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Due to the superior optoelectronic properties of halide perovskites, it has attracted wide attentions
during the past decade, especially in the field of energy. When the dimension of halide perovskites re-
duces, novel properties will appear, such as large exciton binding energy, high photoluminescence
quantum yield, and enlarged band gap. This way, low dimensional halide perovskites, especially two-
dimensional (2D) halide perovskites, have attracted intensive attention in recent years and showed
promising applications, including photodetectors, light emitting diodes (LEDs), and solar cells. Various
methods were then developed for the synthesis of 2D halide perovskites and studying the exciting
optoelectronic properties. The optoelectronic devices based on 2D halide perovskites showed excellent
performance, particularly high sensitive photodetection, high electroluminescence with sharp emission
peak, and environmental stable solar cells with decent power conversion efficiency. In this case, 2D
halide perovskites become superstar materials in perovskites research area. In this review, we summarize
the recent progresses in the synthesis and energy applications of 2D halide perovskites, and challenges

and future directions in the field.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

In the past decade, perovskite materials, especially the organ-
ic—inorganic mixed halides, have attracted wide attention for
energy-related applications due to their superior electrical and
optoelectronic properties. Since the first report of the utilization of
methylammonium (CH3NH%, MA™) lead halide perovskite (MAPDI3)
in solar cells by Kojima et al. in 2009 [1], the power conversion
efficiency (PCE) of halide perovskite based solar cells exceeded over
20% in just a few years of rapid research and development [2],
which evidently indicated the technological potency of mixed
halide perovskites as active materials for the photovoltaics as
compared with other conventional semiconductors. In general, the
high PCE of mixed halide perovskites originates from their excellent
absorption coefficients with suitable band gaps [3,4], outstanding
carrier mobilities [5—7], long carrier diffusion lengths [8—13], low
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trap densities [11], and low exciton binding energies [14,15], etc.
Also, there are some other remarkable features, such as the intense
photoluminescence (PL), rich phase compositions, good stoichio-
metric and property tenability, low-temperature solution process-
ability and so on, which have been lately discovered with these
perovskite materials [16]. In this regard, in addition to high-
efficiency solar cells, all these impressive properties of halide pe-
rovskites [17] can as well make them suitable for other energy-
related applications, including low-power transistors [18—20],
highly-efficient photodetectors [21—24], and light emitting diodes
(LEDs) [25—27]. With all these extensive application opportunities,
the mixed halide perovskites have become a superstar in materials
science and several other scientific communities.

At the same time, there are significant amounts of recent works
focused on the two-dimensional (2D) perovskite materials because
of their unique physical and chemical properties arising from the
quantum confinement effect [28,29]. For example, when the
dimension of perovskites is reduced to 2D, many of their exotic
characteristics would start to appear, together with the much
enhanced stability in ambient, substantially extending them to
wider application domains [30—34|. One way to obtain the 2D
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perovskites is simply to thin down the thickness of three-dimen-
sional (3D) perovskites into atomically thin films, where this fabri-
cation approach has been successfully realized by various kinds of
synthesis methods till now. Among many 2D perovskites obtained
by different techniques, there is a special kind of perovskites, known
as Ruddlesden—Popper (RP) perovskites, which are similar with
conventional 2D materials having a van der Waals layered crystal
structure [35]. Interestingly, this particular kind of perovskites have
the naturally integrated quantum well structures exhibiting quan-
tum confinement effects without physically thinning down to the
atomic thickness, which are in a distinct difference to the typical
layered materials. As a result, these perovskites are also named as
2D or quasi-2D perovskites [34—37]. In any case, owing to their
improved environmental stabilities, large exciton binding energies,
high quantum yields and other rich photophysics properties, these
RP 2D perovskites also find themselves as promising candidates for
next-generation energy-efficient optoelectronics.

In this review, we aim to highlight the recent advancements in
the synthesis, assessment of optoelectronic properties, and energy-
related applications of 2D perovskites, including both conventional
2D perovskites and RP perovskites. In specific, this work is divided
into five sessions. First, the crystal structures of halide perovskites
are introduced, spanning all the way from 3D mixed halide pe-
rovskites to RP halide perovskites. Second, the recent progresses in
the synthesis of 2D halide perovskites are presented. Third, the
intriguing optoelectronic properties of 2D halide perovskites,
especially the RP perovskites, are introduced. Fourth, the recent
achievements in energy-related applications of 2D halide perov-
skites are also surveyed. Eventually, an outlook of the future
development of 2D halide perovskites is also given, which may
serve as important guidelines for the optimal design of 2D perov-
skites for various technological applications.

2. Crystal structures of halide perovskites

Typically, 3D halide perovskite materials have a cubic crystal
structure similar to CaTiO3, which can be written in the form of
ABX3 as schematically shown in Fig. 1a. A and B are cations, and X
represents an anion. In explicit, A cations locate at the interstices of
the corner-sharing BXg octahedral network, forming the structure
of 3D perovskites. For maintaining a stable ABX3 structure, the
Goldschmidt tolerance factor (t) of the perovskite should be close to
1, in which it is always within a range of between 0.813 and 1.070.
The Goldschmidt tolerance factor is defined as t = (Ra + Rg)/
[\/2(Rx + Rg)], where Ra, Rg, and Ry are the ionic radii of the cor-
responding ions of A, B and X, respectively [38]. For halide

Fig. 1. lllustrative schematic of the crystal structure of different halide perovskite
materials. (a) Perovskites with the chemical formula ABXs. (b) RP perovskites with
n = 1. (c) RP perovskite with n = 2. The chemical formula of RP perovskites is
LZAn—l an3n+1-

perovskites, A sites are occupied by the ions of Cs*, MA™, or for-
mamidinium (NH,CHNHZ, FA™), B sites are taken by the ions of
Pb%* or Sn?", and X sites are engaged with the halide anions, such
as C1I"!, Br~1, and I It is also noted when A sites are occupied by
the groups that are too large, such as the long-chain alkyl amine
cations, the lead halide perovskites would turn into the above-
discussed 2D layered structure (e.g. RP perovskites) as illustrated
in Fig. 1b and c.

For RP perovskites, the general chemical formula is written as
LoA;_1BnX3n41, where LT is the long chain molecular cation, such as
aliphatic and aromatic alkylammonium cations. Importantly, this
organic cation L™ must contain terminal functional groups, which
can ionically interact with the anionic inorganic substructure but
without reacting with the rest of organic molecules, being stable
with the inorganic components B and X [39]. The most common
long chain molecular cations of 2D RP perovskites are n-buty-
lammonium (n-BA) and 2-phenylethylammonium (PEA). More
detailed information about the other long chain molecular cations
can be found in the literature [35]. As demonstrated in Fig. 1b and c,
the BXg perovskite sublayer is sandwiched by the long chain mo-
lecular cations. The value of n determines the number of BXg oc-
tahedrons along the sandwiched direction. Since the long chain
molecular cations are always insulating, the sandwiched structure
would behave like a multiple quantum well structure, where the
inorganic slabs serve as the well while the organic layers function
as the potential barriers. Due to the strictly periodical spatial
arrangement of the metal halide structures as well as the packing of
the organic species around them, RP perovskites can be considered
as the bulk assemblies of 2D quantum wells. The isolation of the
interior metal halide sublayers sandwiched by the wide band gap
organic ligands can effectively inhibit interactions between metal
halide layers, which allows the bulk crystals to exhibit the intrinsic
properties of individual metal halide layers [40]. This phenomenon
is totally different from the conventional layered materials,
including WS, and graphite, where the individual layer shows very
different properties as compared with their bulk counterparts. This
way, these RP layered perovskites can also be called 2D perovskites
or quasi-2D perovskites depending on the layer numbers of BXg
units stacked along the sandwiched direction. When the n value is
greater than 4, the terminology of quasi-2D perovskites is
commonly referred. In this report, in order to differentiate these
quasi-2D perovskites from the typical 2D perovskites fabricated by
thinning down 3D perovskites to the atomic thickness, this
particular kind of 2D perovskites are named as 2D RP perovskites in
the following sessions.

3. Synthesis of 2D perovskites

Controllable synthesis of 2D perovskites is important for the
investigation of their fundamental properties and device applica-
tions. Till now, various kinds of atomically thin perovskites have
been synthesized using different kinds of techniques. In this ses-
sion, we will discuss the recent progresses in the synthesis of 2D
perovskites. As the halide perovskites can be categorized into
organic—inorganic mixed halide perovskites, 2D RP perovskites,
and inorganic halide perovskites, the following discussion will be
divided into three subparts according to the classification.

3.1. Organic—inorganic mixed halide perovskites

Since MAPbX3 (X = Cl, Br, I) is a non-layered 3D perovskite
material, it is relatively difficult to obtain 2D perovskites directly
from their 3D counterparts, especially by the universal scotch tap
based mechanical exfoliation method utilized in obtaining con-
ventional 2D materials, such as graphene, and MoS;, etc. [41].
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Fortunately, one of the precursors for synthesizing MAPbX3 pe-
rovskites, PbXy, has a van der Waals layered crystal structure. This
way, it is possible to first obtain the atomically thin Pbl, flakes,
which can then be chemically transformed into MAPbX3. In general,
chemical vapor deposition (CVD) technique is a convenient way for
the growth of atomically thin Pbl, nanoplatelets [42]; therefore,
CVD combined with the subsequent chemical conversion is widely
used for the synthesis of MAPbX3 nanoplatelets. For instance, Ha
et al. have synthesized halide perovskite nanoplatelets using the
two-step CVD method [43]. At first, Pbl, nano-platelets were
epitaxially grown on muscovite mica substrates via vapor transport
CVD; next, the as-grown Pbl, nanoplatelets were converted to
perovskites by reacting with methylammonium halide (MAI) gases
in a CVD chamber as shown in Fig. 2a. The prepared perovskite
nanoplatelets typically exhibited a lateral domain size of 5—30 um.
Due to the insertion of the organic molecules in Pbl,, the thickness
of the resulting perovskite nano-platelets were found to increase
slightly as compared with that of Pbl, as illustrated in Fig. 2b. A
linear relation between the thickness of Pbl, and MAPbI; nano-
platelets could be obtained following the equation of tyapp, =
1.81tpp,, — 2.2. Other perovskite nano-platelets, such as MAPbBr3,
MAPbCl3, MAPDICls3_4, and MAPDIBr;_y, could also be synthesized
by the similar method with different lead halide and methyl-
ammonium halide sources [43]. However, the thickness of the ob-
tained perovskite nanoplatelets was still relatively thick, being on
the order of tens to hundreds of nanometers. By further optimizing
the evaporation temperature of Pbly, substrate temperature, and
deposition time, Niu et al. could obtain Pbl, platelets with the
controlled thickness on Si/SiO,, which could be consequently
converted into MAPbIs platelets [44]. The thickness of resulting
MAPDI3; nanoplatelets could be reliably controlled from few layers
to hundreds of nanometers. Apart from usual 2D growth on smooth
underlying substrates, as the morphology of Pbl, can be well tuned

by CVD method, Lan et al. recently developed a method to achieve
the synthesis of free-standing Pbl, nanosheets utilizing the surface
micro-environment of the roughened substrate and then converted
them into free-standing MAPbI; nanosheets [22].

