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Solution-processed hybrid organic—inorganic metal halide perovskites are emerging as one of the most

promising candidates for low-cost photovoltaics and optoelectronics. Moreover, two-dimensional (2D)
forms of these materials induce a dielectric quantum confinement effect that drastically increases the
exciton binding energy. Previous studies on two-dimensional (2D) hybrid perovskites have been focused on

the thinnest counterparts, namely, the zero-layer and monolayer species, in which the photoluminescence
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quantum yield is typically low (<10%), thereby limiting their applications in optoelectronics. Recent advances
in colloidal synthesis have suggested that precise control over the layer numbers can be realized on a large
scale, offering another degree of freedom in tailoring the optoelectronic properties. Herein, we reviewed the

photophysical properties, synthetic routes, and potential technology opportunities of layer-controlled 2D

rsc.li/materials-c hybrid perovskites.

|. Introduction

Perovskites refer to the crystallographic structures with the
general chemical formula of ABX;. The first synthetic perovskite
system reported in 1893 was the inorganic metal trihalide,
CsPbX; (X = Cl, Br, and 1)." The optoelectronic properties of
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these materials, however, were not extensively studied until
the 1950s when frequency-dependent photoconductivity was
demonstrated.”> Shortly thereafter, organic-inorganic hybrid
perovskites (OIHP), where the A site was an organic cation
(e.g., CH;NH;" and CH(NH,),"), B site was a heavy metal cation
(e.g., Pb*" and Sn**), and X site was a halogen anion, were further
investigated.> The OIHP framework involves a corner-sharing
network of BX, octahedral units, with the cations occupying
voids within the structure.* The Goldschmidt’s tolerance factor,
t = (ra +rx)/[V2(rg + rx)], where r,, s, and rx are the ionic
radii of A, B, and X, respectively, empirically predicts the stability
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of an OIHP compound. Typically, the majority of these compounds
form in the range of 0.8 < ¢ < 1.0. Other factors, such as the
octahedral factor, are also used as a measure of the stability and
formability of these compounds,’ which have been well-summarized
in recent review articles.

Since 2009, the unprecedented success of OIHPs as low-cost
semiconductor materials in next-generation photovoltaics has
generated considerable research effort aimed toward under-
standing the underlying photophysics.® Indeed, unlike organic
semiconductors and inorganic quantum dots (QDs), in which
Frenkel-like excitons predominate,” recent advances in perovskite
photophysics have concluded that photoexcitation generates
nearly 100% free carriers in CH;NH;PbI; perovskites at room
temperature.® Furthermore, the generated free carriers possess
extremely long lifetime (~ps) and diffusion length (>pm),
comparable to those in single-crystalline, defect-free semi-
conductors, despite the fact that a high density of defects and
dynamic disorders are supposedly introduced during solution
processing.® Several explanations have been proposed, mainly
about the unique role of organic cations in OIHPs. First, the
collective orientational motion of organic cations screens
the electric field in the material,” which, in turn, results in
an anomalously high dielectric constant at low frequency,">""
as well as a small estimated exciton binding energy, Eg, of
2-20 meV.>"'™"* This facilitates long exciton lifetime. Next, the
fast motion of organic cations, coupled with the transient
deformation of PbXg octahedral units, could reduce carrier
trapping and electron-hole recombination, possibly by creating
local ferroelectric domains.’®'® The coupled dynamics is also
believed to reduce electron-hole recombination by introducing
the indirect-bandgap behavior.'”™*° Very recently, new spectro-
scopic findings have further revealed that the formation of large
polaron screens the Coulomb potential for charge carriers from
charged defects.”® Clearly, the ensemble of the above physical
mechanisms delays exciton recombination in bulk OIHP systems,
resulting in outstanding photovoltaic characteristics.
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With proper materials engineering, in general, a good photo-
voltaic semiconductor also leads to good optoelectronics,* in
which excitons are desired to radiatively recombine. However,
past experience in compound semiconductors has suggested
that this process often demands high materials purity and
crystallinity. In this respect, the fact that the OIHP systems show
higher tolerance to materials defects may imply new technology
opportunities for low-cost, solution-processed optoelectronics.®**>*
Indeed, as compared to other large-area light emitting technologies,
such as organic semiconductors® and inorganic QDs,*° they
have shown advantages in easy synthesis, low materials cost,
and high color purity.>* In addition, similar to inorganic QD
systems, the strong spin-orbit coupling induced by heavy metal
atoms in the lattice facilitates intersystem crossing,”” so one
can efficiently harvest both singlet and triplet recombinations.
Recently, bright and efficient electroluminescence (EL) has
been demonstrated at room temperature, based on methyl-
ammonium lead halide (CH;NH;PbX;) and cesium lead halide
(CsPbX;) perovskites. To date, the most efficient devices are
made by pure halides (X = Br or I), corresponding to the
emission wavelength, /4, centered at ~550 nm or ~800 nm,
respectively. For many applications such as displays, it remains
challenging to attain pure red, green, and blue emitters at
~650, ~525,and ~450 nm, respectively, with sufficiently high
quantum yields (QYs).

