a bias of 3 V. Also, the
heterojunction device could sense light in the whole range of
visible and near-infrared wavelengths with an adjustable light
response peak.

Andrew et al.”” constructed a type II heterostructure of WS,
monolayer/2D (C¢HsC,H,NH;),Pbl, (PEPI) perovskite, which
had a photoresponsivity 5-times higher than that of the WS,
monolayer. Huang et al.* reported a reversible cation exchange
of hybrid perovskite and effective surface functionalization of
low-dimensional materials, showing the phase and heterojunc-
tion engineering of ultra-thin perovskites. Using Pbl, as a
precursor and template, perovskite nanosheets with different
thicknesses and hexagonal shapes could be obtained on differ-
ent substrates such as Pbl,, MAPbI; and FAPbI; (Fig. 3c). The
transverse heterojunction of perovskite and Pbl, was derived
from a patterned single perovskite nanosheet using a mask
made of a 2D material such as graphene, hexagonal boron
nitride (h-BN) or MoS, to cover the template prior to the
conversion of PbI, to perovskite. Perovskite-based vertical
heterostructures were constructed through monolayer MoS,
and MAPDI; stacking. The flexible design of perovskites and
their integration with a variety of 2D materials offer numerous
possibilities for new features and functions.

2D perovskites can also be compounded with other inorganic
materials. Ren et al.>' made a field-effect transistor (FET) using
CNTs and the 2D perovskite (PEA),Pbl, and achieved light-
enhanced ion migration by changing the doping amount of
CNTs. Meanwhile, the FET could achieve multi-stage optical

l. 50
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memory by changing the excitation intensity. Ion doping was
also used to regulate the optical, electrical and magnetic
properties of 2D perovskites. Fu et al.>* reported Mn>*-alloyed
2D perovskite QW of Mn:(PEA),PbBr, (PEA, phenylethyl-
ammonium) with a high energy transfer efficiency (®gr =
56%) and solid-state photoluminescence quantum yield
(PLQY = 54%). Considering the huge tunability of 2D perovs-
kites and large number of available inorganic materials, we expect
that there is a lot of room for the exploration of composite
structures with novel physical properties and expanded functions.

2.3 Organic material/2D perovskite composites

The selection of 2D perovskite composite materials is not only
limited to inorganic materials. Organic materials have also
been widely used to couple with 2D perovskites.”® Compared
with inorganic materials, organic materials can make use of
their own hydrophobic interaction to reduce the contact
between perovskite nanocrystals and the external environment,
and thus increase the stability of the perovskite. Perovskites can
also be modified by functional organic molecules (such as
strong electron donor or acceptor) to contribute directly to
the electron band, and thus promote charge separation.’*
Chemical modification in the form of chemical bonding is
unique for organic material/2D perovskite composites and pro-
vides endless functionalization possibility for 2D perovskites.

Thus far, a large number of optoelectronic devices based on
2D perovskites have been constructed, and the stability of
perovskites is the key to their practical application. Although
several methods that encapsulated perovskites in a bulk matrix
(for example, alumina®® and silica®®) improved the stability, the
systems were usually complex macroscopic mixed materials,
rather than nanostructures with clearly defined colloid disper-
sibility and processability. Through a dual protection layer,
i.e., an inorganic shell ligated with hydrophobic polymers, Lin
et al.”” developed an amphiphilic diblock copolymer method to
prepare highly stable anisotropic CsPbBr; nanosheets (Fig. 4a).
Anchoring other multi-dentate amphiphilic polymer ligands
on the surface and templated growth of shell materials can
create a rich variety of multi-functional and stable perovskite
nanosheets.

In some recent studies, functional organic cations were
introduced into 2D perovskites to change their photovoltaic
properties. Samuel et al.>® chose n = 1 layered perovskite with
the molecular formula of (aromatic-O-linker-NH;),Pbl,;
naphthalene, pyrene, or perylenes as the aromatic moiety;
and ethyl, propyl, or butyl as the linker. Through this method,
customized synthetic organic cations were employed to enhance
the out-of-plane conductivity of 2D perovskites (Fig. 4b).

Although the photovoltaic performance of materials can be
significantly improved by using conjugated organic molecules as
cations in 2D layered perovskite, the available organic cations of
2D layered perovskite are still limited because of their large
volume.” Thus, to overcome this limitation, Dirk et al®® intro-
duced charge transfer complexes into a 2D layered perovskite via
self-assembly using pyrene-butylammonium (pyrene-C4Hg-NH;";
PyrC,) as the donor molecule, tetracyanoquinodimethane (TCNQ)

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Schematic illustration of the fabrication of the CsPbBrs/TiO,
core/shell structure. Adapted with permission from ref. 57. (b) Layered
perovskite and ammonium cation-linking method. Adapted with permis-
sion from ref. 58. (c) Unit cell of the (PyrCy4),Pbl, 2D layered hybrid
perovskite. Adapted with permission from ref. 60. (d) Schematic repre-
sentation of the charge transfer between CsPbBrs NPLs and PDI molecules.
Adapted with permission from ref. 54. (e) Flexible device and spectral
photocurrents. Adapted with permission from ref. 62.

and tetracyanobenzene (TCNB) as strong acceptor molecules
(Fig. 4c). Besides inducing charge separation, the strategy also
opened up many other possibilities such as the use of chiral
molecules or singlet fission/up-conversion chromophores. Ferdi-
nand et al® achieved charge separation by replacing non-
conductive organic cations with organic charge-transfer complexes
consisting of the electron-donor pyrene-alkylammonium (pyrene-
C,) and strong electron acceptor TCNQ. The microwave conductiv-
ity and femtosecond transient absorption showed that the light
excitation of these charge transfer states led to long-lived moving
charges in the inorganic layer, evidencing that charge separation
could be induced in solid 2D perovskite by designing the organic
layers. Recently, the same research group> went one step further to
replace the non-functional organic ligands (Fig. 4d) on the surface
of colloidal nanoplatelets with perylene diimides (PDI) to achieve
the effective formation of mobile free charge carriers, which were
generated at ten times higher yield with lifetimes (tens of micro-
seconds) two orders of magnitude longer. The composites greatly
enhanced the performance of the 2D perovskites.

Organic material/2D perovskite composites also show great
potential in flexible optoelectronics. Wang et al.®* designed a
transverse photodetector by depositing a double-cable conjugated
polymer SF-PBDTPBIOD (based on benzodithiophene (BDT) back-
bone polymer and perylene bisimide (PBI) side units) layer on 2D
perovskite (BA),(MA),,_1Pb, I3, films (Fig. 4e). Due to the enhanced
charge transfer and collection, the device exhibited a high respon-
sivity of 27.06 AW~ and an on/off ratio of 1379. The performance
of the flexible device using polyimide as the substrate was compar-
able to that of the device on glass.

3. Optoelectronic properties of 2D
perovskite composites

Metal halide perovskites have great advantages in optical and
optoelectronic properties, such as high quantum yield,** high

© 2022 The Author(s). Published by the Royal Society of Chemistry
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color purity,** adjustable band gap,®® and high optical absorption
coefficient.®® Hybrid 2D halide perovskites perform even better in
some aspects. For instance, 2D perovskite thin films with low
defect density and good crystallization quality have high electron
and hole mobility and transport equilibrium. Compared with
the traditional III-V and II-VI materials, with a decrease in their
size, the Coulomb force between electrons and holes in the 2D
structure increases, and the dielectric constant between the
organic layer and the inorganic layer is quite different. Thus these
electron-hole pairs have higher binding energy and higher photo-
luminescence efficiency. Specifically, the following attributes of
2D halide perovskites are particularly noteworthy.

3.1 Strong exciton binding energy

One of the most interesting optoelectronic properties of 2D
materials is their large exciton binding energy due to the
decrease in dielectric shielding and quantum confinement
effect.®” For example, the exciton binding energy of monolayer
WS, is as high as 700 meV. A large number of studies have
reported the large exciton binding energy of 2D halide perovs-
kites.®*”° For these materials, due to the huge energy difference
and high contrast of dielectric constant between their inorganic
and organic layers, the Coulomb interaction between photo-
generated electrons and holes is very strong, resulting in a
significant oscillator strength and very large exciton binding
energy (Eg, usually hundreds of meV), and hence efficient radia-
tive recombination and high PLQY.”"”> Note that the exciton
binding energy of 2D perovskites can be fine-tuned via small-
molecule intercalation. Smith et al.”* stabilized 2D perovskite by
inserting I, molecules into the binding spacer, which led to a
more polarized organic layer than the inorganic layer and reduced
the dielectric limitation of excitons. Their electronic, optical and
magnetic properties can be adjusted accordingly.'?