Ultra-thin Pbl, nanoflakes could also be obtained by solution
based methods because of their layered structure. This way,
atomically thin MAPbI3 flakes were able to be achieved by the
chemical conversion of ultra-thin Pbl; flakes from solution
method [45]. In particular, atomically thin Pbl, flakes could be
synthesized by casting the saturated aqueous Pbl; solution onto a
substrate and successively heating the processed substrate at an
elevated temperature. After that, the atomically thin Pbl, flakes
were converted into MAPDI; flakes in a CVD system. The synthesis
process is also depicted in Fig. 2c. It was found that the heating
temperature of this solution process was crucial in order to con-
trol the nucleation and growth of 2D Pbl, nanosheets since the
number of nucleation sites was predominantly controlled by
temperature. By utilizing this method, MAPbI; flakes with the
thickness of 1-, 2-, 4-, and 10-layer were successively obtained
(Fig. 2d). Furthermore, Wang et al. developed another method for
the synthesis of MAPbI3 microplate arrays as schematically pre-
sented in Fig. 2e [46]. In detail, the SiO,/Si substrate was first
functionalized with self-assembled monolayers of (octadecyl)tri-
chlorosilane (OTS) to yield a hydrophobic surface and then lith-
ographically patterned to create periodic arrays of hydrophilic
areas. A hot aqueous Pbl, solution was used as a seeding solution
to produce Pbl, seed particles in hydrophilic regions using a flow
seeding process. The seeded substrate was next immersed in a
saturated Pbl;, solution at 80 °C to further grow the seeds into
larger Pbl, microplates. Eventually, the as-grown Pbl; flakes could
be chemically converted into MAPbI; microplates. This method is
extremely useful for the fabrication of perovskites based device
arrays owing to its versatility.

Fig. 2. Synthesis of organic—inorganic mixed halide perovskites. (a) Experimental setup for the conversion of PbX, into MAPbXs. (b) Thickness of Pbl, platelets before and after
being converted to MAPbI; platelets. (a), (b) Reproduced with permission from Ref. [42]. Copyright 2014, WILEY-VCH. (c) Illustrative schematic for the synthesis of MAPbI;
nanosheets by hot casting method. (d) AFM images of the MAPbI; nanosheets. (c), (d) Reproduced with permission from Ref. [44]. Copyright 2016, American Chemical Society. (e)
[llustrative schematic for the synthesis of perovskite microplates arrays. Reproduced with permission from Ref. [45]. Copyright 2015, American Association for the Advancement of
Science. (f) Optical microscopy image and AFM image (inset) of a MAPbCl3 nanosheet. Reproduced with permission from Ref. [46]. Copyright 2015, American Chemical Society.
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Moreover, direct CVD method together with van der Waals
epitaxy were employed to synthesize MAPbCl; nanosheets with the
large lateral domain size up to tens of micrometers and the thick-
ness down to several nanometers (Fig. 2f) [47]. Specifically, PbCl,
and MACI powders were used as the precursor sources, while
muscovite mica substrates were selected for the van der Waals
growth of MAPDCl;. The reaction was performed in a horizontal
tube furnace at a pressure of 120—160 Torr. The source and growth
temperatures were carefully designed to control the deposition.
During the growth, PbCl, powders were placed in the center of the
furnace with a temperature of 360 °C, MACI powders were placed
upstream with a relatively low temperature of 200 °C, and the
muscovite mica substrate was placed downstream with a temper-
ature of 200 °C. This way, square-shaped perovskite nanosheets
with the lateral domain size of tens of micrometers could be pre-
pared. From Monte Carlo simulations, they found that the compe-
tition between the van der Waals diffusion and surface free energy
of the perovskite would lead to film thickening. As a result, in order
to achieve the atomically thin MAPbI3 flakes by direct CVD, surface
passivation is essential to reduce the film thickening effect here.

3.2. 2D RP perovskites

Due to the van der Waals layered crystal structure of 2D RP
perovskites, it is quite straight-forward to obtain atomically thin
layers of perovskites by mechanical exfoliation similar to the cases
in conventional 2D materials, such as graphene [41]. By using
micromechanical exfoliation technique, Niu et al. could ultimately
obtain one-layer to several layers of (CsgHgCoH4NH3),Pbl, flakes as
shown in Fig. 3a [48]. This synthesis method is extremely suitable
to get hold of ultrathin flakes for studying the basic properties of
quasi-2D perovskites with different layer numbers [49,50], but it
cannot be used for practical material manufacturing because of the
lack of size and thickness control of the obtain flakes. Thus, other
methods were developed for the synthesis of atomically thin 2D RP
perovskites. Dou et al. have successfully synthesized atomically
thin BA,PbBrs perovskite (BA = C4HgNH3) by solution based
method [51]. Using ultra-low concentration of the mixture of BABr
and PbBr, (molar ratio of 2:1) in the ternary organic solvent (e.g.
chlorobenzene-dimethylformide-acetonitrile) and controlling the
evaporation temperature, monolayer and few-layer BA,PbBry
perovskite nanosheets could be obtained on the Si/SiO;, substrate.

This particular method could be further extended to the synthesis
of ultrathin BA;PbCls, BA;Pbls, BA;PbCl;Bry, BA,PbBrl,, and
BA;MAPD,Br7 2D nanosheets by simply using different precursors
[51]. At the same time, Chen et al. carried out a systematical
investigation on this method and found the critical factors affecting
the growth of 2D perovskites, which were the solvent volume ratio,
crystallization temperature, and solvent polarity [52]. Under the
optimal reaction condition, 2D BA,PbBr4 perovskites with the
largest lateral dimension of 40 um and the smallest thickness of
down to a few nanometers were obtained (Fig. 3b). Furthermore,
the same research group also developed a self-doping engineering
method for the synthesis of ultrathin and large size 2D homologous
BA;MA,,_1Pb,,Brs,. 1 perovskites using 2D BA,;PbBr4 nanosheets as
the template with MA" dopants (Fig. 3c) [53]. In explicit, 2D
BA,PbBrs nanosheets were first synthesized by a solvent-based
method. Next, the 2D BA,PbBrs nanosheets were transformed
into 2D homologous BA;MA,_1Pb,Brs,; 1 perovskites by CVD at
120 °C for 30 min. The self-doping of 2D perovskites could yield
BA;MA,;,_1Pb;Brs,, 1 with different n values from 2 to o depending
on the self-doping time. This way, ultrathin BA;MA,,_1Pb;;Brs 1
perovskites were able to be formed via an intercalation mechanism
with the thickness shrinking down to 4.2 nm and the lateral
dimension up to 57 pm. Zhang et al., on the other hand, used a
binary mixture of solvents as the perovskite precursors [54].
Acetonitrile is an appropriate solvent for the precursors while
toluene is a poor solvent that is known to induce the precipitation
of perovskite crystals. Here, these two solvents are perfectly
miscible, which could slowly coevaporate at room temperature,
allowing the controlled synthesis of 2D RP perovskites on sub-
strates. As a result, PEA;Pbly, BAyPbls, (CgH13NH3),Pbly,
(C12H25NH3),Pbly, and (C1gH33NH3),Pbl4 nanosheets with different
thicknesses were successfully obtained.

Although these 2D RP perovskites with large lateral size have
been synthesized, these nanosheets were all obtained on sub-
strates, in which complex techniques were required in order to
transfer all those nanosheets to other substrates, restricting their
further device applications. Alternatively, colloidal-based methods
were explored for the synthesis of 2D RP perovskite nanosheets.
Yang et al. developed a more controllable scheme to grow single-
and few-layer free-standing PEA;PbX4 (PEA = CgHgNH3, X =C, Br, )
with the uniform lateral size [55]. In particular, PEAI and Pbl, with
molar ratio of 2:1 were dissolved in N,N-dimethylformamide

Fig. 3. Synthesis of 2D RP perovskites. (a) Optical microscopy image of (C¢HoC2H4NH3),Pbl, flakes obtained by micromechanical exfoliation technique. Reproduced with permission
from Ref. [47]. Copyright 2014, AIP Publishing. (b) SEM image of BA,PbBr4 perovskite nanosheets obtained by solution based method. Reproduced with permission from Ref. [51].
Copyright 2017, WILEY-VCH. (c) Illustrative schematic of self-doping engineering method for 2D RP perovskites. Reproduced with permission from Ref. [52]. Copyright 2017, WILEY-
VCH. (d) TEM image of PEA,PbX,4 nanosheets. (e) AFM image of PEA,PbX,4 nanosheets. (f) TEM image of PEA,PbX4 nanosheets. (d)—(f) Reproduced with permission from Ref. [54].
Copyright 2017, WILEY-VCH. (g) Optical microscopy image of BA,Pbly flakes. Reproduced with permission from Ref. [57]. Copyright 2017, WILEY-VCH.
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(DMF), and the solution was then quickly dropped into toluene
under vigorous stirring at room temperature. After 10 min, the
perovskite nanocrystals were formed with the lateral size of
531 + 62 nm and thickness of 2.0 + 0.1 nm (Fig. 3d—f). By
substituting toluene with other solvents, such as chlorobenzene,
chloroform, and dichloromethane, the lateral size of the perovskite
nanocrystals can be better controlled.

In any case, despite solution-based methods have received
considerable achievement, the crystal quality of obtained flakes is
still relatively low as compared with the mechanical exfoliated
ones. Since CVD is widely used for the synthesis of conventional 2D
materials, such as MoS; [56], and WS, [57], in which this popular
technique can also be utilized to grow atomically thin 2D RP pe-
rovskites. For example, high-quality and atomically thin BA,Pbl,
flakes with the lateral size of 5—10 um and rectangular shape were
readily grown on mica substrates via van der Waals epitaxy using
CVD method (Fig. 3g) [58]. It should be noted that the layered
structure of 2D perovskites actually complicated the growth of thin
2D perovskites. On the one hand, large organic ligands have the
very low mobility, and hence, it is hard for BA;Pbl; molecules to
migrate on the substrate surface, which makes the easy formation
of clusters rather than flakes. On the other hand, the vapor pressure
of Pbl; is several orders lower in magnitude than that of the organic
ligands of C4HgNH, due to the higher melting point of the former
one. This way, these two components tend to condense in different
areas after being carried to the downstream, in which most of Pbl,
would have been consumed during cooling with only few left to
react with BAL In order to overcome those limitations obtaining the
2D flakes, the temperature gradient in the downstream area was
increased by using a narrow heating belt. Simultaneously, the
heating temperature of Pbl, was reduced slightly to reduce the
reaction rate. In this case, BAyPbly flakes with the well-defined
thickness could be reliably obtained.

In addition, liquid exfoliation was also exploited to synthesize
2D RP perovskites from 3D perovskites by inserting the long chain
molecules into the 3D perovskite structures. Hintermayr et al.
reported the synthesis of OlA;MA,,_1Pb;X3,,1, where OIA was
oleylamine cation (CgH1g=CgH17NH3), and X was Cl, Br, or I [59].
During the process, MAPbXs microcrystal powder was first
dispersed in toluene together with OIA and subjected to tip
sonication. Then, by centrifugation, the large particles were
removed and the nanoplate dispersion was achieved. Interest-
ingly, this method simply relied on the use of solvents, which can
effectively reduce the energy of exfoliation according to the
Hansen solubility parameter optimization. In this case, the ligand
OIA would assist in the exfoliation, protecting the obtained
nanoplates from agglomeration and rendering them dispersible
in the organic solvents.