The collective orientational motion of organic cations may
have both positive and negative effects on exciton recombina-
tion, which have not yet been well addressed in literature.®*® On
one hand, it protects excitons from recombination with charged
defects, presumably reducing the Auger recombination. On the
other hand, the resulting high dielectric constant and transient
indirect bandgap have been proven to facilitate the formation of
free carriers,® which makes it relatively difficult to efficiently
harvest radiative recombination. In order to overcome these
difficulties, one approach is to spatially confine the diffusion
of carriers, thereby increasing the probability for them to meet
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each other. For example, by reducing the perovskite grain size
down to ~100 nm in the bulk OIHP systems,*® the exciton
diffusion length significantly reduces;*® therefore, high external
quantum efficiency (EQE) in the light emitting diode (LED)
device has been demonstrated.?® Nevertheless, this method does
not allow the facile manipulation of A with mixed halides.**
Recent findings also suggested that the photoluminescence (PL)
QY, which essentially represents the upper limit of the internal
quantum efficiency (IQE) in an LED device,*® tends to decrease
upon mixing halides. In addition, fabricating an ultrathin
perovskite film with complete substrate coverage has been
proven to be technically difficult.**

Following the path of compound semiconductors, a straight-
forward approach is to make the material more excitonic® by the
effect of reduced dimensionality,*** namely, the quantum confine-
ment effect, so that one can tune the bandgap width by the particle
size. An interesting feature of the OIHP systems is that the excitonic
Bohr radius, ag*, is estimated to be only ~1.4-2.0 nm,*** compar-
able to the lattice constant of the OIHP unit cell (~0.6 nm).
Consequently, the bandgap change appears only for relatively small
particles and is expected to be quantized with their size. Two-
dimensional (2D) perovskites, which can be described by
A',[ABX;],,BX,, where A’ is a long-chain ligand cation and 7 is the
stacking number of perovskite unit cells,*® are found to be the most
stable forms of quantum-confined perovskites.® As stated before, a
consequence of reduced dimensionality is the enhancement of the
exciton binding energy. In an ideal 2D quantum well, nevertheless,
the binding energy increase does not exceed four times, as predicted
by the quantum mechanical calculations.”” In order to further
enhance the binding energy, another strategy, namely, the dielectric
quantum confinement effect (which takes advantage of the low
dielectric constant of the organic ligands), has been utilized to
induce stronger Coulombic interactions between electrons and
holes.*® Theoretically, it has been suggested that an increase of
exciton binding energy up to 100 times can be achieved in thin
wells.** However, in practice, this enhancement is observed to be
about one order of magnitude lower than the theoretical
prediction.”® Furthermore, the long-range nature allows the exten-
sion of this effect to thick wells (>5 ag*).*

With the above fundamental background in mind, we believe
the quantum-confined, layer-controlled 2D hybrid perovskites
would be a promising candidate toward next-generation large-
area optoelectronics. In this account, we review the synthesis and
potential optoelectronic applications of 2D hybrid perovskites,
complementary to several recent reviews,”**'™** which are more
focused on the structural and physical properties of 2D perovskites.
Note that in this article, the defined n for A’,[ABX;],BX, is one layer
lower than convention,® in order to stress the importance of the
organic cations A, and therefore, n = 0 represents the thinnest 2D
perovskite, A’,BX,.