3.2 Tunable band gap

The band gap is one of the most important parameters of
semiconductors. Narrow band gap perovskite semiconductors
are widely used in devices related to photon absorption or
emission. The optical properties of 2D perovskites depend on
their crystal composition, the thickness of the perovskite layer and
the dielectric contrast between perovskites and organic spacer.
For example, in 2D perovskite nanosheets with the molecular
formula of ABX;, the valence band depends on the p-orbital of
halogen X and the s-orbital of the B ion, the conduction band
depends on the p-orbital of the B ion, and the ion at the A site
does not have any effect on the electron transition. Adjusting the
ratio of the B-site ion to halogen atom can tailor the band gap of
2D perovskites. The band gap also depends on the composition of
the perovskite layers. With a decrease in the number of perovskite
layers, the band gap of perovskite increases gradually.”*”

3.3 Ion migration

For perovskite-based optoelectronics, ion migration accounts
for many unique behaviors such as current-voltage hysteresis,
low-frequency giant dielectric response, and switchable photo-
voltaic effect.”® Among them, the reversible structural swell-shrink

Mater. Adv,, 2022, 3, 756-778 | 761


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00944c

Open Access Article. Published on 24 November 2021. Downloaded on 4/2/2026 12:40:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

effect can be employed to fabricate tunable photonic/optoelectronic
devices such as ultrafast solid-state displays, semi-transparent
smart glasses and artificial retina devices.”®”” The ion migration
in perovskite materials is also applied to memristors.”® Huang
et al”® fabricated a 2D organometal trihalide perovskite-based
memristor. By adding a bias voltage, the p-i-n structure was
converted to an n-i-p structure, realizing a gradual change in the
device resistance. Compared with 3D perovskites, 2D perovskites
are more popular in memristors because of their enhanced stabi-
lity. Ren et al.®® constructed a single-crystal perovskite memristor
based on a 2D RP phase, which showed outstanding resistive
memory with a program current one order of magnitude lower
than that of conventional materials, i.e., as low as 10 pA.
However, ion migration may cause perovskite aging and
destroy the device stability. For instance, ion diffusion often
corrodes the charge transfer layer or metal electrode®"®* of the
device to accelerate the degradation of perovskite-based opto-
electronics. Recent studies showed that long-chain organic
ligands in 2D layered perovskite formed a barrier to prevent ions
from migrating out of the plane and greatly improved the stability
of the devices.*® Huang et al.®" synthesized single-crystal RP-type
BA,MA,Pbsl, (1 = 3) to suppress the formation of iodide vacan-
cies (Vy) and methylammonium vacancy (Vya), and therefore ion
migration along the electric channel in 2D perovskites.

3.4 Rashba splitting due to strong spin-orbit coupling (SOC)

The Rashba effect of perovskites stems from the strong spin-orbit
coupling (SOC) with structural inversion asymmetry, which essen-
tially affects the carrier dynamics, and thus the luminescence and
photovoltaic performance of materials."**> Vardeny et al.*® mea-
sured the giant Rashba splitting in 2D (PEA),Pbl, using the
picosecond transient photo modulation technique. The perovskite
showed a Rashba parameter of (1.6 =+ 0.1) eV A and a large Rashba
energy splitting of (40 + 5) meV. Mohammed et al.®” further used
density functional theory (DFT) and time-resolved spectroscopy to
study the Rashba effect of a series of organic-inorganic hybrid
perovskites. They found that inherent Rashba splitting occurred
in the perovskite crystals with an even number of inorganic layers
(n = 2), proving that stable perovskites with a large Rashba effect
could be designed by artificially controlling the number of layers.
Recently, they reported 2D (3AMP)Pbl, and (4AMP)Pbl, (3AMP =
3-(aminomethyl)piperidinium; 4AMP = 4-(aminomethyl)piperidi-
nium) in a DJ phase, the hot-carrier cooling kinetics of which
could be controlled by Rashba band splitting.®® These studies
imply that 2D perovskites may result in new breakthroughs in the
development of semiconductor spintronics. However, the influ-
ence of the Rashba effect on the lattice distortion and dynamics in
2D perovskites remains largely elusive.

4. Characterization techniques for 2D
perovskite composites
Besides the conventional spectroscopic techniques including

steady-state absorption and fluorescence spectroscopy, laser
confocal scanning microscopy for the investigation of optical
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properties, transmission electron microscopy (TEM) and
scanning electron microscopy (SEM) for the investigation of
morphology, X-ray photoelectron spectroscopy (XPS) and X-rays
diffraction (XRD) for the investigation of the structures of
perovskites, one noteworthy trend is the application of many
advanced characterization techniques, such as highly time and
spatially resolved and in situ methods.

4.1 Highly time-resolved techniques of ultrafast spectroscopy

Femtosecond transient absorption spectroscopy has become
one of the most powerful approaches to disentangle the com-
plicated excited-state photo physics and photochemistry of
optoelectronic materials. In our previous review,>>®%° we
summarized the study of the excited-state dynamics of 2D
materials by ultrafast spectroscopy. Many of the applications
of perovskites are also closely related to their photoinduced
dynamics, which is crucial for understanding the origin of the
excellent optoelectronic features of materials.

In recent years, the in depth study on the ultrafast process of
2D perovskite materials has also been widely reported. Beard
et al.” reported the phonon bottleneck effect in perovskites
and the time scale of biexciton recombination by using tran-
sient spectroscopy. Sum et al.’® reported the dynamic process of
extracting hot electrons from perovskite materials. Feldmann
et al®" used femtosecond differential transmission spectro-
scopy to compare the carrier relaxation and recombination
kinetics in 2D and quasi-3D halide perovskites (Fig. 5a), and
the hot electron relaxation process and transient absorption in
2D perovskites. The basic understanding of carrier dynamics in
perovskite composites is very important for their applications
in optoelectronic devices. Knowledge of these processes is
critical to design optoelectronic devices that rely on fast relaxa-
tion and charge- or energy-transfer mechanisms. Our group
synthesized CsPbBr; quantum dots (QDs) based on our pre-
viously developed mechanochemical methods.”” A type I 3D
CsPbBr3;/2D CsPb,Brs; heterojunction was constructed by intro-
ducing excess PbBr, to transform CsPbBr; into CsPb,Brs via a
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Fig. 5 (a) Thermalization and relaxation of photoexcited electrons and
holes and transient carrier temperature cooling curves of quasi-3D and 2D
perovskites. Adapted with permission from ref. 91. (b) Carrier dynamics of
CsPbBrz/CsPb,Brs heterojunction nanosheets and 3D spectra. Adapted
with permission from ref. 92. (c) Evidence for an influx of electrons into
CdSe from CsPbBr3 through transient absorption. Adapted with permission
from ref. 93. (d) Photo-induced ultrafast electron transfer from CdSe to
CsPbXs. Adapted with permission from ref. 94.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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phase transition (Fig. 5b).°> Femtosecond transient absorption
spectroscopy was employed to explore the carrier dynamics of
the heterojunction, which provided the first observation of a
CsPb,Brs crystal signal in transient absorption spectra. The
type I hierarchical structure enhanced the composite stability,
prolonged the lifetime of photogenerated carriers, and resulted
in a higher quantum yield. With the perovskite composites and
additive phosphors, a white LED with a 94% color rendering
index was obtained.

Richard et al.”® reported the electron transfer between 0D
and 2D nanoplatelets of CsPbBr; and CdSe. The electronic
interactions among the 0D-0D, 0D-2D and 2D-2D systems
were compared using static and transient absorption spectroscopy.
The transient absorption measurement disclosed the ultrafast
transfer of an influx of electrons into CdSe from CsPbBr;
(Fig. 5¢). Amitava et al.®* reported the preparation of composites
of 2D layered CdSe and CsPbX; perovskite nanocrystals. The
kinetics of ultrafast electron transfer in the composites was studied
by femtosecond spectroscopy (Fig. 5d). The sample was excited at
low energy (<5 pJ cm?) at 400 nm to eliminate the multiexciton
process. In the presence of CsPbX3, the in-band relaxation of pure
CdSe (800 fs) decreased sharply to <100 fs. Moreover, the ultrafast
electron transfer from CdSe to the perovskite increased with an
increase in the content of CsPbX; iodide composition (Fig. 5d).