3.3. Inorganic halide perovskites

For inorganic halide perovskites, colloidal synthesis method is
the most widely used technique for obtaining 2D perovskites
[60—64]. Bekenstein et al. synthesized CsPbBrsz nanoplates by
injecting Cs-oleate solution into PbBr; solution with mixed sol-
vent (i.e. mixture of octadecene, oleic acid, and oleylamine) at
elevated temperatures [61]. The reaction temperature was found
to play a critical role in determining the shape and thickness of
resulting nanoplates. Reactions conducted at 150 °C would pro-
duce mostly nanocubes, while nanoplates could be obtained at
the relatively lower temperatures. For instance, nanoplates with
the lateral dimension of 20 nm and the thickness of ~3 nm could
be attained at 130 °C. Moreover, CsPblz and CsPbCl; nanoplates
could be grown through anion exchange and these nanoplates can
be coated onto substrates by centrifugal casting method for device

applications [63]. However, the lateral size is only about
20—300 nm (Fig. 4a), which is not large enough for the evaluation
of fundamental properties of individual nanosheet and/or corre-
sponding device fabrication. Shamsi et al. found that CsPbBrs
ultra-thin sheets (3 nm) with the rectangular shape and the
controlled lateral size from 300 nm to 5 um could be obtained by
using oleic acid to dissolve Cs-oleate and introducing short li-
gands (Fig. 4b) [64]. The use of oleic acid as a solvent for Cs-oleate
would lead to the formation of nanoplates in a wide range tem-
peratures, spanning from 50 to 150 °C. The drawback is that the
lateral size could only be controlled from 50 to 200 nm with the
simultaneous increase of thickness. In order to get nanoplates
with the large lateral dimension, shorter ligands, octanoic acid
and octylamine could be introduced into the solution. By varying
the ratio of the two short ligands over that of the longer ligands
(e.g. oleic acid and oleylamine), the lateral size of nanoplates
could be well controlled from 300 nm to 5 um, while the thick-
ness of nanoplates was confined to only 2—3 unit cells (i.e.
2.5—3 nm thick).

Moreover, CVD was also explored to grow various inorganic lead
perovskites. Zhang et al. have employed van der Waals epitaxial
CVD method using mica as substrates for the synthesis of CsPbX3
(X = Cl, Br, I) nanoplatelets [65]. The nanoplatelets had square
shapes, which was originated from the intrinsic cubic phase of
perovskites. The square nanoplatelets were well oriented at mul-
tiples of 90°, suggest the epitaxial nature of the nanoplates on mica
as shown in Fig. 4c. Even though the lateral dimensional of the
perovskite nanoplatelets was quite large in the range of 1-20 um,
they were still very thick with the thickness spanning from 50 to
300 nm (Fig. 4d).

The advantages and disadvantages for the synthesis of 2D pe-
rovskites are shown in Table 1. Nevertheless, even if the synthesis of
2D perovskites have drawn the substantial attention and made the
significant progress, the obtained 2D perovskites were mostly
configured in the sheet-like morphology without good control of
their thickness, which seriously restricted their applications in
electronics and optoelectronics. New synthesis methods towards
the controlled synthesis with well-defined thickness and large
lateral size are urgently preferred in the near future to industrialize
these 2D materials.

Fig. 4. Inorganic halide perovskites flakes. (a) TEM image of CsPbBr; nanoplates syn-
thesized by colloidal method. Reproduced with permission from Ref. [60]. Copyright
2015, American Chemical Society. (b) TEM image of large lateral size CsPbBr3 nano-
plates. Reproduced with permission from Ref. [63]. Copyright 2016, American Chemical
Society. (c) Optical microscopy image of CsPbBr5 flakes on Mica. (d) AFM line profile of
the CsPbBrs flakes with different color. (c), (d) Reproduced with permission from
Ref. [64]. Copyright 2016, WILEY-VCH.
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Table 1
Advantages and disadvantages of the synthesis methods.

Materials Synthesis methods

Advantages

Disadvantages

Chemical conversion
Direct CVD
Mechanical exfoliation

Organic—inorganic mixed
halide perovskites
2D RP perovskites
Liquid exfoliation
Solution based method
Colloidal based method
CVD

Colloidal based method
CVD

Inorganic halide perovskites

Large lateral size; high crystal quality
Large lateral size; high crystal quality
High crystal quality

Large amount of production

Large amount of production;

high crystal quality

Large amount of production; fine
control of flake thickness

High crystal quality; large lateral size
Large production

High crystal quality; large lateral size

Poor control in thickness

Poor control in thickness

Small lateral size; lack of control in
thickness; low production

Small lateral size; lack of control in
thickness; poor crystal quality

Small lateral size; poor crystal quality;
poor control in thickness; substrate needed
Small lateral size; poor crystal quality

Lack of control in thickness
Poor control in thickness
Lack of control in thickness

4. Optoelectronic properties of 2D halide perovskites

For practical device applications, the most interesting opto-
electronic properties of 2D materials are the large exciton binding
energy due to the reduced dielectric screening (i.e. image charge
effect) and quantum confinement effect. For example, monolayer
WS; has exciton binding energy as large as 700 meV [66]. In 2D
perovskites, large exciton binding energies are also observed in 2D
RP perovskites. Early reports have found that the excitons were
mostly existed as the Wannier-type and the exciton binding energy
of single layer (n = 1) 2D RP perovskites is usually in a range of
about 170—480 meV depending on the encapsulating organic layer
[67—72]. This large exciton binding energy is typically higher than
the thermal energy at room temperature (kgT = 25.7 meV), which
means that the photogenerated electron—hole pairs are bound
together by Coulombic attraction forming excitons, being stable at
room temperature and difficult to be ionized by thermal fluctua-
tion. This way, the excitonic absorption of 2D RP perovskites can be

obviously observed at room temperature as a strong and sharp peak
below the band gap onset (Fig. 5a).

Due to the different dielectric environment, the exciton binding
energy of atomically thin 2D RP perovskites is somewhat different
from their bulk counterparts. Yaffe et al. have found that the
binding energy of atomically thin BA,Pbl, (a single unit cell thick
2D material) is as high as 490 meV [50]. This value is already much
higher than its bulk material configured with single layers of cor-
responding 2D RP perovskite (360 meV), which was attributed to
the different dielectric environment. The exciton binding energy is
also highly depended on the layer numbers (i.e. the quantum well
width), in which the 2D RP perovskites with larger n would have
the smaller exciton binding energy because of the reduced quan-
tum confinement effect [73—75].

Moreover, the exciton binding energy can as well be roughly
determined from the difference between the first exciton absorp-
tion peak and the onset of absorption from corresponding ab-
sorption spectrum at low temperature as shown in Fig. 5b [76—78].

Fig. 5. Optoelectronic properties of 2D halide perovskites. (a) PL and absorption spectra of BA;MA,, _1Pbylsn,1 with different n values at room temperature. Reproduced with
permission from Ref. [74]. Copyright 2017, Elsevier Inc. (b) Absorption spectrum of a representative 2D perovskite at 5 K. Reproduced with permission from Ref. [76]. Copyright 2018,
Royal Society of Chemistry. (c) PL spectra of BA,PbBry with different thicknesses. Reproduced with permission from Ref. [50]. Copyright 2015, American Association for the
Advancement of Science. (d) PL spectra of MAPbI; nanosheets with different thicknesses. (e) PL peak position and band gap as a function of the number of unit cells in the
perovskite. (d), (e) Reproduced with permission from Ref. [44]. Copyright 2016, American Chemical Society. (f) Absorption spectra of PEA;PbBrs(;_xClsx. Reproduced with

permission from Ref. [81]. Copyright 2014, American Chemical Society.
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However, it is rather difficult to obtain the accurate exciton binding
energy from the room temperature absorption spectrum owing to
the thermal broadening of the spectrum. It is important to point out
that Tauc plot cannot be used to determine the band gap of 2D RP
perovskites for two reasons. First, the absorption spectrum contains
the exciton absorption peak, which always merges with the onset of
the absorption spectrum from band gap transitions at room tem-
perature. Second, the relation ahv e (hv — Eg)!/? is not valid for 2D
materials due to the difference of the joint density states of 3D and
2D materials [79]. Fortunately, since the absorption of 2D materials
is step-like near the band gap [79], in this case, the band gap of 2D
RP perovskites can be determined from the step-like onset of the
absorption spectrum at low temperature as demonstrated in Fig. 5b
[77].

Importantly, the large exciton binding energy of 2D RP perov-
skites make them suitable for light emitting devices owing to the
increased radiative recombination probability and the sharp
exciton emission peak. In fact, 2D RP perovskites also have the high
photoluminescence (PL) quantum yield. Yuan et al. have found that
the PL quantum yield of colloidal 2D RP perovskite microdisks was
up to 53% with a narrow deep blue emission [80]. Because of the
large exciton binding energy, the 2D RP perovskites typically have a
fast radiative recombination of photo-generated carriers. This way,
the charge carrier lifetime is short as compared with the ones of 3D
perovskites, ranging in several to tens of nanoseconds [81]. For
large n values (>2), the 2D RP perovskites showed another inter-
esting photo-physics phenomenon, which is the dissociation of
excitons into free carriers at lower energy edge states [49]. In other
words, once the carriers were trapped in the edge states, they
remained protected and did not lose their energy through non-
radiative processes, contributing to the photocurrent in photovol-
taic devices or radiatively recombining efficiently as desired for
light emission devices. Thus, this behavior can substantially
improve the performance of fabricated optoelectronic devices.

Interestingly, the band gap of 2D RP perovskites reduces with
the increasing of layer numbers (n values) due to the reduced
quantum confinement effect [ 74]. The combined effects of band gap
and exciton binding energy on layer numbers affect both the ab-
sorption and photoluminescence spectra of 2D RP perovskites,
making it more difficult to extract optical parameters. Anyway, the
excitonic absorption peak and the photoluminescence peak shift to
the low energy side were observed with the increasing layer
number of n (Fig. 5a) [75]. Recently, Blancon et al. carried out a
systematical study on the dependence of exciton properties on the
value of n of the 2D perovskite BA;MA;,_1Pb,l3,.1 using optical
spectroscopy and 60-T magnetoabsorption supported by modeling
and found both the band gap and the exciton binding energy
decreased with the increasing of n accompanied by the decreasing
of the exciton reduced mass [82]. In addition, the band gap of 2D RP
perovskites also depends weakly on their physical thicknesses. As
illustrated in Fig. 5c¢, the emission peak of BA;PbBr4 sheets shifted
to the lower wavelength as their physical thicknesses increase [51].
The blue shift of the PL peak was probably attributed to the
structural relaxation of the in-plane crystal lattice, indicating that
the van der Waals interaction between layers could also affect the
electronic properties of the RP 2D perovskites even though the
interaction was very weak. Similar results were also observed in
PEA,Pbly [54].

Similar with other 2D semiconducting inorganic semi-
conductors, the band gap of atomically thin MAPbI3 was found to
decrease with the increase of layer numbers [45]. The PL emission
peak for one single layer of MAPbI3 was centered at ~720 nm, and it
gradually increased to the bulk value of ~765 nm (Fig. 5d). The PL
peak and band gap were observed to change with the thickness of
MAPbDI3 nanoplates as shown in Fig. 5e. The enlarged band gap of

ultra-thin MAPbI3 nanoplates could be attributed to the quantum
confinement effect. However, the band gap of monolayer MAPbI3
was still much smaller than that of single layer 2D RP perovskites.
The only difference between monolayer MAPbI; and single-layer
2D RP perovskites is the existence of organic encapsulating layer
in 2D RP perovskites, which may lead to the lattice distortion of the
inorganic layer. Therefore, the reasons for having the different band
gap here may be ascribed to the different dielectric environment
and lattice distortion.