lI. Non-colloidal synthesis

We first review the synthesis of thin perovskite platelets with
the CH3NH;PbX; (X = Cl, Br, and I) structure. Note that these
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perovskites are essentially non-layered materials that lack a van
der Waals (vdW) gap between the layers in their 3D structural
framework.** The non-layered feature makes it relatively difficult
for the top-down synthesis of thin CH3;NH;PbX; perovskites
from their bulk material by mechanical exfoliation, the typical
strategy to obtain thin layers from 2D layered materials.*® In the
first part of this section, a number of non-colloidal methods
based on vapor-phase-based approaches***¢™*° for bottom-up
synthesis of thin CH;NH;PbX; perovskite platelets are briefly
summarized as follows. We note that only the latest study*® that
combines the solution process and vapor-phase conversion
successfully yielded CH;NH;PbX; perovskite platelets in a 2D form
(with a thickness as thin as a single unit cell); other studies*****"4°
are included in order to provide a complete account for the
development history of these vapor-phase-based methods.

Xiong and co-workers synthesized CH;NH;PbX; perovskite
nanoplatelets (NPLs) (presumably n > 10, where n represents
the number of layers) using a two-step vapor-phase process.**
It involved (i) the vdW epitaxy of lead halide NPLs and (ii) the
gas-solid heterogeneous reaction with methylammonium
halide vapor, as shown in Fig. 1a. The first step was performed
by placing lead halide powders upstream that were heated
under low vacuum in a continuous hydrogen/argon gas flow.
The lead halide platelets can be, therefore, formed downstream
on a muscovite mica substrate. The lead halide platelets prepared
in step (i) were then converted to perovskites by a reaction with
evaporated methylammonium halide. The prepared CH;NH;PbX;
perovskite NPLs typically show a lateral size of 5 to 30 um, with a
thickness from tens to hundreds of nanometers (see Fig. 1b).*
The same method was used to synthesize the mixed halide
perovskite platelets by intercalating gaseous CH3;NH;Cl and
CH;NH;Br molecules into the PbI, platelets. The synthesis
strategy forms the basis of non-colloidal synthesis of thin
perovskites platelets. Following a similar approach, Niu et al.
have synthesized CH;NH;PbI; perovskite platelets on a number
of inorganic 2D materials, including graphene, hexagonal boron
nitride (h-BN), and molybdenum disulfide (MoS,).*° It seems the
2D nature of these materials facilitates the vdW epitaxy of
layered Pbl,. Preferential growth of thin perovskites platelets
on patterned h-BN islands was demonstrated.*®

Wang et al. developed a one-step vdW epitaxy method”” to
grow thin CH3;NH;PbCl; perovskite platelets on the muscovite
mica substrate directly from organic and inorganic precursors
(Fig. 1c). They simultaneously placed all the precursors and the
substrate in an alumina tube followed by heating under low
vacuum with argon as the carrier gas. The positions for both the
precursors and the substrate in the system were carefully
designed to control the deposition and reaction temperatures.
Specifically, PbCl, powder was placed in the center of the
furnace at ~360 °C, and CH3;NH;Cl powders and muscovite
mica substrate were placed in the upstream and downstream
regions of the furnace, respectively, at ~200 °C. The perovskite
platelets prepared by this one-step method are square-shaped
with sub-10 nm thickness and a few tens of micrometers in
lateral dimensions (Fig. 1d).”” Note that the thin perovskite
platelets fabricated by the vapor-phase-based methods tend to