4.2 High spatial resolution

The development of TEM techniques enables the internal
structure of matter to be observed and characterized on the
atomic and molecular scale. However, the instability of perovs-
kites during electron beam irradiation results in a huge chal-
lenge to characterize their internal atomic/dynamic structures
using conventional TEM techniques. In this context, various
new techniques including cryoelectron microscopy (cryo-EM),
spherical aberration correction TEM, and in situ TEM have
emerged. Cryo-EM allows the observation of systems where
traditional electron microscopy is powerless, such as bio-
molecules. Different from the traditional electron microscope
using a charge coupled detector (CCD), cryo-EM uses a direct
electron detector (DED), which has a better detection quantum
efficiency and higher signal-to-noise ratio and can be used for
imaging under lower electron radiation. Cui et al.®® reported
the structure and decomposition mechanism of perovskite
materials in the environment by cryo-EM for the first time,
where atomic resolution imaging of MAPbI; was illustrated
(Fig. 6a). The iodide nanoparticles precipitated on the surface
of MAPbI; after short-time UV irradiation and surface rough-
ening after exposure to air for 10 s, a phenomenon never
observed by XRD techniques. The authors established the
definition of a critical electron dose, where that for MAPDbI; at
low temperature was 12 e~ A%, and the spatial resolution was
1.49 A. Similarly, the photostability of perovskite is a serious
issue, but its mechanism remains controversial. It has been
reported that the photoluminescence of CH;NH;PbI; thin films
increases significantly under light, which is attributed to the
photo-assisted migration of I" ions.”® Recently, Sui et al'*
used quasi-in situ TEM for the first time to observe the
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Fig. 6 (a) TEM images of MAPbls nanowires with atomic resolution.
Adapted with permission from ref. 98. (b) In situ structural evolution of
MAPbIs. Adapted with permission from ref. 104. (c) In situ GI-XRD mea-
surements of the perovskite. Adapted with permission from ref. 21.

photodegradation of MAPDI; thin films at the grain boundary,
accompanied by the formation of Pb° particles. The growth
kinetics of the Pb°® particles obeyed the exponential law of
r oc t*2, indicating that the degradation model was determined
by the interfacial diffusion of elements. The quasi-in situ study
indicated that the perovskite film degradation was accompa-
nied not only by the production of Pb° but also the deposition
of I,. Thus, the use of advanced TEM techniques to understand
the specific degradation mechanism of 2D perovskites provides
useful insights for the development of more stable and effective
optoelectronic devices.

Nuclear magnetic resonance spectroscopy (NMR), one indis-
pensable tool for identifying organic molecular composition
and structures, also finds applications to explore the large
composition tunability and rich structural dynamics typical of
2D perovskites.'” NMR as structural analysis technology is
advantageous to detect the structure and dynamics of heavy
and light elements, as well as the interaction between them
through heteronuclear correlation experiments.'”> NMR is
becoming increasingly beneficial to characterize and clarify
the role of organic cations in 2D perovskites, which not
only identifies the structure of the organic spacer layer and
inorganic metal halide perovskite layer, but also determines the
interactions between them. Especially for perovskites with a
mixed organic spacer, which is difficult to characterize using
diffraction techniques, NMR shows superiority. Vela et al.'®®
first used *°’Pb solid-state NMR to monitor the degree of
alloying and phase separation in mixed halide perovskites with
the general formula of “CH3;NH;PbX; X', (X, X' =1, Br or Cl),
revealing the existence of nonstoichiometric impurities or
“dopants”. Recently the sensitivity of 2°’Pb has been significantly
improved and the measurement time has been dramatically
reduced by applying advanced NMR techniques such as magic-
angle spinning (MAS), low temperatures, dynamic nuclear polari-
zation (DNP), and proton detection.'” Lee et al.'® detected and
quantified the composition and local structural characteristics of
2D RP phase BA,MA,_;Pb by combining *’Pb and 1H nuclear
solid-state NMR. 1D NMR spectra were used to identify each Pb
and H site. The **’Pb-"H 2D heteronuclear correlation (HETCOR)
experiment disclosed the spatial proximity between them. Thus, by

Mater. Adv,, 2022, 3, 756-778 | 763


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00944c

Open Access Article. Published on 24 November 2021. Downloaded on 4/2/2026 12:40:11 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

determining the structure and dynamics of the organic and
perovskite components in the RP phase, one can better under-
stand the local atomic environment in the material.

4.3 Time- and space-resolved multidimensional techniques

Time- and space-resolved multidimensional techniques are
powerful for investigating 2D perovskites. With the combination
of microscopy and ultrafast laser sources, these techniques are
especially suitable for the study of dynamic processes with high
time and space resolution, among which time-resolved photo-
luminescence (TRPL) microscopy'®® and transient absorption
(TA) microscopy'®” are representative ones.

Transient absorption microscopy combines the ultrafast
spectroscopic method and optical microscopic technique to
investigate material dynamics in both space and time. Moran
et al.'®® imaged the electron excitation dynamics in the quan-
tum well of the layered 2D perovskite (PEA),(MA),,_1[Pb,Is,+1]
by transient absorption microscopy and compared the layered
thin film with a pure phase single crystal to determine the
diffusivity and two-body recombination rate. Recently, their
team further combined linear spectroscopy with transient
absorption microscopy to illustrate the mechanism of light-
induced energy and charge transfer in layered perovskites. The
specific carrier mobility trajectory®® of the layered perovskite
system could be determined by the cyclic laser pulse sequence
and external bias applied to photovoltaic cells. These findings
shed light on the rational design of 2D perovskite-based high-
performance optoelectronic devices.""”

Mobhite et al.’*® studied the 2D layered perovskite (BA),(MA),_1-
Pb,I3,, with n from 1 to 5 by using confocal spatial photolumi-
nescence (PL) mapping with a resolution of ~1 pm. They found
that the lower energy edge states dominated the photophysics
of 2D layered perovskites with n > 2 by dissociating excitons
into longer-lived free carriers. Jin et al.'® developed a time-
resolved photoluminescence imaging microscope with a sub-
micrometer spatial resolution (~1 pm). They studied layered
(BA)y(MA),,_1Pb,I5,.; single crystals and discovered that the
crystal edges with exciton dissociation ability were induced by
the loss of BA ligands. Later, the same group observed long-
distance carriers beyond the exciton limit in 2D perovskites.*°
Using confocal fixed-point excitation of a single crystal, the
luminescence of the “boundary state”” of the low energy state at
a certain distance from the excitation point was observed.
Given that there was no recombination luminescence on
the carrier transport path, they speculated that the carriers
travelled in a non-luminous ‘“dark state” in the crystal and
proposed a new mechanism of long-distance carrier transport
assisted by defect states.

4.4 In situ techniques

In situ technology can track the changes in the structure,
composition, morphology, and optoelectronic properties of
perovskites in real time. The more commonly used techniques
include in situ transmission TEM,'"! in situ XPS,"'*'"® and
in situ XRD.”' In situ TEM is used to study the degradation
process of perovskites to solve their instability problems, where
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the changes in their structure and morphology are observed in
real time at the atomic level. However, the high-energy electron
beam will cause serious damage to the target area, and hence it
is necessary to carefully examine whether the perovskite decom-
position is caused by electron beam-induced decomposition.
Ducati et al.'™" introduced in situ TEM observation of perovs-
kites for the first time, where the effect of the manufacturing
route on the thermal degradation of perovskite materials was
studied. Duan et al.'® observed the thermal-induced degrada-
tion of MAPDI; in situ under controlled gas flow and showed
that the crystal gradually evolved from tetragonal MAPbI; to
triangular lead iodide with a fixed crystallographic direction
(Fig. 6b). Sheng et al."'* observed the degradation of perovs-
kites by adding a bias voltage. Although in situ TEM charac-
terization tools provide important information about the degra-
dation mechanism of perovskites, due to the influence of
electron beam irradiation, more advanced in situ scaffolds and
robust samples are needed for more in-depth understanding.

Alternatively, X-ray-assisted characterization technology has
been proven to be a powerful tool to study the crystal structure,
chemical composition and morphology of perovskite materials.
The in situ X-ray techniques commonly used in the field include
XRD,"® XPS,""® and synchrotron radiation. These techniques
can be employed to comprehensively evaluate the chemical,
structural, phase and morphological changes in perovskites.
Chen et al.*" observed in situ the formation process of perovs-
kite films using X-ray grazed incidence diffraction (GI-XRD)
based on synchrotron radiation, disclosing the transformation
process of the films in different solvent vapor atmospheres
(Fig. 6¢). By adjusting the preparation conditions of the thin
films, a highly efficient perovskite solar cell was fabricated.
Different characterization methods can be used to understand
perovskites from different perspectives. Advanced in situ methods
are specialized in revealing how water, oxygen, heat and light act
on the surface of perovskites and cause physical and chemical
changes.