Like 3D perovskites, the absorption spectrum of 2D RP perov-
skites could also be well tuned by the partial substitution of halide
cations, which made them suitable for tunable wavelength LEDs
and tandem solar cells. Lanty et al. have reported that the excitonic
absorption of PEA;PbX4 (X = I, Br) could be well manipulated by the
partial substitution of Br with Cl as shown in Fig. 5f [83]. The
tunable absorption was ascribed to the band gap tuning by the
partial substitution of cations. Weidman et al. have as well found
that the emission energy and absorption spectra of RP perovskite
nanoplatelets with the chemical formula LA, _1B;X3,.1 could be
varied by changing the n values, B halide cation and X anion, while
the variation of A cation would lead to only subtle changes [84].
Furthermore, mixed halide nanoplatelets exhibited the continuous
spectral tunability all the way from 2.2 to 3.7 eV, covering a spectral
range of 1.5 eV.

5. Energy applications

Among many exciting characteristics of 2D perovskites, the
excellent optoelectronic properties, such as the large absorption
coefficient, high carrier mobility and long diffusion length, make
them promising for energy-related applications. Till now, great
achievements have been made in various energy-related utiliza-
tions. Here, we summarize the recent progresses of 2D perovskites
for energy-related devices, including photodetectors, LEDs, and
solar cells.

5.1. Photodetectors

In general, 2D MAPbI;3 flakes is suitable as the active material for
photodetectors because of its large absorption coefficient, high
carrier mobility, and small exciton binding energy (<26 meV). For
instance, Wang et al. fabricated photodetector arrays based on
MAPbDI3 microplates [46]. The obtained photodetectors showed a
low dark current (on the order of pA) and nearly linear cur-
rent—voltage behavior under illumination with the wavelength of
488 nm (Fig. 6a), indicating the excellent photoresponse of the
perovskite crystals. The photocurrent-to-dark current ratio of de-
vices could reach up to three orders of magnitude. Notably, the
responsivity of fabricated photodetectors was found to be ~7 AW~!
under a bias voltage of 5 V, corresponding to a photogain of ~18. The
devices also had a fast photoresponse with both rising and falling
times in the range of ~500 ps (Fig. 6b). By further reducing the
channel length from 8 um to 100 nm, the responsivity could be
improved to ~40 A W~L At the same time, Liu reported that
atomically thin 2D MAPbI3 photodetectors as well showed the wide
band response, spanning from ultraviolet to the entire visible
spectral range [45]. The device showed linear -V curves with and
without light illumination (Fig. 6¢), indicating the good contact
between the gold electrodes and the perovskite. The photocurrent-
to-dark current ratio can reach up to 2 orders of magnitude as
shown in the inset of Fig. 6¢. The responsivity of the photodetectors
was high with a bias voltage of 1V, which was 22 AW~ at 405 nm
(Fig. 6d), and 12 AW~ at 532 nm. The rise and decay times of the
photodetectors were shorter than 20 and 40 ms, respectively
(Fig. 6e). Interestingly, Lan et al. found that photodetectors made
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Fig. 6. Photodetectors based on MAPbI; flakes. (a) [-V curve of the MAPbI; nanosheet based photodetector with and without light illumination (488 nm). Inset: corresponding
optical microscopy image of the device. Scale bar: 20 um. (b) Response speed of a typical two-probe device with 488 nm modulated light illumination. (a), (b) Reproduced with
permission from Ref. [45]. Copyright 2015, American Association for the Advancement of Science. (c) [-V curve of the MAPbI; sheet based photodetector with and without light
illumination (405 nm). Inset: Time-dependent current under modulated light illumination (405 nm) with a bias voltage of 1 V. (d) Photocurrent and photoresponsivity as a function
of incident power at a wavelength of 405 nm. (e) Temporal photocurrent response excited at 405 nm. (c), (d), (e) Reproduced with permission from Ref. [44]. Copyright 2016,
American Chemical Society. (f) Current as a function of time under modulated light illumination (405 nm) under the bias voltage of 5 V. Inset: corresponding SEM image of the

device. Reproduced with permission from Ref. [22]. Copyright 2017, WILEY-VCH.

from free-standing MAPDbI3; nanosheets had the decent photo-
response [22]. The fabricated photodetector had the good stability
under chopped light illumination with the high on/off ratio of 400
(Fig. 6f). The responsivity of the photodetector (with the channel
length of 8 um as shown in the inset of Fig. 6f) was about 40 AW~!
under 405 nm light illumination and bias voltage of 5 V, which was
close to the responsivity of microplate MAPbI3 with the ultra-small
channel length (100 nm) [46], indicating the excellent performance
of the obtained photodetector. On the other hand, Li et al. fabricated
MAPDI; nanosheet based photodetectors based on the vertical
configuration using Au and indium tin oxide as electrodes [85].
Although the photodetectors showed the relatively low respon-
sivity (36 mA W~ at 635 nm), it provided another device scheme
for the photodetector design with different configurations.
Simultaneously, 2D RP perovskites also showed the excellent
photodetection performance. Zhou et al. have made photodetectors
from RP perovskite BAyMA;,_1Pb;ls,. 1 films [86]. The RP perovskite
film showed the n dependent response spectrum, being consistent
with the absorption spectrum. Once configured into photodetec-
tors, the photocurrent was highly depended on the inner perovskite
layer thickness, where the better photodetection performance was
observed in the film with the large n value (Fig. 7a). In specific, the
responsivity with n = 1, 2, and 3 was measured to be 3.00, 7.31, and
12.78 mA W1, respectively, under white light illumination with a
power of 3.0 mW cm™2. All the photodetectors had a fast photo-
response with the response time in milliseconds. The poly-
crystalline nature of 2D RP perovskites might be the reason for the
observed low responsivity. Recently, we have found that the pho-
todetection performance of 2D RP perovskites could be significantly
improved by the substitution of the long direct chain BA™ with
branched i-BA' and using a hot-casting processing method [87].
Particularly, the photodetectors based on hot-casting (i-
BA);MA3Pbal;3 films had a high responsivity of 1177 mAW ! under a
bias voltage of 1.5 V (Fig. 7b). Furthermore, the response speed was
very fast, with the rise time of 16 ms and decay time of 15 ms
(Fig. 7¢). These high responsivity and fast response were attributed
to the improved crystal quality of films prepared by hot-casting

method. The branched encapsulating cations with short chain
lengths was thought to be another performance enhancement
reason because the short chain cations could facilitate the efficient
carrier transport between layers. The reduced exciton binding en-
ergy with the large n values might also contribute to the enhanced
performance. For photodetectors, single crystalline active sensing
materials (i.e. with good crystallinity) are highly preferred due to
the reduced defects and hence the longer carrier lifetime. Tan et al.
reported the first photodetector based on ultra-thin 2D (BA),PbBry4
perovskite single crystals with graphene as electrodes (inset of
Fig. 7d) [88]. The photodetector showed the remarkable photo-
current for wavelengths smaller than 510 nm (Fig. 7d), which cor-
responded to the band gap of the 2D perovskite. For further
optimizing the photoresponse, interdigital graphene electrodes
were designed and implemented (Fig. 7e) to enhance the absorp-
tion cross section of 2D perovskite crystals. The distance between
each pair of graphene electrodes was about 100 nm while the entire
2D perovskite crystal acted as a light sensitive material underneath
graphene. The device showed the good stability upon photo-
switching with an on/off current ratio of 103 (Fig. 7f), indicating the
excellent photodetection performance of the device. In fact, the
device showed an ultrahigh responsivity of up to 2100 AW~! under
a small bias voltage of 0.5 V. The ultra-short channel length
(100 nm) might account for the ultra-high responsivity because the
device was operated in the ballistic regime. In any case, this ultra-
short channel length was hard to be realized for most of the
practical applications. It is also hard to obtain 2D RP perovskite
single crystals with the large lateral dimension. The interfacial
charge-carrier scattering existed in stacked nanosheets and the
undesired quantum confinement effect could seriously reduce the
performance of corresponding photodetectors. In view of these
issues, Yu et al. proposed a novel post-synthetic treatment method
to tackle the problems in order to obtain the excellent photo-
detection performance [89]. In explicit, 2D OAFA;_1Pb;,Brs, 1
microplatelet film could be immersed in solution containing FA™,
leading to the improvement in two aspects as schematically shown
in Fig. 7g. First, the dimensionality of 2D perovskites was increased
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Fig. 7. Photodetectors based on 2D RP perovskites. (a) Photocurrent as a function of light intensity for different layered perovskites with a bias voltage of 30 V. Inset: corresponding
illustrative schematic of the fabricated photodetector. Reproduced with permission from Ref. [84]. Copyright 2016, American Chemical Society. (b) Photocurrent and responsivity
versus light intensity (532 nm) under a bias voltage of 1.5 V. (c) High-resolution photocurrent versus time. (b), (c) Reproduced with permission from Ref. [85]. Copyright 2018,
American Chemical Society. (d) Photocurrent versus wavelength under a fixed incident power. Inset: Corresponding illustrative schematic of the measured photodetector. (e) SEM
image of the photodetector. Scale bar: 1 um. (f) Time dependent photocurrent response of the photodetector measured with a 470 nm defocused laser. (d)—(f) Reproduced with
permission for Ref [86]. Copyright 2016, American Chemical Society. (g) Illustrative schematic of the pristine and treated 2D OA,FA,,_1Pb,,Br3,,, 1 microplatelet film photodetector. (h)
Responsivity as a function of wavelength for both treated and pristine 2D OA,FA,,_1Pb,Brs,, 1 microplatelet film photodetectors. (g), (h) Reproduced with permission from Ref. [87].

Copyright 2017, American Chemical Society.

through an exchange reaction between OA™ and FA', which
meliorated the quantum confinement effect and facilitated the
separation of electrons and holes. Second, the free-standing 2D
perovskites platelets were fused for promoted interdomain charge-
carrier transport. The treated photodetectors could then achieve a
responsivity up to 32 A W~! (Fig. 7h) and the rise/decay time was
shortened by two orders of magnitude down to 0.25 and 1.45 ms,
respectively.