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Schematic illustration of two-step vapor-phase process, and (b) the measured thicknesses and optical images of initial Pbl, nanoplatelets and
corresponding CH3NHzPbls platelets. Reproduced with permission. Copyright 2014, Wiley—VCH.44 (c) Schematic illustration of one-step VDW epitaxy
method, and (d) the optical and AFM images (scale bars = 10 um) of a CH3zNH3Pblz nanosheet. Reproduced with permission. Copyright 2015, American
Chemical Society.*’ (e) Schematic illustration of combined solution process and vapor-phase conversion method, and (f) the AFM image (scale bar = 2 pm)
of a CHsNH3Pbls nanosheet. Reproduced with permission. Copyright 2016, American Chemical Society.*®

be relatively thick (typically, n > 20). By combining observations
of the fractal evolution of perovskite platelets and the Monte
Carlo calculations, it was proposed®” that the absence of mono-
and few-layer 2D perovskites from the one-step vdW epitaxy
method results from a high vdW-type diffusivity (both surface
and edge diffusivities) and low cohesive energy of perovskites. It
was suggested”” that the further treatment of substrates, such as
surface passivation, might facilitate the growth of thin-layer 2D
perovskites.

Very recently, Liu et al. successfully synthesized thin 2D
CH;NH;PbI; perovskites by combining the solution process

This journal is © The Royal Society of Chemistry 2017

and vapor-phase conversion®® (Fig. 1e), which can be viewed as
an improved version of the two-step vapor-phase process.** In
the first step, the Pbl, NPLs were prepared by drop-casting the
saturated PbI, aqueous solution onto a SiO,/Si substrate at
mild temperatures (30-180 °C). The synthesized PbI, platelets
were then converted into CH;NH;PbI; platelets by the gaseous
phase reaction at low vacuum. The synthesized CH;NH;PbI;
platelets are triangular or hexagonal, following the morpho-
logical features of the parent Pbl, ones. The thickness can be
significantly reduced down to 1.3 nm (Fig. 1f),*® while the degree
of blue shift in the PL spectra is not as significant as expected.

J. Mater. Chem. C, 2017, 5, 5610-5627 | 5613
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A similar approach was also employed in another study,* in
which the wafer-scale growth of CH;NH;PbI; perovskite microplate
arrays was reported. Prior to growing Pbl, microplate arrays, the
SiO,/Si substrate was patterned with hydrophobic octadecyltri-
chlorosilane (OTS) using photolithography. An array of Pbl, seeds
was selectively formed by flowing Pbl, aqueous solution over the
surface. The seeded substrate was then immersed into a saturated
Pbl, aqueous solution for growing Pbl, platelets, followed by
exposure to CH3;NH;I vapor to form perovskite platelets.

The vapor-phase-based methods are summarized in Table 1.
To date, these methods do not allow the preparation of layer-
controlled 2D perovskites on a large scale, thereby limiting
their applications in optoelectronics. In addition, only a small
degree of blue shift in the PL spectra had been introduced
using these methods. The underlying mechanisms are still not
well understood.

Next, we review the synthesis of 2D perovskites with
A',[ABX;],BX, structures, namely, the Ruddlesden-Popper
perovskites. Structurally derived from the bulk ABX; analogue,
three subgroups of layered perovskites are as follows:
A’,[ABX;],BX, ((100)-oriented), A’,[ABX;],X, ({110)-oriented),
and A’,[ABX;];BXs ((111)-oriented)." Among these structures,
the A’,[ABX;],BX, structure has the richest family members,*
and it is referred to as 2D perovskites in this review, as
schematically shown in Fig. 2a. Clearly, n = o« and n = 0
represent the bulk and thinnest forms of perovskite materials,
respectively. To derive from the bulk non-layered structure to the
layer-controlled 2D counterpart, the A cations on the surface are
often replaced by bulky, long-chained cations A’, confining the
ABX; layers in a 2D manner.”® In the 2D perovskites, A',[ABX;],BX,,
RNH;" is the most representative A’ cation ligand group, acting as a
spacer between the perovskite layers.”® Recently, the synthesis of
single-crystalline 2D (RNH;3),[CH3;NH;PbX;],,PbX, perovskites has
been reported using a number of methods including silica-gel,***>
solvent-evaporation,®®>* mixed-solvent-evaporation,®>° and
liquid-phase crystallization.>>>"*%%%%* we highlight the main
findings below.