5. Applications

2D perovskites can be conveniently tailored to the specific
application needs of traditional research areas.'> Among the
many exciting properties of 2D perovskites, their excellent
optoelectronic features, such as large absorption coefficient,
high carrier mobility, and long diffusion length, make them
suitable for applications beyond conventional ones. For exam-
ple, they can be used for one-component white light emission
of solid-state lighting equipment''” and have shown strong
optical nonlinearity. Herein, we summarize the latest research
progress on 2D perovskite composites in optoelectronic appli-
cations and beyond.

5.1 LEDs

In the past few years, 2D metal halide perovskites have become
a promising candidate for high-performance LEDs. Compared
with 3D perovskites, 2D layered perovskites usually have a

© 2022 The Author(s). Published by the Royal Society of Chemistry
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larger exciton binding energy (hundreds of meV), which leads
to the enhancement of radiation recombination and higher
PLQY. The formation of cascade energy structures in 2D
perovskite thin films with mixed »n (layer thickness) can pro-
mote rapid and effective energy transfer from a lower n quan-
tum well (QW) to a higher n QW (in sub-nanosecond), resulting
in reduced exciton quenching and enhanced radiation recom-
bination. Compared with 3D perovskites without hydrophobic
molecules, the incorporation of hydrophobic organic ligands
and the enhanced van der Waals interaction between organic
molecules lead to a significant enhancement in environmental
and thermal stability."'® Similar to traditional semiconductors,
the luminous efficiency of optically excited or electrically
excited charge carriers in perovskite materials is controlled by
the relative intensity of radiative and non-radiative processes.
Since the first halogen perovskite LED was reported in 2014, the
device external quantum efficiency (EQE) has increased from
~0.1%"° to ~23%."*° Although the perovskite family has
good tolerance to electronic defects, the electroluminescence
efficiency achieved thus far shows that suppressing non-
radiative recombination under electrical excitation is still a
challenge. Non-radiative recombination is also an important
mechanism of voltage loss in photovoltaic solar cells. Thus, to
enhance the radiation emission process in LEDs, one of the
most successful strategies is to use low-dimensional structures.
Sargent et al.® used mixed perovskites of (PEA),MA,_;Pb,I,.1
(n = 1-5 and 10) with different quantum sizes to fabricate LEDs
with an ITO/TiO,/quasi-2D layered perovskite/F8(poly(9,9’-
dioctylfluorence))/MoOs/Au structure. The dynamics investiga-
tions indicated that the multi-phased perovskites channelled
energy across an inhomogeneous energy landscape and con-
centrated carriers on smaller bandgap emitters, facilitating
more effective radiation recombination.””* You et al**
proposed a new passivation strategy for the defects at the grain
boundaries. By adding ethoxylated trimethylolpropane triacry-
late (ETPTA) to the antisolvent, passivation was realized both
on the surface and in the bulk (Fig. 7a). By restricting the
formation of defects, the authors obtained an efficient green
perovskite LED with a maximum EQE of 22.49%. Di et al.'**

(a)

(ETPTA)

updowa

Fig. 7 (a) Device using ETPTA additive. Adapted with permission from ref.
24. (b) Growth of quasi-2D films without and with antisolvent. Adapted
with permission from ref. 123. (c) Device architecture for a PeLED and
electroluminescence spectra. Adapted with permission from ref. 124. (d)
Defect passivation by crown and MPEG-MAA. Adapted with permission
from ref. 125.
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constructed an LED emitting layer by combining quasi-2D and
three-dimensional (2D/3D) perovskites and insulating polymer
bulk. The photogenerated excitation migrated from quasi-2D to
low-energy sites within 1 ps. The ultrafast migration ensured
that any non-radiative traps with an energy higher than the
final emitting species became negligible. Radiative bimolecular
recombination emission in the 3D region effectively eliminated
the non-radiative recombination path, resulting in an EQE of
20.1% and photoluminescence QE close to 100%. However, the
high-efficiency LEDs based on perovskite are still limited
to small devices, and serious performance degradation is
always observed when producing large-area perovskite LEDs.
Yuan et al.**® proposed a low-barrier crystallization pathway
by partially anchoring amphiphilic t-norvaline molecules to a
[PbBr]*~ inorganic plate to form a new mesophase with quasi-
2D geometry, which overcame phase separation to obtain high-
quality large-area thin films (Fig. 7b). The LEDs possessed an
active area of 9.0 cm? and EQE of 16.4%.

In addition to efficiency, stability and lifetime are key factors
determining the eventual commercial application of perovskite
optoelectronic devices. Appropriate device packaging strategies
can improve their resistance to water and oxygen. Other stra-
tegies have also been reported. Ye et al.'*® built a composite
structure by embedding CsPbBr; nanosheets into a lattice-
matched Cs,PbBrs crystal matrix. This design led to the
improvement of surface passivation, enhancement of radiation
recombination and inhibition of agglomeration, resulting in a
high PLQY for the solid perovskite. Gao et al.>* used MAPbBTr;
nanoplatelets as the luminescent layer and poly(9-vinylcarbazole):
2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazole (PVK:PBD) as the passi-
vation luminescent layer. The addition of the PVK:PBD polymer
removed pinholes in the perovskite luminescent layer and inhib-
ited the non-radiative current loss, showing a high luminescence
of 10590 cd m~2 at 12 V (Fig. 7c). Qi et al."*® used 18-crown-6 and
poly(ethylene glycol) methyl ether acrylate (MPEG-MAA) as addi-
tives in perovskite films, which coordinated with Pb>* and sup-
pressed the self-aggregation of phenylbutylammonium bromide
(PEABr). Consequently, the structure conversion from quasi-2D
into nanocrystalline perovskite was prevented and a low defect
density and high environmental stability were realized (Fig. 7d).

In short, 2D or quasi-2D layered perovskites have high
brightness, wide band color tunability and excellent color
purity. Combined with other desirable features such as facile
solution processability and composition flexibility, these mate-
rials demonstrate potential to become mainstream emitters
for LEDs.

5.2 Solar cells

In recent years, the power conversion efficiency (PCE) of 3D
perovskite solar cells has exceeded 25%,"”” which is compar-
able to that of crystalline silicon solar cells. However, the
stability of perovskite solar cells seriously restricts their prac-
tical applications. Compared with 3D perovskites, their 2D
counterparts offer an opportunity to overcome the stability
issue because of the relatively higher chemical stability of the
latter."*® However, due to the existence of long-chain
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complexes, the formation of multiple quantum well (MQW)
structures in 2D perovskites limits the transport of photo-
generated carriers, which usually reduces the photovoltaic
performance.'*®'*% In this case, the 2D/3D hybrid structure
provides a balance by inheriting the good stability of 2D
perovskites and the excellent photovoltaic performance of
3D perovskites. Indeed, perovskite solar cells based on these
mixed structures show higher stability and improved PCE."*°
Snaith et al."®*' incorporated n-butylammonium cations into
FA;.53CS0.17Pb(I,Br;_y); 3D perovskites to form 2D perovskite
sheets, which were scattered between highly oriented 3D per-
ovskite grains and suppressed the recombination of non-
radiative charge. An average PCE of 17.5% was obtained and
the device remained stable in air for more than 1000 h. However,
due to the existence of MQWs in 2D perovskites, the devices with
2D/3D mixed structures still need to sacrifice part of the efficiency
of charge-carrier extraction. To solve this problem, Song et al. ">’
inserted long-chain EDBEPbI, (EDBE = 2,2-(ethylenedioxy)bi-
s(ethyl8bammonium)) into 3D perovskites to form a 2D/3D per-
ovskite vertical heterostructure (Fig. 8a). The 3D perovskite grain
boundaries were vertically passivated by 2D perovskites, which
minimized the localization of photogenerated charge carriers in
the low-dimensional perovskites. Also, the vertically arranged
structure did not affect the charge carrier extraction from the
3D perovskites to the electrode, achieving a stable efficiency of
19.66%. The solar cells with an original efficiency of 90% were
maintained after being placed in the air for three months (more
than 3000 h). Dai et al.'** introduced two hydrophobic short-
chain alkyl ammonium salts (2-chloroethylamine, CEA" and
2-bromoethylamine, BEA") with halogen functional groups into
(Cs0.1FA¢.0)Pb(Iy.oBr 1); 3D perovskites to obtain a 2D/3D per-
ovskite structure (Fig. 8b). The cells exhibited a PCE of up to
20.08% under one sun exposure, and the initial efficiency of
92% was maintained after aging for 2400 h at 50% + 5%
relative humidity. Noh et al.*** grew stable and highly crystal-
line 2D (C4HoNH;),Pbl, on 3D (FAPDI;), o5(MAPDBr3)g o5 thin
films to produce 2D/3D heterostructures. Given that the built-in

Fig. 8 (a) Schematic illustration of 2D-3D PVHH structure and SEM
images of perovskite films with different 2D concentrations. Adapted with
permission from ref. 129. (b) Self-assembled 2D/3D perovskite. Adapted
with permission from ref. 132. (c) Prepared (PDMA)MAPD;l; thin films. (d)
Temperature changes with time and current—-voltage curve of the solar
cell with (PDMA)MAPb,!; as the dynamic layer. Adapted with permission
from ref. 133.
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potential was augmented at the 2D/3D heterojunction, a high
photovoltage was obtained in the device. The heterojunction
structure produced an open-circuit voltage of 1.185 V and PCE
of 24.35%. Under the hygrothermal test (85 °C/85% relative
humidity), the packaged device maintained 94% of its initial
efficiency after 1056 h and 98% after 1620 h of full sunlight.