Moreover, inorganic 2D perovskites also showed the impressive
photosensing properties. Song et al. utilized CsPbBr3 ultra-thin
sheets (1—3 layers) to fabricate flexible photodetectors on poly-
ethylene terephthalate (PET) substrates (Fig. 8a) [63]. In detail, a
centrifugal casting method with CsPbBr3 nanosheet dispersion was
used to assemble CsPbBr3 nanosheet based films on the patterned
indium tin oxide (ITO)/PET substrates, where ITO was employed as
the electrode. The responsivity versus wavelength curves under
different bias voltages are then shown in Fig. 8b, where the
maximum responsivity appeared at 517 nm, and the responsivity
was about 0.65 A W~! when the bias voltage was 10 V. Also, the
photodetectors exhibit the ultra-fast photoresponse with the rise
and decay times of 19 and 25 ps, respectively (Fig. 8c). Notably, the
photodetectors as well demonstrated the excellent stability and the
outstanding flexibility with negligible degradation even after
10,000 bending cycles (Fig. 8d). The low responsivity of the

photodetectors could be attributed to the small lateral size of the
obtained nanosheets (several hundred nanometers) and the wide
channel length (20 pm), where the interboundary hopping process
of carriers among adjacent sheets is inevitable. This way, the same
group employed a modified method to synthesize CsPbBr; nano-
platelets with lateral size as large as 10 um, which was then utilized
to fabricate photodetectors [90]. Because the nanoplatelets were
large enough, they could effectively bridge across the channel be-
tween two metal electrodes for the carrier transport (Fig. 8e). As a
result, the performance of fabricated photodetectors were much
improved with a high responsivity of 34 A W~! (Fig. 8f) and a
specific detectivity of 7.5 x 10'2 Jones under a bias voltage of 1.5 V
at 442 nm. This superior photodetector performance was mostly
due to the strong light absorption and the excellent in-plane charge
carrier transport of spatially-scattered multilayer CsPbBr; nano-
platelets. At the same time, this group also used another approach
to tackle the low carrier transport resulting from the small lateral
size of nanoplatelets, in which they hybridized CsPbBrs nano-
platelets with carbon nanotubes (CNTs) (Fig. 8g) [91]. These hybrid
films could be simply obtained by a drop-casting method utilizing
the CNTs-CsPbBr; dispersion. The fast evaporation of the solvent
prevented the precipitation of CNTs, forming a uniform composite
film. As a result, the highest responsivity of optimized composite
films was measured to be 31.1 AW~! under a bias of 10 V (Fig. 8h).
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Fig. 8. Photodetectors based on inorganic perovskites. (a) Illustrative schematic of the CsPbBr3 sheet based flexible photodetecotors. (b) Responsivity as a function of wavelength
under different bias voltages. (c) High-resolution photocurrent versus time curve under modulated light illumination. (d) Current versus time under modulated light illumination.
(a)—(d) Reproduced with permission from Ref. [62]. Copyright 2016, WILEY-VCH. (e) AFM image of the photodetector with a single multilayer CsPbBr; nanoplatelet bridging across
two metal electrodes. (f) Photocurrent and photoresponsivity versus irradiance. (e), (f) Reproduced with permission from Ref. [88]. Copyright 2017, WILEY-VCH. (g) Illustrative
schematic of the CNT/CsPbBrs hybrid film flexible photodetector. (h) Responsivity as a function of wavelength under different bias voltages. (i) Current versus time under modulated
light illumination after different bending cycles. Reproduced with permission from Ref. [89]. Copyright 2017, American Chemical Society.

The fabricated photodetectors as well had a fast response with a
rise time of 16 pus owing to the efficient charge extraction and
transport assisted by CNTs. Furthermore, the photodetectors
exhibit the excellent flexibility, where the photocurrent only
showed a decrease of ~6.4% after 10000 bending cycles (Fig. 8i).

For better comparison and understanding of the 2D perovskite
photodetectors, the performance parameters of some typical pho-
todetectors are listed in Table 2. The high performance of the
photodetectors indicates that 2D perovskites are suitable for pho-
todetection applications.

5.2. LEDs

Since 2D perovskites have the large exciton binding energy
(>26 meV) and high PL quantum yield, they are also suitable for LED
applications. The earliest report about LEDs based on RP 2D pe-
rovskites can be traced back to the mid-1990s [92,93]. For example,
Era et al. have fabricated the first RP 2D perovskite (PEA;Pbl4) based
LEDs, which showed a sharp emission at 520 nm with a full width at
half maximum (FWHM) of 10 nm at liquid-nitrogen temperature
with high luminescence (10,000 cd m—2 at 24 V) [92]. However, the
room temperature electroluminescence efficiency was very small,

which could be the result of the thermal ionization of excitons
there. In any case, the low operating temperature significantly
restricted its further development.

Recently, with the growing interest of perovskites in LEDs, 2D
RP perovskites have regained the attention. Many researchers
found that the LED devices based on single component 2D RP
materials could work efficiently at room temperature, but the
external quantum efficiency (EQE) was still low [94,95]. For
example, Liang et al. reported the deep blue (410 nm) LEDs based
on (PEA)PbBrs nanoplates with the device structure of ITO/
PEDOT:PSS (30 nm)/PEA,PbBr4/TPBi (35 nm)/Ca (25 nm)/Al
(100 nm) (Fig. 9a) [94]. These devices exhibited the strong light
emission with an ultra-narrow FWHM of 14 nm (Fig. 9b) with an
EQE of 0.04%, which was impressively high for the deep blue LEDs.
The enhanced EQE was attributed to the conversion of poly-
crystalline PEA,PbBr4 films into single-crystal nanoplates via DMF
solvent vapor annealing (Fig. 9c). Li et al. also reported
(CgHs5CH2NH3),Pbly based multilayer LED devices, which emitted
light at 526 nm with a narrow FWHM of 15 nm [95]. These devices
gave a luminescence of ~9 cd m~2 at 5 V with a low EQE of 0.005%.
Furthermore, these devices were not stable and could only work for
1 min. The reason for this low EQE was not well understood so far,
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Table 2
Typical 2D perovskites based photodetectors.
Material Bias voltage (V) Light wavelength (nm) Responsivity (A W) Speed (s) Ref.
MAPbI; microplate 5 488 7 (8 um channel length) 500 p [46]
40 (100 nm channel length) —
Single layer MAPDbI; sheet 1 405 22 40 m [45]
532 12 —
MAPbDI3 nanosheets 5 405 40 14 [22]
BA;MA,,_1Pbyls,, 4 film 30 White light 3.00m((n=1) 27.5m [86]
731 m(n=2) 84 m
12.78 m (n = 3) 10.0 m
i-BA;MA3Pbyly3 film 1.5 532 117 m 16 m [87]
BA,PbBr,4 sheet 0.5 510 2100 — [88]
Fused OA,FA,_1Pb,Brs,,; microplatelet film 9 550 32 1.45 m (442 nm) [89]
CsPbBr3; nanosheets film 10 517 0.65 25 11 (442 nm, 5V) [63]
CsPbBr3; nanoplatelet 1.5 442 34 09 m [90]
CsPbBr; nanoplatelet-CNT hybrid film 10 517 31.1 0.38 m (442 nm, 3 V) [91]

which might be partly due to the strong exciton—phonon coupling performance as compared with the one made with single

in single-layer 2D RP perovskites [96]. component counterparts [97—103]. It was also found that in mixed
For 2D RP perovskites, it is usually difficult to obtain pure phase phase 2D RP perovskites with different n values, the photo-
materials for n > 2. However, several groups found that LEDs made generated carriers would have a tendency to transfer to the large

from mixed phase 2D RP perovskites could yield the excellent n value perovskite with the small band gap as shown in Fig. 9d due

Fig. 9. LED device structures and performances. (a) Cross-sectional SEM image of the PEA,PbBr4 LED devices. (b) Normalized luminescence of a typical LED device based on
PEA,PbBr4 nanoplatelets obtained from DMF vapor with annealing operated at 6 V. (c) AFM image of the pristine and annealed PEA,;PbBr, films. (a)—(c) Reproduced with
permission from Ref. [92]. Copyright 2016, American Chemical Society. (d) Multi-phase perovskite materials (PEA;MA,,_1Pbyls,.1) channel energy across an inhomogeneous energy
landscape, concentrating carriers to the smallest band gap emitters. The arrow represents the carrier transfer process. Reproduced with permission from Ref. [95]. Copyright 2016,
Macmillan Publishers Limited, part of Springer Nature. (e) Device structure of the perovskite LEDs. A schematic of a nanometer-sized grain with BA cations decorating its surface is
shown on the right. Reproduced with permission from Ref. [98]. Copyright 2016, Macmillan Publishers Limited, part of Springer Nature. (f) Band alignment of each function layer in
the LED devices. (g) Typical electroluminescence spectra of PEA;FA, 1Pb,Brs,., 1 (n = 3 composition) based LEDs under different voltage biases. Inset shows the electroluminescence
image of LEDs. (f), (g) Reproduced with permission from Ref. [99]. Copyright 2018, Macmillan Publishers Limited, part of Springer Nature. (h) Device architecture for a LED with
perovskite nanoplatelets as the emitter, and the flat-band energy level diagram of different layers of materials, showing conduction and valance band levels with respect to vacuum.
Reproduced with permission from Ref. [102]. Copyright 2016, WILEY-VCH. (i) Electroluminescence spectrum at an applied bias of 4 V. Inset shows a photograph of a 56 mm? device.
Reproduced with permission from Ref. [104]. Copyright 2017, American Chemical Society. (j) EQE versus current density. Reproduced with permission from Ref. [107]. Copyright
2018, American Chemical Society.
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to their special band alignment [97—99]. This way, high EQE were
observed in the mixed phase 2D RP perovskites based LED devices.
For example, Yuan et al. have discovered that the mixed 2D RP
perovskites (PEA;MA;,_1Pbyl3,,1) with the optimized composition
based LEDs exhibited a high EQE of 8.8% and a radiance of
80 W sr—! m~2 [97]. They anticipated that the layered perovskite
materials functioned as charge carrier concentrators, ensuring that
the radiative recombination successfully outcompetes the trap-
ping and hence the non-radiative recombination. Wang et al. also
reported LEDs based on mixed 2D RP perovskites of
NMA,FA;,_1Pbulsn.1 (NMA = CioH;CH;NH3) with partial substi-
tution of I with Br with a high EQE of 11.7%, good stability and
exceptional high power performance [99]. Specifically, the lower
band gap regions that generated electroluminescence were effec-
tively confined by perovskite multiple quantum wells with the
higher energy gaps, which was thought to be the reason for the
outstanding performance. Furthermore, Xiao et al. used thick
BA;MA,,_1Pb;X3,.1 (X = Br, I) nano-crystal (n ~ 19) based films as
the emitting layers in LEDs (Fig. 9e), which were very smooth in
the surface morphology and showed the excellent performance
with a high EQE of 10.4% for X = I (emission at 748 nm) and 9.3% for
X = Br (emission at 513 nm) [100]. These ultra-small crystal grains
were believed to lead to the high EQE. More importantly, these
LEDs had the exceptional stability, where their performance could
be maintained after storage for more than 8 months. The ultra-
smooth, pinhole-free and compact perovskite films as well as the
bulky nature of the long alkyl chains could effectively stabilize the
crystallite surfaces there for the much enhanced stability. By
optimizing the composition of PEA,FA,_1Pb;,Br3;,; and adding a
layer of trioctylphosphine oxide (TOPO) on the surface of the
perovskite film as passivation (Fig. 9f), Yang et al. realized a high
EQE of 14.36% and a high luminescence of 9120 cd m~? at 532 nm
(Fig. 9g) [101]. These LEDs could continuously work for 120 min,
indicating the good stability of the devices. Quan et al. have
tailored the mixed-n 2D perovskites to govern the energy transfer
into the lowest-band gap minority phase while to do so faster than
it is lost to nonradiative centers [104]. This way, the photoexcited
states were concentrated into a small subpopulation of radiative
domains, leading to a high quantum yield, even at low excitation
intensities. LED based on these mixed 2D perovskites exhibited an
EQE of 7.4% and a high luminescence of 8400 cd m~2.