Ishihara et al. synthesized a series of zero-layered perovskite
crystals (n = 0) with different alkyl group lengths and studied
their optical properties,®® i.e., (CyH,.1NH3),Pbl, (x = 8, 9, 10,
and 12) using the silica-gel method.?® Specifically, Pb(CH;COO),,
C,H,,+1NH,, CH;COOH, and Na,SiO; were mixed in water and
gelled. After about one week, KI aqueous solution was then
added onto the gel to introduce iodide ions. Square crystals with
a typical size of 2 x 2 x 0.1 mm? were gradually formed after one
month. The silica-gel method was found to be ineffective for
shorter ligands (x = 4 and 6), and therefore, these crystals were
prepared simply by slowly evaporating the aqueous precursor
solution that contains a stoichiometric amount of C,H,,;NH;I
and Pbl,,*® yielding small crystals of ~1 x 1 x 0.03 mm®. It was
found that the crystals prepared by the silica-gel method®** are
easily contaminated by the gel residues and the hardness of the
gel was rather difficult to control.>® A cleaner method using mixed
acetone/nitromethane solution was subsequently reported by
the same group using the R group with x = 10.>*° The
resulting (C,0H,;NH3),Pbl, crystals are relatively large, up to

5614 | J. Mater. Chem. C, 2017, 5, 5610-5627
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Table 1 Summary of the main vapor-phase-based methods for synthe-

sizing thin organic—inorganic hybrid perovskites with the CH3NHzPbXs
(X = Cl, Br, and I) structure

Perovskite material Synthesis method

Pure halide
CH;3NH;PbCl; Two-step vapor-phase process™
CH,;NH,PbCl, One-step vdW epitaxy method*”
CH;3;NH;PbBr; Two-step vapor-phase process™
CH;3;NH;PbBr; Combined solution process and vapor-phase
conversion®®
CH;3;NH;PbI; Two-step vapor-phase process™
CH;NH;PbI; Combined solution process and vapor-phase

conversion®®

Mixed halide
CH,;NH,PbCLI;
CH,NH,PbBr,I;_,
CH,NH,PbBr,I;_,

Two-step vapor-phase process™*

Two-step vapor-phase process**

Combined solution process and vapor-phase
conversion®®

4 x 10 x 0.1 mm?3°® The bromide counterpart, ie.,
(C10H,:1NH;3),PbBr, crystals, with a typical size of 3 x 3 x
0.05 mm?® were also prepared by the same method, but using
water to replace acetone due to the low solubility of (C;oH,;NH3),-
PbBr, in acetone. They also reported the synthesis of (C;oH,:NH;),-
PbCl; crystals. Another commonly used ligand group,
phenethylammonium, i.e., CsH;C,H,NH3, is also adopted.>® Mitzi
also reported the synthesis of C;HoNH;Pbl, (n = 0) perovskites using
a liquid-phase crystallization method.*® The same method was also
employed to prepare 2D perovskites with larger n (n = 1 and 2).°%
Kanatzidis and co-workers synthesized (C,HoNH,),[CH;NH;PbX;],-
Pbl, crystals with n = 0, 1, 2, and 3 (Fig. 2b) in a hot aqueous
solution containing HI, H;PO,, and PbO, followed by adding
C,HoNH, to the solution during the cooling process.’®>" The
amount of C;H,NH, determines n.°" Table 2 briefly summarizes
the samples and methods described above.

The synthesized single crystals, nevertheless, do not allow
solution processing for large-area, thin-film optoelectronics.
Recently, synthetic concepts were adopted to achieve direct
solution-phase growth of 2D (RNHj;),PbX, perovskite single
crystals.®*®* Specifically, Gauthron et al. prepared (CeHsC,-
H,NH;),Pbl, (n = 0) thin films by spin-coating the precursor/
dimethylformamide (DMF) solution on a quartz substrate.®”
Self-organization occurred during the spin-coating process,
resulting in the formation of (C¢HsC,H,NH;),Pbl, perovskite
crystals. Film thickness ranging from 3 to 100 nm can be obtained
by controlling the concentration of the precursor solution. Yang
and colleagues also reported the direct solution-phase growth of
thin 2D (C,HoNH;),PbBr, perovskite (z = 0) platelets (Fig. 2c) using
the ternary co-solvent system.®* This method was also applied to
prepare mixed-halide 2D perovskites, such as (C;HoNH;),PbCL,Br,,
and (C4HoNH;),PbBr,1,, but all with n = 0.