In addition, 2D perovskites can also be used in thermo-
chromic smart windows. Sheng et al.»** showed the robust and
fast reversible thermochromic properties of 2D perovskite
(PDMA)(MA),,_;Pbnls,,; (PDMA = C¢H4(CH,NH;),>* and MA =
CH;NH;"). After exposure to environmental conditions, the
initial brown film became colorless upon the absorption of
water, which was restored to its original color by heating at
100 °C for a few minutes or above 60 °C for several hours under
ambient conditions (Fig. 8c). The reversible thermochromic
property could be employed in applications such as thermo-
chromic smart windows and thermochromic solar cells. For
instance, as shown in the inset in Fig. 8d, the black box covered
by perovskite windows reduced the indoor air temperature
more effectively than that covered with pure glass in an
enclosed space after 20 min-irradiation at 1.5 sun light inten-
sity (~150 mW cm ?). The photovoltaic devices with the
(PDMA)(MA-H,0)Pb,I, perovskite (n = 2) as the absorption layer
displayed a PCE of more than 0.5% at high ambient
temperatures.

5.3 Nanolasers

Low-dimensional perovskites have also shown huge potential
in the lasing field, including edge-emitting amplified sponta-
neous emission (ASE), vertical-cavity surface-emitting lasers
(VCSELSs), miniature laser, and polaron laser."*® Xiong et al."*®
demonstrated for the first time lasing based on the whispering-
gallery-mode (WGM) optical resonant cavity with hexagonal
and triangular shapes of MAPbI;. Fu et al.'®” used the 2D
perovskite (BA),(MA),,_PbBrj,,,, to fabricate a WGM laser using
a polydimethylsiloxane (PDMS) template. The ultrafast energy
transfer together with the unique 2D perovskite quantum well
(QW) structure concentrated the photogenerated carriers in the
lowest-bandgap QW state. Consequently, the particle number
inversion was easily established and spontaneous emission and
laser amplification at room temperature were realized. The
(n) = 6 sample demonstrated an ASE threshold of 13.6 yJ cm >
and a high gain coefficient (G) at least four-times that of 3D thin
films (112 ecm ™). The results implied that 2D perovskites can be
used for electrically driven lasers.

To enhance the stability of perovskites, Alex et a used
CsPbBr; perovskite quantum dots and silica composite materi-
als to fabricate WGM lasers. When immersed in water for 13 h,
80% of the initial emission quantum yield was maintained.
Meanwhile, the thermal stability of perovskites is also very
important for perovskite-based lasers. 2D materials, especially
h-BN are widely regarded as ideal candidates for thermal
management because of their high inherent thermal conduc-
tivity and high mechanical flexibility."*>'*° A recent report
showed that the surface degradation of the MAPbI; micro-
porous plate was inhibited and its thermal stability was greatly
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improved by using h-BN sheet packaging.”” Dai et a
synthesized CsPbl; nanosheets on muscovite substrates via
CVD as gain materials and resonators to form high-quality
WGM lasers. A covered perovskite-BN composite structure
was prepared via the all-dry polydimethylsiloxane (PDMS) vis-
coelastic stamping method, which demonstrated excellent ani-
sotropic thermal conductivity. Consequently, the heat
dissipation of the perovskite nano-laser was accelerated and
achieved clear laser behavior at a temperature of up to 75.6 °C.
In addition, h-BN with high environmental stability can effec-
tively protect perovskites from polar solvents. The CsPbl;
nanolaser protected by h-BN lased continuously in water for 1
h, and the lasing behavior was maintained even after soaking in
water for 24 h. The same group'*® further shielded CsPbBr;
nanosheets from polar solvents via the atomic layer deposition
(ALD) of Al,O3. After being coated by a thick Al,O;z layer of
50 nm, the CsPbBr; nanosheets emitted continuously in water
for more than 1 h and still emitted after soaking in water for
one month. Compared with the perovskite protected by h-BN,
this method is simpler and more applicable to large-scale
preparation.

Perovskite materials may also emit after two-photon absorp-
tion (TPA) or multiphoton absorption (MPA), and hence are
promising candidates for up conversion lasers."**'*> Perovs-
kites with large TPA cross-sections are good optical gain
materials. Zhao et al.**® reported two-photon pumped lasers
with linear and plate-like MAPbBr; microcrystals. Particularly,
the unique QW structure of 2D perovskite helps to limit the
electric charge carriers in the inorganic layer, thus enhancing
the interaction between light and matter,"*” which is suitable
for producing strong TPA.

5.4 Novel memory devices

In the context of the big data era brought by the Internet and
cloud computing, traditional storage devices are required to
demonstrate even higher memory performances including
lower power consumption and faster data processing.'** Halide
perovskite has potential applications in resistance switchable
memory because of its relatively low conductivity but good ion
transport characteristics. However, currently, most halide per-
ovskite resistive memory devices are based on 3D perovskite
polycrystalline films, which usually contain defects on their
surface and grain boundaries. Furthermore, due to their crystal
structure transformation, chemical decomposition, and halide
segregation, they are sensitive to oxygen and water and easily
decompose. Ren et al.'*® studied the light-enhanced ion migra-
tion in perovskite single crystals by constructing a stripped
2D perovskite/CNT FET (Fig. 9a), where CNTs monitored the
ion redistribution within the perovskite sheet upon photo-
excitation. The device successfully displayed the optical and
electrical multivalued two-phase photomemory effect.

Given that perovskites have a high light absorption effi-
ciency, which is desirable for optical memory, recently, a new
type of optical programming transistor memory was developed
using a polymer-perovskite mixed dielectric layer, showing a
good optical response, suitable on/off ratio and non-volatile
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Fig. 9 (a) In-plane ion migration of perovskite under an electric field and
photomemory test. Adapted with permission from ref. 148. (b) Device
configuration of the studied photomemory and the structures of 2D
Cs,Pb(SCN),Br, and the host polymers. (c) Proposed operating mecha-
nism of fully optically driven Cs,Pb(SCN),Br,/PVP-based photomemory.
Adapted with permission from ref. 151. (d) Schematic image of the studied
photonic synapse and optical absorption spectra of BCP/MAPbBrsz/P3HT
prepared from different rotational speeds. Adapted with permission from
ref. 23.

memory characteristics with long retention time.'*>*** Through
space constraints, perovskite nanocrystals embedded in the poly-
mer matrix may act as charge trapping sites to isolate charges, and
the related trapping/untrapping mechanisms can be realized by
applying an electric field or using photons. Chueh et al.">* created
a transistor memory through Cs,Pb(SCN),Br,/polymer (SCN~ =
thiocyanide) hybrid films. The 2D Cs,Pb(SCN),Br, with intrinsic
QW structure exhibited not only a considerable photoresponse
but also good environmental stability. In addition, three host
polymers with different functional groups, including polystyrene
(PS), poly(4-vinylphenol) (PVPh) and polyvinyl pyrrolidone (PVP)
(Fig. 9b), were systematically studied for comparison. All the
manufactured devices showed light-induced memory recovery
behaviors. According to the preliminary analyses, the mechanism
of the programming-reading-erasing-reading function was
proposed (Fig. 9c). Chen et al.*® constructed red-light-stimulated
nonvolatile perovskite-based photomemory using MAPbBr;/poly-
styrene-block-poly(ethyleneoxide) (BCP) as the charge trapping
layer and poly(3-hexylthiophene-2,5-diyl) (P3HT) as the active
channel. Through the energy level mismatch and isolation effect
of the polymer matrix, the photogenerated holes in P3HT and
perovskite were left in the P3HT layer, while the photogenerated
electrons were stored in the perovskite (Fig. 9d). Benefiting from
the synergistic effect between the two components, the optical
memory based on P3HT/perovskite showed optically recordable
behavior in the whole visible spectrum. The response under red
light was optimized by manipulating the thickness of P3HT. Due
to the limitation of the exciton diffusion length, the optimized
thickness of P3HT was 7.54 + 0.42 nm, the minimum charac-
teristic time was 36.6 s and the maximum on/off current ratio was
3.62 x 10° under red light illumination (500 mW cm™?).