Recently, many researchers developed other approaches to
further enhance the stability and efficiency of 2D RP perovskite
based LEDs, such as dispersing the 2D RP perovskites in organic
matrix. For instance, Ling et al. fabricated OA;MA;_1Pb;Br3;.1
nanoplatelet based room-temperature efficient green LEDs that
exhibited a high luminescence of 10,590 cd m~2 at 12 V [105]. The
device structure is also illustrated in Fig. 9h, In specific,
OA;MA,;,_1Pb;Br3,,1 nanoplatelets were dispersed in poly(9-
vinylcarbazole):2-(4-biphenylyl)-5-phenyl-1,3,4-oxadiazole
(PVK:PBD) bipolar organic host, which acted as the emitting layer.
The remarkable brightness of obtained LEDs were attributed to the
optimized charge balance in the emitting layer using composition-
tailored bipolar host PVK:PBD. However, the corresponding EQE
was still low (0.48%). At the same time, Kumar et al. employed the
same nanoplatelets and device structure to fabricate LEDs [106].
They could control the n value, which is the thickness of the
nanoplatelets; therefore, the emitting wavelength could be reliably
tuned. This way, pure green emission at 520 nm for n = 8—11, sky
blue emission at 492 nm for n = 6, pure blue emission at 456 for
n = 4, and deep blue emission at 432 nm for n = 2 LEDs were
successfully realized. Furthermore, the LED devices showed the
high EQE (pure green emission, 2.31%) due to the well-separated 2D
perovskites in the organic matrix as well as the flatter emission
layer.

Other 2D RP perovskites, where the interior perovskite layer is
totally inorganic, were also used in the fabrication of high efficiency
LEDs due to their naturally established quantum well structure. Si
et al. reported the first single layer PEA>Cs;,_1PbyX3n.1 (X=Br, I, nis
was in the range of 12—16) based LEDs [107]. The fabricated LEDs
showed the high color purity (Fig. 9i) with the remarkably high EQE
(514 nm, 10.4% for X = Br, and 683 nm, 7.3% for X = I). Huang's group
have then studied the mixed phase NMA;Cs;,_1Pbyl3,,1 based LEDs
in detail [108—110]. They found that the incorporation of Cl in
NMA;Cs;,_1Pbpl3,,1 would favor the growth of larger-n quantum
wells and improved the crystallinity, which led to the enhanced
EQE (3.7%) and moderate luminance (440 cd m~2) at 688 nm [108].
The overall performance of the mixed phase NMA3Cs;,_1Pbpl3;.1
based LEDs could be significantly enhanced by tailoring the
dimensionality of perovskite quantum wells through changing the
ratio of large cations to small cations in precursor solutions. The
LEDs emitted red light at 694 nm with a luminance of 732 cd m—2
and a maximum EQE of 7.3%. The energy transfer from the small n
with the larger band gap to the large n with the smaller band gap
was also thought to be a key contribution to the obtained high EQE
[109]. Lately, they also found that the partial replacement of Cs*
with FA™ cations could facilitate the formation of wider quantum
wells, which effectively reduced the efficiency roll-off by sup-
pressing Auger recombination [110]. The partial replaced perov-
skites based LEDs then showed a peak external EQE of 7.8% (Fig. 9j).
More importantly, the stability of these perovskites could be sub-
stantially improved by the partial substitution while the fabricated
LEDs were confirmed to have a longer lifetime of 31 h [110]. Very
recently, Tian et al. have found that highly efficient and spectrally
stable red LEDs can be realized using BA,Cs,_1Pbylsn 1/poly(-
ethylene oxide) composite thin films as the light emitting layer
[111]. The emission peak of the LEDs could be tuned by tuning the
value of n. The LED with an emission at 680 nm exhibited a
brightness of 1392 cd m~2 and an EQE of 6.23%. Also those LEDs
showed great operation stability in air, with the electrolumines-
cence dropping about 20% after 4 h of continuous operation.

The performances of 2D perovskites based LEDs are summarized
in Table 3. The 2D perovskites already show excellent LED perfor-
mances, indicating their intriguing potential in practical
applications.

5.3. Solar cells

In fact, the recent perovskite fever is induced by the rapid
progress in improving their solar cell efficiencies that have been
made in a very short period of time [112—115]. Even though great
achievements have been achieved, the long term reliability of these
perovskite based solar cells is still a big challenge due to the
instability of perovskite materials to ambient moisture [113,116].
Current research has found that the 2D RP perovskites were more
moisture resistant than the 3D perovskites, which got considerable
attention in past years. The recent progresses in 2D RP perovskites
based solar cells are summarized in Table 4, which shows the rapid
progress in this area.

In 2014, Smith et al. fabricated the first generation of solar cells
based on PEA;MA;Pbslip with a planar device configuration that
exhibited an open-circuit voltage of 1.18 V and a PCE of 4.73%
(Fig. 10a) [117]. Due to the layered structure of 2D RP perovskites,
high-quality films could be easily deposited through spin coating
while high-temperature annealing was not required for the sub-
sequent device fabrication. Although the corresponding power
conversion efficiency of fabricated cells was far lower than that of
MAPbI3 based devices, the 2D RP perovskite cell was more moisture
resistant than the one of MAPbI3 [117]. Later, Cao et al. reported
another 2D RP perovskite, BA;MA,_1Pbyl3,1, based solar cells
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Table 3
Typical performance of LEDs based on 2D perovskite.
Material Wavelength FWHM  Maximum  Maximum current Luminescence  Stability Ref.
(nm) (nm) EQE (%) efficiency (cd A™')  (cd m—2)
PEA,PbBr4 410 14 0.04 - - - [94]
(Ce¢H5CH,NH3),Pbly 526 15 0.005 - 9 A lifetime of ~1 min [95]
PEA;MA,,_1Pb,l5,, 1 with average (n) =5 ~740 ~50 8.8 — — — [97]
NMA,FAPb,IBr 763 ~50 11.7 — — 50% after 2 h under operation [99]
BA;MA,_1Pb,Br3,, 1 with average (n) =19 513 ~30 9.3 171 8000 No degradation after storage [100]
for 4 months in N,
BA;MA,,_1Pb,l5,,1 with average (n) = 19 748 ~50 104 0.09 50 No degradation after storage
for 8 months in N,
PEAyFA;,_1Pb,Brs, 1 with average (n) =3 532 ~25 14.36 62.43 9120 A lifetime of 120 min in dry [101]
air with encapsulation
PEA,;MA,_,Pb,Brs3,,; with average (n) =5 526 ~20 7.4 ~20 8400 50% after 5 min under operation [104]
OA;MA,;,_1Pb,Br3,,1 nanoplatelets 530 20 0.48 - 10,590 Stable in air for at least one week  [105]
OA,;MA,,_1Pb,Br3,,1 nanoplatelets 520 ~25 231 8.1 ~1000 — [106]
with n = 7-10
PEA,Cs,,_1Pb,Brs,, 1 nanoplates 514 17 104 31.2 14,000 Stable in glove box for at [107]
least one month
PEA,Cs,,_1Pb,l5,,1 nanoplates 683 34 7.3 — ~100 —
NMA,CsPb,IsCl 688 ~30 3.7 — 440 50% after 5 h under operation [108]
NMA,Csp_1Pbnlsn 1 694 ~30 73 - 732 - [109]
NMA(FA0.93CS0.07)n-1Pbnlzn i1 783 ~50 7.8 — — 50% after 31 h under operation [110]
BA,Cs,_1Pbulsn.q 680 ~50 6.23 1.74 1392 Dropping 20% after 4 h [111]

under operation

[118]. Due to the self-assembly that orients the [Pbyls,. 1] layers
perpendicular to the substrate, the obtained 2D perovskite films
displayed an ultrahigh surface coverage, benefiting for the utiliza-
tion in solar cells. The maximum PCE (4.02%) was observed in
BA,MA,,_1Pb,l3,.1 based solar cells with a sensitized device
structure for n 3 with a short-circuit current density of
9.42 mA cm? and an open-circuit voltage of 929 mV. Moreover, the
device retained its performance even after the long exposure to a
high-humidity environment [118]. However, BA;MA,Pbsl;p based
solar cells with a planar device structure showed a low short cur-
rent density with a very low PCE. The authors believed that the
electron diffusion length of BA;MA,Pbslig was very short so that
the photogenerated electrons cannot reach the electron transport
layer for the carrier collection. Thus, the sensitized device structure
with a mesoporous TiO, was needed to reduce the corresponding
transport length of electrons there in order to boost up the cell
efficiency.

Besides that, Tsai et al. also attributed the poor PCE of 2D RP
perovskites to the inhibition of out-of-plane charge transport by
the organic cations, which acted as the insulating spacing layers

between the semiconducting inorganic slabs [ 119]. This way, by the
growth of near-single-crystalline quality BA;MA3Pbyli3 layered
perovskite with a strongly preferential out-of-plane alignment with
respect to the contacts (Fig. 10b) in the planar solar cells, it would
efficiently facilitate the charge transport; therefore, the PCE of
fabricated cells could reach up to 12.52% without hysteresis
(Fig. 10c). A hot-casting technique was often used for the synthesis
of near-single-crystalline high-quality 2D perovskites films, which
showed the much enhanced crystal quality as compared with the
room-temperature casting counterparts. The hot-casted films
exhibited the substantially larger grains (400 nm) with the much
lower density of pinholes in comparison with the room-
temperature spin-coated films. In addition, the lack of Urback
tails in the optical absorption, the very small Stokes shift, and the
strong absorption and photoluminescence were indicative that the
hot-casted BApMA3Pbyly3 films behaved like a direct-band gap
intrinsic semiconductor with the excellent crystallinity, low trap
concentration and little disorder-induced density of states in the
band gap. Those features of the hot-casted films were further
confirmed with the high PCE of the obtained solar cells. Moreover,

Table 4
Typical performance of the 2D perovskites based solar cells.
Material PCE (%) Open voltage Short current Filled factor  Stability Ref.
%) density (mA cm™2) (%)
PEA;MA,Pbslyo 4.73 1.18 6.72 60 - [117]
BA;MA,Pbslyo 4.02 0.929 9.42 46 — [118]
BA;MA3Pbyly3 12.52 1.01 16.76 74.13 No degradation over 2250 h with encapsulation [119]
under AM1.5G illumination in 64 humidity air
BA2(MA0.95CS0.05)3Pb4l13 13.7 1.08 19.95 63.47 10% degradation after 1400 h exposure in 30% humidity air ~ [120]
BA2(MAo.sFA02)3Pbali3 12.81 0.999 18.12 70.79 12% degradation after 1300 h operation [121]
(is0-BA);MA3Pbyl; 3 10.63 1.2 16.64 53.54 - [122]
PEI;,MAgPb15, 10.08 1.1 13.12 65 5% degradation after 500 h operation [127]
PEA;MAs59Pbgol1s1 15.36 1.09 19.12 73.7 88.7% degradation after 60 days storage in a [128]
low humidity atmosphere