The methods discussed above®®® mostly yield A’,BX, 2D
perovskites (i.e., n = 0) and lack good control on n (particularly
for n > 3). Furthermore, most of these methods produce small
crystals in solution, which are not suitable for large-area
optoelectronics that essentially require (i) thickness control
down to 10-100 nm and (ii) complete surface coverage. For

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 (a) Schematic structures of 2D A’,[ABX3],,BX, perovskites (n = 0, 1 and 2) and the 3D ABXs perovskite (n = o). (b) SEM images (top; scale bars =
200 pm) and photographs (bottom) of (C4HgNH=3),[CH3NH3zPbX3],,Pbl, perovskite crystals (n = 0, 1, 2, 3 and ). Reproduced with permission. Copyright
2016, American Chemical Society.®® (c) Optical image (top; scale bar = 10 mm) and AFM image of the 2D (C4HgNHz),PbBr, perovskite (n = 0) crystals.
Reproduced with permission. Copyright 2015, the American Association for the Advancement of Science.®*

optoelectronic applications, it remains challenging to simulta-
neously engineer solution chemistry and self-assembly process.

[ll. Colloidal synthesis

Motivated by the necessity of solution-processed optoelectronic
devices that require ease and low cost of fabrication, 2D
perovskites in the form of colloidal nanocrystals (NCs) emerged

This journal is © The Royal Society of Chemistry 2017

as a potential alternative to inorganic colloidal QDs.”® Following the
concepts developed during that time, a variety of methods have been
proposed to synthesize colloidal dispersions based on perovskite
compounds. The first successful synthesis of CH;NH;PbBr;
nanoparticles was reported in 2014 by Schmidt et al. by mixing
CH;NH;Br and long-chain alkyl ammonium bromide with PbBr,
dissolved in DMF with octadecene containing oleic acid at room
temperature.®® The formation of NCs was triggered by the low
solubility of perovskite precursors in a nonpolar solvent, with the
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Table 2 Selected literature for the synthesis methods of 2D organic—
inorganic hybrid perovskites with the (RNH3),(CH3NH3zPbX3),PbX4 (X = C,
Br, and |) structure

Perovskite material Synthesis method®

n=0

R = aliphatic alkyl group
(C4HoNH;),PbBr, LPC*
(C4HoNH;,),Pbl, LPC>%°1,60-62
(CeH13NH;),Pbl, SE(acetone)>
(C10H,1NH;),PbCl, LPC®
(C10H21NH;),PbBr, MSE(H,0/NM)**
(C10H,;NH;),Pbl, SG,*? MSE(acetone/NM)*®
(CxHax+1NH;),PbBr, (x = 2, 3, 4, 6 and 10) MSE(DMF/acetone)*®
(CxHa+1NH;),Pbl, (x = 4 and 6) SE(H,0)**

(CxHyxi1NH;),PbI, (x = 8,9, 10 and 12)  SG*®
R = aromatic alkyl group )
(C¢H5C,H,4NH;),Pbl, MSE(acetone/NM,>* 3¢

THF/ether®’)

n=1

R = aliphatic alkyl group
(C4HoNH,),(CH3NH;PbI;)PbI,
(CeH,3NH;),(CH;NH;PbI;)Pbl,
(CxHax11NH,),(CH;NH;PbBr3)PbBr,
(x=2,3, 4 and 6)