5.5 Photodetectors

2D perovskites are promising candidates for optoelectronic
detection due to their unique anisotropic charge carrier behaviors.
Given that 2D perovskites composited with more materials can
expand their functions, many fabrication strategies, such as
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molecular beam epitaxy and metal-organic vapor phase epitaxy,
have been employed to produce transverse and longitudinal
heterostructures for photodetectors. Li et al.'>* prepared this type
of heterostructure at low temperature through the combination of
solution and gas-solid phase intercalation (Fig. 10a). However,
this method only yielded polycrystals with relatively poor quality,
and grains were introduced in the intercalation process, resulting
in the poor performance of the photodetectors. Recently, Li’s
team'®® developed a solution method for the synthesis of highly
stable (C4HoNHj3),Pbl,/(C,;HoNH;),(CH3NH;)Pb,I,  heterojunc-
tions (Fig. 10b) with a centimeter size, high crystallization quality
and narrow-band dual-frequency photoresponse. The photodetec-
tors fabricated with this heterostructure exhibited a low dark
current (~10""* A), high on-off current ratio (~10%, narrow
full-width at half-maximum (fwhm) (less than 40 nm) and effi-
cient narrow dual-band spectra. Dou et al'* demonstrated
a liquid-phase epitaxial growth method to improve the crystal
quality of perovskite heterostructures. By inserting rigid n-
conjugated organic spacers, such as dithiophenylethylammo-
nium (27T), phenylethylammonium (PEA) and tetrathiopheny-
lethylammonium (4Tm), the ion migration was significantly
inhibited in the plane and led to atomically sharp heterostruc-
tures. Further simulations showed that conjugated ligands
reduced the heterostructure disorder and increased the vacancy
formation energy, thus forming a highly stable interface. Simi-
larly, to overcome some disadvantages of 2D perovskites, such
as instability, low carrier mobility and low radiation recombi-
nation efficiency," researchers have combined 2D perovskites
with other optoelectronic materials (such as graphene, TMDs,
and BP) to construct van der Waals heterostructures. For
example, Atwater et al.'®* prepared a heterostructure consisting
of WS, and (BA),(MA);P,1;; hybrid perovskite (Fig. 10c) and
observed improved stability and enhanced emission two orders
of magnitude greater than that of WS,. The first-principles
calculation attributed the photoluminescence enhancement to
the charge transfer between the interfaces originating from the
dipole moment, which caused a local electric field and led to an
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Fig. 10 (a) Electrical measurement and stability properties of as-grown
lateral and vertical heterostructures. Adapted with permission from
ref. 152. (b) Schematic illustration of the device configuration based on
the (BA),Pbl4/(BA),(MA)Pb,l; heterostructure. Adapted with permission
from ref. 153. (c) Crystal structures and lattice constants of WS, and 2D
perovskites (n = 4). Adapted with permission from ref. 162. (d) SEM image
of the sandwich structure of graphene/2D perovskite/graphene and the
photocurrent of the device stabilized for 75 days. Adapted with permission
from ref. 163.
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indirect to direct band gap transition in the multilayer WS,.
Likewise, graphene can also form a heterostructure with 2D
perovskites to stabilize them. Rand et al'®® improved the
stability of perovskite by covering a thin sheet of 2D (PEA),Pbl,
perovskite with a graphene layer to restrain the loss of iodide.
An ultra-stable phototransistor based on the graphene/2D
perovskite/graphene structure was demonstrated, which did
not degrade for a period of 75 days (Fig. 10d).

The ultra-smooth surface and strong interface coupling of
2D perovskites provide an excellent platform for the design of
new composite structures such as flexible materials and
devices. Although progress has been made in perovskite-
based flexible devices such as LEDs, photodetectors, solar cells
and lasers,'®*'% studies on these devices with 2D perovskite
composites are relatively rare. Recently Wang et al.'*® designed a
transverse photodetector by stacking a double-cable conjugated
polymer film on the top of the 2D perovskite (BA),(MA);Pb,l;3,
using polyimide as a flexible substrate. It displayed a high
responsivity of 27.06 A W', high on/off ratio of 1379, and rapid
rise/fall time of 3.53/3.78 ms. Table 2 presents a summary of the
performance of the recently reported photodetectors based on 2D
perovskite composites. In general, the stability and operation
duration of these flexible devices still need to be improved.

5.6 Nonlinear optical applications

Many of the above-mentioned perovskite nanolasers are based
on the nonlinear optical properties of the materials. However,
2D perovskites also exhibit other types of nonlinear optics such
as second harmonic generation (SHG) and third harmonic
generation (THG). The study of nonlinear optics began with
SHG, which was discovered by Franken in 1961.'°® With the
development of high brightness and highly coherent laser
sources, nonlinear optics has become one of the most impor-
tant branches of optical research. Therefore, the study of
nonlinear optical materials has fundamental scientific and
technical significance.'®”

Studies have shown that large nonlinear optical responses
are widely observed in many inorganic 2D materials, such as
graphene oxide,"®® MoS,,"*® hexagonal boron nitride (h-BN),"”®
and BP."”! Qur research group also performed many studies on
the nonlinear optics of 2D materials."”>"*”* Different from ideal
harmonic oscillators, a large number of thermally stable and
delocalized excitons populate 2D perovskites and strongly
interact. Consequently, 2D perovskites may exhibit strong THG
under resonant excitation.”® Abdelwahab et al'”> mechanically
exfoliated 2D perovskite nanosheets (Fig. 11a), which exhibited
ultra-strong THG with a maximum effective third-order suscepti-
bility (%) of 1.12 x 107" m?® V2 and maximum conversion
efficiency of 0.006%.

For the specific centrosymmetric structure of 2D layered
perovskites, it is difficult to produce a strong second-order
nonlinear optical response. However, by incorporating 2D
perovskites and organic materials (such as varying different
ammonium functional groups), the structural symmetry can be
adjusted. Xu et al.'’® used the chiral molecule of methylphenyl-
ethylamine (MPEA) as an organic component to induce the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Comparison of the performance the reported photodetectors based on 2D perovskite composites

ON/ Trisel
Photodetector Photoresponsivity Detectivity OFF Ttall EQE Operation
Materials Flexible base type architecture Aw™ (Jones) ratio (ms) (%) wavelength Ref.
(PEA),SnI,2D/SnF, Polyethylene ter-  rGO(reduced graphene 16 1.92 x 10" — 630/ — 470 nm 19
ephthalate (PET) oxide)/(PEDOT:PSS) 3600
SF-PBDTPBIOD/ Polyimide (PI) — 27.06 — 1379 3.53/ —  White light 156
(BA),(MA);Pb,I; 3.78
2D CsPbBr; PET/ITO ITO/CsPbBr;/ITO 0.64 — >10* 0.019/ — 442 nm 32
0.024
(iBA),(M; _FAX);Pb,l;; Polyimide (PI) — 0.4 1.68 x 10> 720 43/22  — 532 nm 157
(BA),(MA),Pb,I,; PI Au/(BA),(MA);Pb,I,3/PT  0.17 3.7 x 102 2.3 x 24/65 — 750 nm 158
10
CsPbBr; nanosheets/ PET Ag/CsPbBr; nanosh- 31.1 — 90 0.016/ 7488 442 nm 159
CNTs eets/CNT/ITO/PET 0.38
CsPbBr; nanosheets/  Paper CsPbBr; nanosheet/ 0.044 6.4 x 10° 2.3 x — — 450 nm 160
Ti;C, Ty Ti;C,T,/paper 10°
CsPbBr;, — — 3.59 1.57 x 102 — — 840 442 nm 161
2D CsPbBr;/PCBM PET Au/CsPbBr;/PCBM/ITO/ 10.85 3.06 x 10 >10°  0.04/ 3390 442 nm 161
PET 0.39

w00 W S0 S0 60

Wavelength (nm) DMSO intercalation

Fig. 11 (a) Structure of different 2D RPP crystals and the fundamental
wavelength dependence of the THG spectra of the most effective flakes.
Adapted with permission from ref. 175. (b) SHG of chiral perovskites.
Adapted with permission from ref. 176. (c) Schematic diagram of the ring
cavity of the mode-locked fiber laser. Adapted with permission from ref.
180. (d) Mode-locking using 2D (CgHsC,H4NH=),Pbl, saturable absorber.
Adapted with permission from ref. 181.