PEA;MA3Pbyl 3 121 1.16 14.7 71 50% degradation after 1 month storage in 45% humidity air ~ [130]
PEA;MA4Pbsl;6/MAPbI; 14.94 1.08 18.63 73 24% degradation after 19 days storage in 75% humidity air [131]
AVA,Pbl4/MAPDI; 14.6 1.025 18.84 75.5 >10,000 h with no degradation under operation [133]
PEA;MA,,_1Pb,Br3, 1/MAPbl;  19.1 1.08 21.91 80.36 40% degradation after light soaking for 140 h [134]
FA0.83Cs0.17Pb(1Bri_y)3 175 1.09 22.1 75 20% degradation after 1000 h operation in air [135]
PEAFA,_1Snulsn.q 5.05 0.583 14.18 62.14 4% degradation after 100 h storage in a glove box [141]
PEA,FA;,_1Sn,l3,, 1/FASNI3 9.0 0.525 241 71 41% degradation after 76 h storage in 20% humidity air [143]
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Fig. 10. 2D RP lead perovskite based solar cell structures and performances. (a) Current—voltage curves with the fast scan rate and the steady state for PEA,MA,Pbslyo based solar
cell. Reproduced with permission from Ref. [111]. Copyright 2014, WILEY-VCH. (b) Illustrative schematic representation of the (101) orientation, along with the (11 1) and (2 0 2)
planes of a 2D perovskite crystal. (c) Experimental (red line) and simulated (black dashed line) current-density—voltage curves under an AM1.5G solar simulator for planar devices
using 2D BA;MAsPbyl;3 perovskites as the absorbing layer at the optimized thickness (230 nm). The inset shows the device architecture. (b), (c) Reproduced with permission from
Ref. [113]. Copyright 2016, Macmillan Publishers Limited, part of Springer Nature. (d) Representative current density—voltage characteristics of room temperature and hot-cast
fabricated (n-BA);MA3Pbul;3 and (iso-BA);MA3Pbuli3 based solar cells under light irradiation of 100 mW cm™2 at reverse scan. Reproduced with permission from Ref. [116].
Copyright 2017, WILEY-VCH. (e) Graph shows the corresponding PCE value changes of three materials as the device areas. (f) Stability of unsealed solar cells under simulated solar
light (AM1.5, 100 mW cm~2) during a shelf life investigation for 500 h. (e), (f) Reproduced with permission from Ref. [121]. Copyright 2016, American Chemical Society. (g) Solar cell
performance as a function of n value based on PEA;MA,,_1Pbyls,. 1. Reproduced with permission from Ref. [122]. Copyright 2016, American Chemical Society. (h) Comparative band
gap energy alignment of BA;MA,,_1Pb,ls,, 1 perovskites with different n values. Reproduced with permission from Ref. [123]. Copyright 2017, American Chemical Society. (i)
Schematic illustration of preferential crystal growth with (1 1 0) plane parallel to the substrate as well as graded multiple 2D RP perovskites. (j) Current density—voltage curves of
the champion device under dark and light conditions. (i), (j) Reproduced with permission from Ref. [124]. Copyright 2018, WILEY-VCH.

the unencapsulated layered perovskite devices could retain over
60% of their efficiency over 2250 h under constant, standard
(AM1.5G) illumination, and exhibited the much greater tolerance to
65% relative humidity than their 3D equivalents. When the devices
were encapsulated, the layered devices did not show any degra-
dation under constant AM1.5G illumination or humidity [119]. All

these results evidently indicated that the crystallinity and orien-
tation of 2D RP perovskites is very important for the performance
enhancement of the solar cells. Zhang et al. found that Cs doping in
BA;MA3Pbyli3 would lead to the perfectly controlled crystal
orientation, increased grain size, superior surface quality, reduced
trap-state density, enhanced charge-carrier mobility and charge-
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transfer kinetics [120]. The fabricated planar solar cells based on
the hot-cast prepared Cs (5%) doped 2D RP perovskite showed the
enhanced PCE (13.7%) in comparison with the non-doped coun-
terparts. In addition, Cs doping yielded the superior stability for the
2D perovskite solar cells when subjected to high-humidity envi-
ronment without encapsulation. In particular, the PCE of devices
based on 5% doped 2D perovskites was found to only degrade 10%
after 1400 h exposure in 30% relative humidity environment, and
yield the significantly improved stability under heating and high-
moisture environment. Zhou et al. carried out more systematic
experiments to understand the principles that linked the crystal
orientation to the carrier behavior in polycrystalline films by partial
substitution of MA™ cation with FA™ cation in BA)MA3Pb4li3 [121].
The experimental results revealed that the appropriate FA™ incor-
poration can effectively control the perovskite crystallization ki-
netics, which can increase the quality of polycrystalline films with
the increased grain size and limited nonorientated phase, leading
to the reduced nonradiative recombination centers. The solar cells
with a planar inverted device architecture based on BA;(MAgs.
FAg2)3Pbgl13 then showed the enhanced performance with a PCE of
12.81% in comparison with BA;MA3Pby4l13 based devices with a PCE
of 10.7%. Furthermore, the long term stability of the solar cells were
retained with an only 12% drop of PCE after experiencing 1300 h of
operation.

Because the organic insulating spacer cations can hinder the
charge transport, a shorter spacer cations is preferred in order to
enhance the charge transport between layers. Chen et al. found that
(iso-BA);MA3Pbg4li3, which contained the short branched chain
spacer cations (iso-BA™"), showed the remarkable increase in the
optical absorption and crystallinity as compared with the conven-
tional linear spacer cations, n-BA™ [122]. By applying a hot-casting
technique, the 2D RP perovskites gave the improved light absorp-
tion and crystallinity with the excellent ambient stability, which
could maintain its initial optical absorption after storage of 840 h in
an environmental chamber at room temperature with a relative
humidity of 60% without encapsulation, being suitable for practical
solar cell utilizations. The highest PCE of the hot-casted 2D RP
perovskite based solar cell was found to be 10.63% (Fig. 10d).

In any case, the relatively low charge carrier mobility [122,123]
and higher exciton binding energies [40,124,125], and signifi-
cantly increased band gap [73,126] in 2D RP perovskites may
contribute to the origin of low PCE when they are employed for
photovoltaics. Because 2D RP perovskites with the larger quantum
well width (larger n) would have a smaller band gap with a small
excition binding energy, Yao et al. used the multilayered perovskite
PEI,MA;,_1Pbylsn1 with n = 3, 5, 7 acting as the light absorber and
these moisture-stable solar cells could achieve a PCE of 10.08% for
PEI,MAgPb-1,; for a small size cell (0.04 cm?) and 8.77% with a large
size (2.32 cm?) (Fig. 10e) [127]. Also, the intercalated polymer
ammonium (that is PEI*), acting as the multiammonium cations,
could induce the tight stacking of the separated inorganic unit
layers in comparison with BAT and PEA™, leading to the improved
charge transfer. Furthermore, the layered perovskite based solar
cells yield the high stability with negligible degradation as shown
in Fig. 10f. In this case, the protection of the interior perovskite layer
from the reaction with water by the hydrophobicity of large poly-
mer cations was thought to be the reason for the enhanced stability
to ambient moisture.

As the layer number can drastically affect the performance of
corresponding solar cells, it is necessary to carry out systematical
investigations on controlling and understanding this effect. Quan
et al. carried out recent theoretical and experimental investigations
on 2D RP perovskite PEA;MA,_1Pbpls, 1 with different n values
based planar solar cells [128]. They found that 3D perovskites were
marginally stable as they preferred to decompose into Pbl, and MAI

constituents. The decomposition of 3D perovskite could not start
within the bulk spontaneously, in which it needed to initiate from
the surface such that the molecules had the sufficient freedom to
rearrange. The van der Waals interactions between the capping
organic molecules were the key drivers for the increased material
stability for 2D RP perovskites because the energy required to
remove PEAI from the perovskite was much higher than that for
MALI, reducing the desorption rate by 6 orders of magnitude, and
slowing the film decomposition in 1000-fold. Both density function
theory (DFT) and experimental results showed that the lower n-
valued perovskites exhibited the improved stability in comparison
with the higher n-values counterparts. Moreover, the quasi-2D RP
perovskite films with the higher n values (n = 40, 60) also exhibited
the impressive carrier lifetime, carrier mobility and carrier diffusion
length, which could be further confirmed with the excellent solar
cell performance there. Planar solar cells fabricated with quasi-2D
RP perovskites (n = 60) could yield the best performance with a
hysteresis-free current-density—voltage curve and a certified
AM1.5 PCE of 15.3%. The 2D RP perovskites with the lower n values
showed the lower PCE but the high stability, while 2D RP perovskite
with the higher n values gave the better performance but the
reduced stability. As a result, the 2D RP perovskites with the in-
termediate n values would have the balance between the stability
and cell performance as illustrated in Fig. 10g.

As previously discussed, it is always difficult to synthesize the
pure phase 2D RP perovskites, since the obtained 2D RP perovskites
are often existed in the mixed phases with different n values. Lately,
Liu et al. [129] found a different charge transport picture in the
mixed phase 2D RP perovskites in comparison with the previous
ones proposed by Wang et al. [99] and Yuan et al. [97]. Specifically,
the photo-generated electrons would transfer from the small-n to
the large-n phases, while the holes would transfer with an opposite
direction as depicted in Fig. 10h. Qing et al. also found this special
band alignment and made use of this special feature for solar cells
[130]. In particular, they prepared PEA;MA3Pbyli3 film and
discovered that the mixed phases had the special distribution along
the perpendicular direction as shown in Fig. 10i, where the small-n
phases preferred to locate at the bottom whereas the large-n phases
located at the top of the film. Combined with the special band
alignment, the structure was highly beneficial for solar cells due to
the efficient charge separation feature. This way, planar solar cells
with a champion PCE of 12.1% were achieved in this study (Fig. 10j).

Even though 2D RP perovskites have the good stability, their cell
PCE is still far from the satisfactory. In order to make use of both the
good stability of 2D RP perovskites and the excellent optoelectronic
properties of 3D perovskites, Hu et al. fabricated the hybrid perov-
skite/perovskite heterojunction solar cells [131]. They used a facile
solution-based cation infiltration process to deposit layered perov-
skite structures onto MAPbI3 film and found the self-assembly of the
layered perovskite on top of an intact MAPbI; layer was accompa-
nied by a reorganization of the perovskite interface (Fig. 11a), which
leaded to the enhancement of the open-circuit voltage and PCE. The
open-circuit voltage and PCE are found to be 1.08 V and 14.94%,
respectively, for the PEA,MA4Pbsl16/MAPDI3 heterostructure, and
1.08 V and 11.49%, respectively, for the BAyMA3Pbyl13/MAPDI; het-
erostructure (Fig. 11b). The environmental stability of these heter-
ostructure solar cells could be maintained with the PCE of 11.4% for
the PEA;MA4Pbsl16/MAPDI3 heterostructure after exposure to the
humid air (75% humidity) for 19 days [131]. The results clearly
indicated that the 2D RP perovskite could not only act as the tem-
plate to rearrange the orientation of the underlying 3D perovskite,
but also perform as the moisture barrier to improve the stability of
corresponding solar cells.

Also, the template function of 2D RP perovskites is a very unique
feature, which showed the powerful ability to further enhance the
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Fig. 11. 2D—3D mixed perovskites. (a) [llustrative schematic interpretation of the surface reorganization of MAPI films upon PEAMAPI formation. (b) Current density—voltage curves
and characteristics of the best-performing devices comprising different perovskite layer configurations. (a), (b) Reproduced with permission from Ref. [125]. Copyright 2016,
American Chemical Society. (c) Typical module stability test under 1 sun AM1.5G conditions at the stabilized temperature of 55° and at short circuit conditions. Reproduced with
permission from Ref. [127]. Copyright 2017, Macmillan Publisher, part of Springer Nature. (d) Illustrative schematic depicting the orientation of 3D perovskite phase in the 9% BA™
(x = 0.9) incorporated film, as compared with a low-textured x = 0 film, which shows a preference for the [h 0 0] direction to align out-of-plane and no preferential orientation
within the plane. (e) Schematic illustration of the proposed self-assembled 2D—3D perovskite film structure. (d), (e) Reproduced with permission from Ref. [129]. Copyright 2017,

Macmillan Publisher, part of Springer Nature.

performance of solar cells based on 2D/3D perovskites [132—135].
Grancini et al. found that the 2D/3D AVA,Pbl4/MAPbI; (where AVA
is HOOC(CH,)4NH%) perovskite with 3% AVA' would form an
exceptional gradually-organized multi-dimensional interface: the
2D perovskite anchored on the oxide network, in templating the
growth of a biphasic 3D MAPbI3: an oriented wider band gap phase
within the oxide scaffold and a standard tetragonal phase on top of
it. This special arrangement then led to a 12.9% PCE in carbon-based
architectures, and a 14.6% PEC in standard mesoporous solar cells
[133]. More importantly, the solar modules composed of
10 x 10 cm? area fabricated by a fully printable industrial-scale
process could deliver 11.2% PCE and be stable for more than
10,000 h with zero loss in performances measured under controlled
standard conditions (Fig. 11¢). In addition, Li et al. developed a low-
pressure vapor-assisted solution process to synthesize 2D/3D
mixed perovskites [134]. They found that a small addition of PEAI
into Pbl, could lead to the formation of a small amount of 2D RP
perovskite grains around the MAPbDI3 grain to benefit the MAPbDI3
grain growth. This way, the sensitized solar cells based on the 2D/
3D mixed perovskites showed a champion PCE of 19.1% with a

remarkable fill factor of 80.36% owing to the improved crystallinity
of the 3D perovskites. Wang et al. have introduced BA™ cations into
a mixed-cation lead mixed-halide FAgg3Csq17Pb(I,Bri_y)3 3D pe-
rovskites and observed the formation of 2D perovskite platelets
interspersed between the highly orientated 3D perovskite grains
[135]. These 3D perovskite would then show a high preference
along the [100] direction with the assistance of 2D perovskites
(Fig. 11d). Furthermore, the film crystallization was observed to get
accelerated in the presence of BA to achieve for the much higher
degree of crystallinity while the schematic of self-assembled
2D—3D perovskite film structure is also shown in Fig. 11e. This
special structure could also suppress the charge recombination
because charges in the 3D grains could be reflected when they
reached the 2D—3D interface. Thus, solar cells with an optimal BA
content exhibited the average stabilized PCE of 17.5% with a 1.61 eV
band gap perovskite and 15.8% with a 1.72 eV band gap perovskite.
Notably, solar cells could sustain 80% of their efficiency after 1000 h
operation in air, and close to 4000 h operation when encapsulated.

Because lead-based perovskites are potentially environmentally
toxic, they are subject to the international waste disposal regulation
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[136]. For 3D perovskites, Sn and Ge have been explored to replace
Pb [136—138]. However, the oxidation of Sn?>*/Ge?* to the higher
valance and the consequent formation of Sn/Ge lattice vacancies
are still the big challenge [137]. Experiments have shown that 2D Sn
based perovskites possessed the much enhanced properties as
compared with the 3D counterparts [139,140]. For instance, Liao
et al. carried out investigations on the performance of Sn 2D pe-
rovskites based solar cells [141]. By using the appropriate ratio
(20%) of PEA to FA as encapsulating molecules, the highly orien-
tated growth of 2D PEA,FA,_1Snpl3,.1 perovskite films on nickel
oxide substrates was realized, leading to the greatly improved air
stability in comparison with FASnls. The 2D perovskite films mainly
contained the PEA;FAgSnglpg phase with a preferential orientation
of (1 0 1), where the layer plane was perpendicular to the substrate
as shown in Fig. 12a. The perpendicular orientation growth of the
perovskite would facilitate the growth of compact and smooth
films (Fig. 12b), which was beneficial for protecting the film from
oxygen infiltration and promising for the fabrication of planar solar
cells. This way, the inverted planar solar cells based on the perov-
skite films showed an average PCE of 5.05% (Fig. 12c). The PCE could

retain 96% of its initial value for over 100 h in the N, atmosphere
glove box, indicating its good stability (Fig. 12d). Simultaneously,
Cao et al. reported the pure phase BA;MA,Snslg and BA;MA3Snal 3
based solar cells [142]. Due to the short carrier lifetimes of
BA;MA;Snslg and BA;MA3Snyly3 films, mesoporous TiO, was uti-
lized as the electron-accepting layer to facilitate the collection of
photogenerated charge carriers. Although the solar cells showed
the enhanced stability (Fig. 12e), the obtained PCEs are still low,
being 1.94% for BA;MA;Snslig and 2.53% for BA;MA3Snylys.

In any case, the mixed 2D—3D perovskites were found to
improve the performance of Sn-based perovskite solar cells
[143,144]. Shao et al. observed that the addition of a very small
amount of layered tin perovskite in 3D tin perovskite would induce
the superior crystallinity and a well-defined orientation of the 3D
FASnl3 grains (Fig. 12f and g) [143], being similar to the Pb-based
2D—3D perovskites [135]. The high degree of crystallinity and the
preferential crystal orientation were fundamental for the
improvement of solar cell performance. This way, the 2D—3D Sn
perovskites based solar cell showed a PCE as high as 9% in a p-i-n
planar device structure with negligible hysteresis (Fig. 12h).

Fig.12. Sn-based 2D RP perovskites based solar cells. (a) Schematic illustration of the (10 1) plane of a PEA;FAgSngl,g 2D perovskite crystal. (b) SEM image of the 2D perovskite film.
(c) Statistics of the PCE distribution. Orange solid line denotes the Gaussian distribution fitting. (d) Normalized PCE of the unencapsulated device based on FASnl; and 20% PEA-
doped perovskite film stored in a glove box for over 100 h. (a)—(d) Reproduced with permission from Ref. [134]. Copyright 2017, American Chemical Society. (e) PCE retention of an
encapsulated layered Sn-perovskite solar cell after several months. Reproduced with permission from Ref. [135]. Copyright 2017, American Chemical Society. (f) Schematic of the
2D—3D mixture with the orientation of (10 0). (g) Grazing incidence wide-angle X-ray scattering of the 2D—3D mixture film. (h) Forward and reverse sweeps of the current density
versus voltage of the 2D—3D perovskite cell measured at different rates. (f)—(h) Reproduced with permission from Ref. [136]. Copyright 2018, WILEY-VCH.
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6. Outlook

In this work, we have summarized the recent progresses that
have been made in the synthesis of 2D perovskites, evaluation of
their interesting optoelectronic properties, and related energy ap-
plications. From the above discussions, many new opportunities are
ahead of us in this promising area. Although great achievements
have been done for various 2D perovskite materials, there are still
many challenges and opportunities for the practical utilization of
2D perovskites.

(1) Stability

Despite 2D perovskites, especially the 2D RP perovskites,
are found to be more stable than 3D perovskites, the fabri-
cated devices still encounter durability issues. More works
are required to first understand their degradation mecha-
nisms and then to come up with simple methods to improve
their stability.

(2) Synthesis of 2D perovskite single crystals with the large
dimension and controlled thickness

As we discussed for photodetectors, single crystals with
large lateral dimension is highly preferred. High perfor-
mance photodetectors are relied on the high quality of the
materials. However, until now, the controllable synthesis of
large-scale 2D perovskite single crystals are not yet achieved.
In this case, the synthesis methods need to be developed,
modified or further optimized for the realization of atomi-
cally thin 2D perovskites with dimension up to 100 pm or
larger.

(3) Opportunities in photodetectors

As has been demonstrated that the 2D RP perovskites with
small n (<4) tend to orient parallel to the substrate, whereas
large n tend to preferentially orient normal to it [119]. This
special property has been utilized in high performance solar
cells. In photodetectors, it does not explored yet. Due to the
vertical alignment of the inorganic semiconductor layer of
the 2D RP perovskites, it is possible to realize high perfor-
mance photodetectors using vertical device structure, where
electrodes can directly in contact with the semiconductor
layer, not the insulating organic layer. Two advantage of the
structure can be anticipated: a, good contact; b, efficiency
carrier transport. Furthermore, the large n value 2D RP pe-
rovskites have small exciton binding energy, which can be
more easily dissociate by external electrical field. This way,
high performance photodetectors can be possible. For small
n, the contact problem has not been investigated systemat-
ically.

As has demonstrated the high performance of mixed-n 2D
RP perovskite LEDs and solar cells depends on the charge
transport between different n 2D RP perovskite. This special
charge transport, though the detailed transport mechanism
is still in controversial, can be utilized in high performance
photodetectors due to the automatic electron—hole pairs
separation in mixed-n 2D RP perovskite.

(4) Opportunities in LEDs

LEDs based on mixed-n 2D RP perovskites always show
high performance, such as high EQE, high luminescence.
The performance of the LEDs is also affected by the long
chain capping layers. How does the performance of the
LEDs affect by the long chain capping layers is still un-
known. Further investigation are needed to clarify it. As the
composition and orientation of the mixed-n 2D RP perov-
skites are largely affected by synthesizing condition [145], it
is necessary to explore those effect on the performance of
LEDs.

(5) Opportunities in solar cells

The performance of 2D RP solar cells is affected by many
factors, such as the properties of active layer 2D RP perov-
skite, hole transport layer, electron transport layer, and/or
scaffold, etc., which make it complicated but provide many
opportunities to enhance the performance. Also, appropriate
protecting layer is needed to make the long time operation
reliable. Still, like the cast in LEDs, the performance of solar
cells also affected by the long chain capping layers. The exact
mechanism of the capping layers on the performance needs
further investigation.

(6) Other possible applications

Recently, self-powered flexible photodetectors become a
hot topic because of the high demands in portable devices
[146]. Bulk MAPbI3 showed excellence performance when
fabricated as self-powered flexible photodetector [147]. 2D
perovskites have already shown potential in flexible photo-
detectors. This way, it is possible to develop 2D perovskites
based self-powered flexible photodetectors.

Bulk perovskites, such as MAPbIs [ 148] and MAPbBr3 [149],
show large photostriction, which is promising for applica-
tions in microsensing and microactuation. The large photo-
striction possibly arises from the weakening of the hydrogen
bonding between N and X (X = Br, I) by the photo-generated
carriers [148]. Because of the similar crystal structure of 2D
RP perovskites with conventional perovskites, it is possible to
observe large photostriction in 2D RP perovskites, which
needs exploration.

MAPbDI3 showed saturated light absorption character,
which is utilized in mode lock fiber lasers [150]. Considering
the similar physical properties, 2D RP perovskites may find
application in mode-lock lasers.

In summary, 2D perovskites are demonstrated with many
exciting optoelectronic properties, which are advantageous for
many energy applications, such as highly efficient photodetectors,
LEDs and photovoltaic devices. In this regard, much progress to-
wards the controllable synthesis of 2D perovskites, exploration of
novel properties and new mechanisms as well as the realization of
high-performance 2D perovskite optoelectronic devices is antici-
pated in the near future.
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