non-centrosymmetric assembly of 2D inorganic layers (Fig. 11b).
The 2D inorganic layers and perovskite crystals were assembled
into a chiral P1 space group by anti-solvent vapor-assisted crystal-
lization (AVC) with a structure of (MPEA), sPbBr;5(DMSO), 5,
where DMSO was dimethyl sulfoxide. Then novel 2D perovskite
nanowires were grown by anti-solvent-assisted crystallization in
the ternary solvent system, which showed a strong SHG response
with high polarizability. Therefore, the introduction of different
ammonium groups as organic spacers provides a general platform
for the functionalization of 2D perovskites, giving them tunable
nonlinear optical characteristics. SHG was also used to detect
the interaction between photons and local structures of 2D
perovskites. Lu et al'”’ found that the SHG intensity of 2D
[(CeHsCH,NH;),]PbCl, depended on the thickness of the nano-
wires. DFT calculations and Monte Carlo (MC) simulations
implied that the van der Waals interaction from flexible organic
amine cations played a key role.'”®

The nonlinear saturable absorption of perovskite materials
is of great use in mode-locked lasers. Perovskites can be
inserted into the laser cavity by depositing on the end face of

© 2022 The Author(s). Published by the Royal Society of Chemistry

the optical fiber connector or the side polished surface of the
D-shaped optical fiber for mode-locking.'”® Li et al.*®® used a
single 2D CH3;NH;PbI; nanosheet as the saturator for a
1064 nm ytterbium-doped fiber laser (Fig. 11c). Compared with
the control films, the 2D perovskite nanosheets had stronger
saturable absorption, larger modulation depth and lower satur-
able strength. In particular, the perovskite nanosheets with
a thickness of 105 nm had the highest modulation depth of
22.2% and the lowest saturation strength of about 1.8 X
10> GW cm > The fwhm of the stable mode-locked pulse
output pulse was 931 ps, the signal-to-noise ratio was more
than 53 dB, the peak power was 4.14 W, and the pulse energy
was 3.85 nJ. Hong et al'®" constructed an all-fiber ring
laser cavity using a 2D perovskite microcrystalline film of
(C¢Hs5C,H,NH;3),Pbl, as the saturated absorber and erbium-
doped fiber as the optical gain medium (Fig. 11d) obtain
transform-limited soliton pulses in the C and L bands under
abnormal dispersion. The C-band soliton pulse showed a very
short pulse duration of 381 fs and a spectral bandwidth of 7 nm
with a central wavelength of 1565.9 nm and a high signal-to-
noise ratio of more than 89 dB at a repetition rate of 41.88 MHz.
Furthermore, L-band soliton pulses with a 6 nm spectral
bandwidth were stably obtained at 1604 nm by adjusting the
optical gain.

Lasers can impose great damage to optoelectronic devices
and the human body (especially human eyes), and thus are also
used as laser weapons. Laser protection has been a research
frontier regardless of civilian or military use. Among them,
optical limiters can reduce the transmittance of strong light
and maintain weak light, well protecting the human eyes and
precision optical sensors from damage caused by high-intensity
light. Perovskite is a potential laser radiation-limiting material
because of its two-photon and multiphoton absorption. Pai et al.'**
reported the optical confinement behavior of a lead benzylamine(u)
perovskite bromide microdisk from strong TPA under 800 nm
fs-laser excitation. A limiting offset of 1.2 mJ cm™> was obtained,
and the surmised optical limiting threshold of ~25.6 mJ cm™>
was comparable to that of benchmark materials such as 2D MoS,.
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Thomas et al.'® also reported 2D RP organic-inorganic hybrid
perovskite quantum dots with high optical confinement. Optical
z-scanning experiments showed that the maximum optical limita-
tion was 67% at 175 pJ under a 532 nm ns laser. The effective two-
photon coefficient was 7.2 x 10> cm GW .

Although 2D perovskites show remarkable nonlinear optical
properties, especially their nonlinear absorption properties
including saturated absorption and two-photon or multiphoton
absorption, the stability of these materials remains the main
obstacle for their practical applications. Accordingly, by com-
pounding with different materials, such as adding organic
functional cations, recombination with inorganic materials,
and ion doping, the stability of perovskites may be effectively
improved. The composite structures are expected to expand the
nonlinear optical applications of 2D perovskites.

5.7 Space applications

Mankind invented various spacecrafts to explore outer space,
such as the International Space Station (ISS) and the Tianwen-1
Mars Probe. However, the harsh space environment featuring
ultra-high vacuum, extreme temperature and containment of
high-energy charged particles and rays'’* puts a high demand
on equipment. Spacecraft mainly use space solar cells for
energy supply. In theory, perovskite solar cells are particularly
suitable for use in space due to their high PCE of above
29.1%,"®* high specific power due to sub-micron-thick absor-
ber, low-temperature solution processability and radiation
resistance. However, the study of perovskite solar cells for space
applications is still in its infancy. The first report proposing this
concept dates back to 2015 by Hirose and colleagues.*® In their
work, the resistance of perovskite solar cells to electron irradia-
tion was investigated, where a 1 MeV electron irradiation source
was used with a dose of 1 x 10"® particle cm™> (p cm™?). Using
quartz as the substrate material, the performance of the device,
such as short-circuit current (Jsc), open circuit voltage (Voc)
and EQE, did not decrease under electron radiation. Since then,
numerous experiments have been carried out to examine
the tolerance of PSC to various space irradiation, such as
electron,'®® proton,"®”'*® and y-ray irradiations,"*>"*° and
neutrons.’®® Yan et al.*®® reported the excellent tolerance of
perovskite solar cells under electron irradiation. After high-
fluence electron irradiation of 10'® e cm™?, the cells maintained
high remaining factors of >87.7% in Voc and >93.5% in the
fill factor (FF) (Fig. 12a). However, the Jsc drastically decreased
as the transmittance of substrate decreased and perovskite
absorber layers decomposed partially. Neitzert et al.*®*® fabri-
cated an inverted perovskite solar cell in a glass/ITO/PEDOT:
PSS/CH;NH;PbI;/PCBM/BCP/Ag layer sequence with a stable
PCE of 12.1% (Fig. 12b). The device was irradiated with 68 MeV
protons until the total dose of 1.02 x 10"® p cm™? was reached.
The solar cells did not show any degradation at the proton
dose of <2 x 10" p ecm 2. At the proton dose of 10" and
10" p em™?, the Jsc decreased by 10% and 40%, respectively.
Therefore, the perovskite-type absorber withstood proton doses
of up to 10"* p ecm™?, nearly 3 orders of magnitude higher
than the damage threshold of c-Si. Moreover, the self-healing
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Fig. 12 (a) Schematic illustration of the perovskite solar cell and J-V
curve. Adapted with permission from ref. 186. (b) Sketch of the perovskite
solar cell and cross-sectional scanning electron microscopy image.
Adapted with permission from ref. 188. (c) Transmission spectra of the
device and ITO glass after gamma-ray irradiation, and comparison of
the normalized PCE as a function of gamma-ray radiation dose for
perovskite and crystal silicon solar cells. Adapted with permission from
ref. 189. (d) I-V characteristics under light-soaking and neutron irradiation.
Adapted with permission from ref. 191.

process of perovskite began and Jsc recovered once the proton
irradiation ended. The fact that the CH3;NH;Pbl; perovskite
showed both radiation resistance and self-repair ability make
this type of solar cell very attractive in space applications.

Huang et al."®® irradiated perovskite solar cells under con-
tinuous light and gamma rays (cumulative dose of 2.3 Mrad) for
1535 h and found that they maintained excellent stability
compared with glass or crystal silicon (Fig. 12c). The self-
healing behavior accounted for the gamma-ray irradiation
resistance given that the defect density characterization indicated
that the irradiation did not impose electronic trap states.
In addition, neutrons are also a type of radiation that affects
aircraft. The International Space Station receives about
~ 2.8 x 10™ neutrons cm ™2 per year. Cassiali et al.*** reported
a study on fast neutron irradiation on perovskite solar cells and
found that the equipment was resilient to the dangerous
radiation in space. Fast neutrons can permanently deteriorate
the device performance due to the atomic displacement
damage. However, the formation of neutron-induced shallow
traps may work as dopants to increase the open-circuit voltage
and decrease the leakage current to reduce the radiation damage
on the device (Fig. 12d).

Another type of ray in space is X-rays,"*> which are electro-
magnetic radiation with a very short wavelength between ultra-
violet and gamma rays. Metal halide perovskites of MAPbBr;
were applied as semiconductor-based X-ray detectors.'® 3D
perovskite CsPbBr; nanocrystals'®* and nanosheets'®> have been
reported as scintillator screens in X-ray imaging.'*® However, their
practical applications remain plagued by the instability and low
density of 3D perovskite nanomaterials. Accordingly, 2D bulk
perovskites may offer alternative solutions. Dang et al.'®” used
lithium chemical doping in a 2D (PEA),PbBr, crystal and the
scintillation mechanism was explored through temperature-
dependent X-ray and thermoluminescence measurements. The
crystal demonstrated a fast decay time of 11 ns (80%), a sharp

© 2022 The Author(s). Published by the Royal Society of Chemistry
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peak with 12.4% energy resolution, and a scintillation yield of
11 000 photons per MeV under 662 keV gamma radiation.

It should be noted that perovskite-based nonlinear optical
devices (optical limiters and saturable absorbers for mode-
locking) may also find applications in space lasers and laser
protection, but their study remains scant.'”*

6. Perspectives

Herein, we reviewed the latest development on 2D perovskite
composites and their versatile applications. Although great
progress has been made in the past few years, the research
based on 2D perovskite composite structures is still in its
infancy. Future studies should focus on the following issues.

Al-assisted functionalization of 2D halide perovskites

To fully realize the potential 2D perovskite composites and
achieve the “1 + 1 > 2” effect, further methodologies of
functionalization of 2D perovskites are necessary. 2D halide
perovskites provide a good platform for defect regulation and
surface functionalization given that most of their atoms are
exposed to the external environment. In addition, because of
their ultra-smooth surface and strong interface coupling, com-
posite structures of ultra-thin 2D perovskites can be designed
flexibly without considering the lattice mismatch."®® Alterna-
tively, the long-term stability of 2D perovskites is still a great
challenge. Currently, the following strategies are mostly
employed: (1) rationally selecting polymers with specific func-
tional groups and anchoring them on the perovskite surface,
thus preventing the perovskites from damage caused by light,
high temperature, moisture and other polar solvents and
(2) directly stacking perovskites with graphene, h-BN, TMDs
and other 2D materials.

In this context, artificial intelligence (AI)-assisted functiona-
lization has proven to be very effective for the rational design of
2D perovskite composites and is the future trend. The trial-and-
error method based on artificial experience has become a
powerful method to design new materials. At present, there
are more than 40 000 papers on chemical materials assisted by
machine learning.'**°° Generally, organic cationic structures
can be artificially designed and compounded with functional
materials to improve the performance of 2D perovskites.
Identifying the key units conducive to high performance and
establishing the relationship between substructure and perfor-
mance is very important for the development of new materials.
However, Al alone cannot meet this challenge, and thus constant
and collective efforts from both theorists and experimentalists are
needed.*”!

Combination of new characterization techniques and
theoretical calculations for deep understanding of the new
physics of perovskites

Understanding the interaction between perovskites and func-
tional materials (such as polymers) within composites is crucial
for the development of new hybrid structures. For instance,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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questions such as which functional groups of the polymer
passivate the trap state of 2D perovskites and how the polymer
affects the termination and surface energy of perovskites are
frequently met in research. In addition, it is necessary to clarify
how the chain packing and composition of polymers affect the
diffusion of water and oxygen, as well as the overall contribu-
tion of polymers to the electronic band structure and stability.
Thus, to tackle these issues, surface analysis techniques including
vibrational spectroscopy, XPS, small-angle neutron scattering
techniques and NMR are very effective tools. Meanwhile, time-
resolved spectroscopy is the key technique for investigating
excited-state dynamics and identifying the correlation between
the structural and optoelectronic properties of perovskite com-
posites, while space-resolved techniques can detect the proper-
ties of different parts of materials. The combination of time
and space resolution enables the study of dynamic processes in
different positions in materials. For instance, 4D ultrafast
electron microscopy (4D TEM) may directly visualize perovskites
and realize simultaneous atomic spatial resolution (angstrom)
and femtosecond time resolution.?*>**® In summary, multi-
dimensional, cross-scale, high-resolution and in situ characteriza-
tion techniques are urgently needed for the observation of
perovskite composites.

Alternatively, computation/simulation technology is very
effective to promote the understanding of the interaction of
composites and the development of nanometer composites
with reinforced properties. For example, DFT and molecular
dynamics are expected to play increasingly important roles in
investigating exciton behaviours, carrier dynamics, surface
defects, interactions between surface and functional molecules
of perovskites, etc.

Perovskite-based miniaturized and flexible devices for future IT

With the rise of new information technologies such as artificial
intelligence and the Internet of Things, information processing
has shifted from computing-intensive to data-intensive. Low-
latency and low-energy edge computing systems are urgently
needed to meet the needs of terminal devices for massive
unstructured data processing capabilities in the future. For
instance, biologically inspired impulsive neural networks (SNN)
use sparse and asynchronous pulse sequences as input/output
and process information via in-memory computing, which has
the characteristics of large-scale parallelism and low energy
consumption. Thus, to fully utilize the advantages of SNN,
new synaptic electronic devices with compact and low power
consumption need to be developed in hardware. Recently,
biomimetic artificial synapses have made great progress, in
which the two-port memristor has the advantages of simple
structure and good integration, and thus regarded as an ideal
carrier of bionic synapses.*** The counterion of halide perovs-
kite is movable under an electric field, which makes it very
promising in the memristor field. Based on the excellent light
absorption capacity of perovskites, these memristors can also
provide novel functions through the collaborative coupling of
photon, electron and ion processes. 3D halide perovskites
(MA', FA" and Cs' as the main monovalent cations) were the
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earliest and most commonly used in memristors,?>> but their
stability and durability are limiting parameters. The use of 2D
perovskites and their composites have recently emerged®®
but these materials have been proven to have great potential
in low-cost and flexible memristors.

Ever-lasting expansion of applications

Similar to an “all-around” potent material, the application fields
of 2D perovskite composites keep expanding. Photocatalysis
such as photocatalytic CO, reduction®*® and water decom-
position®®” is one new field they have exceled in. Composites
based on perovskite nanocrystals and low-dimensional materials
(such as BP,*% graphene oxide, and MXenes) demonstrated
efficacy as photocatalytic catalysts. Our group has recently com-
bined CsPbBr; quantum dots and a 2D copper-based porphyrin
MOF to construct 0D/2D hybrid catalysts for the highly efficient
photocatalytic reduction of CO,. Currently most of the reported
perovskites are inorganic CsPbBr; perovskites, whereas layered
2D perovskites are much less reported.”> However, the latter,
with relatively higher stability and enhanced carrier separation
efficiency®®® by introducing organic compounds, is considered
more promising for photocatalysis. Moreover, controlling the
growth of 2D perovskites and reducing the distance between
inorganic layers may also help to improve the vertical charge
transfer.

The unique bonding structure of 2D composites implies
new physics and applications. Chiral 2D perovskites can be
obtained by introducing chiral organic ligands into the frame-
work. Our group reported the first example of 2D hybrid
perovskite chiral ferromagnets of (R-MPEA),CuCl, and
(S-MPEA),CuCl, (MPEA = methylphenethylamine), which
showed strong oppositely signed circular dichroism signals
and ferromagnetic behaviors.”'® The carriers in chiral 2D
perovskites are self-polarized, and hence constructing chiral
2D perovskite composites with functional materials such as
monolayer TMD can control valley polarization, providing a
promising platform for spintronics. However, the spin injection
process and related physical processes are unclear, which is an
interesting but not widely studied field.*'"

Due to the rich structural diversity and “soft crystal” nature
of 2D perovskites, magnetism and thermochromism can be
integrated through the chemical adjustment of their organic
spacer cations and metal ions,>*> which offers the possibility of
using these composites not only in optoelectronic devices but also
in sensing applications such as monitoring of dopamine,***
CBr,,”** temperature,®*® etc. In addition, doping rare earth ele-
ments can realize the potential of 2D perovskites as light/heat
switchable markers and high-efficiency thermometers in biome-
dical imaging and diagnosis. The record photoluminescence and
electroluminescence efficiency®’® of 2D perovskites has conti-
nuously been broken in displays, encryption, biological imaging
and X-ray detection.’**'”*'® For instance, Chandra et al’'’
reported the use of specific antibody-attached water-resistant
CsPbBr; nanocrystals in different dimensions for two-photon
imaging of breast cancer cells in the near IR region, which is
superior to conventional organic fluorescence labels.
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Finally, scaling-up (such as large-scale continuous) produc-
tion is critical for 2D perovskite composites to move closer to
commercial applications.”*® In summary, 2D halide perovskite
composites have shown great potential and researchers have
made continuous progress in terms of their synthesis, funda-
mental understanding of composition-structure-property rela-
tionships, and various applications beyond optoelectronic use.
We provided our insights into the future trend of this exciting
field, which will hopefully promote joint efforts from research
groups of different backgrounds to tackle the current challenges.
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