R = aromatic alkyl group
(CeH5C,H4NH;),(CH;NH;PbI,)Pbl,

50,51,60-62
LPC>"”™

SE(DMF)*>
MSE(DMF/acetone)*®

MSE(acetone/NM,>* 3¢
THF/ether’”)

n=2
R = aliphatic alkyl group

(C4HoNH3;),(CH;NH;PbI;),Pbl, LPC30°1,60763

(CeH13NH;),(CH;NH;PbBr;),PbBr, MSE(DMF/acetone)*®
(CeH13NH;),(CH;NH;PbI;),Pbl, SE(DMF)*?
R = aromatic alkyl group
(CeH5C,H4NH;),(CH;NH,Pbl;),Pbl, MSE(acetone/NM)*°
n=3
R = aliphatic alkyl group
(C4HoNH3),(CH3NH;Pbl;);Pbl, LPC>0°183

“ DMF: dimethylformamide; LPC: liquid-phase crystallization; MSE:
mixed-solvent-evaporation; NM: nitromethane; SE: solvent-evaporation;
SG: silica-gel: THF: tetrahydrofuran.

alkyl ammonium ions acting as capping ligands that limit the
growth of NCs. It results in highly luminescent and stable
dispersions with the peak emission at ~525 nm (Fig. 3a).
Further optimization of perovskite precursors and ligand
concentrations enable a high value of PLQY ~ 83% (Fig. 3b) in
solution.®” Note that even in the inorganic QD systems, it
often requires the core-shell structure to attain this value.
Subsequently, Protesescu and co-workers synthesized CsPbX;
nanocubes based on the hot-injection method—a tool for-
merly used to prepare QDs.>? In this work, the effects of halide
composition on the bandgap width and the optical properties
were demonstrated (Fig. 3¢). Although the CsPbX; perovskites
are known to crystallize in orthorhombic, tetragonal, or cubic
structures,” at a high temperature, only the cubic phase
is formed in all the compounds. At room temperature,
particularly for CsPbI; NCs, the cubic phase has proven to
be metastable.® Nevertheless, after cooling down to room
temperature, all the compositions of CsPbX; NCs are with
the cubic phase, suggesting that the reduction of crystal size
might stabilize this particular phase.
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View Article Online

Review

Note that the synthesized perovskite NCs only exhibit a very
small degree of PL blue shift compared to that in the bulk. This
reflects the fact that the Bohr radius in the perovskite systems
is small, and the size of NCs is not sufficiently small to reach
the quantum-confinement level. Nevertheless, the PLQYs in
these compounds are still amazingly high, compared to that in
large single crystals (typically with PLQY <1%).°® This implies,
unlike in inorganic QD systems, that quantum confinement
does not seem to be a prerequisite to reach high PLQY.
However, as we mentioned in Section I, the transformation of
mixed-halide perovskite NCs by means of the halide-exchange
reaction has been proven to significantly reduce their PLQY,®®
thereby preventing them from being used in advanced applications
in optoelectronics. This motivates researchers to synthesize
colloidal, layer-controlled 2D perovskites.

The first observation of colloidal, quantum-confined 2D
perovskites is reported by Tyagi et al. in early 2015.%° A slight
modification of the colloidal synthesis method results in the
formation of mixed perovskite nanostructures with different
morphologies, and by purifying this mixture of colloidal dis-
persions by dilution, filtration, precipitation, and re-dispersion,
the 2D NPLs of CH;NH;PbBr; with different thicknesses were
isolated. Although the PL spectrum showed a predominant
peak at ~530 nm, which is associated with the bulk phase, a
sharp excitonic feature at 431 nm, or a ~0.5 eV blue-shift
compared to the bulk, appeared in its absorption spectrum. By
comparing with previous experimental work based on non-
colloidal synthesis, this peak was identified to correspond to
2D CH;3;NH;PbBr; perovskite with 7 = 1 (see Fig. 4a). The minor
components in the PL spectrum centered at 475, 490, and
504 nm were also found to correspond to n = 4, 5, and 6,
respectively. The lateral size of the synthesized NPLs was up to
hundreds of nanometers.

A synthesis method toward control over n was later proposed
to tune 4 (Fig. 4b).°° The idea encompasses the use of both long
octylammonium (OA) and short methylammonium (MA) cations
together with PbBr, dissolved in DMF and introduced to toluene.
The former cannot be incorporated into the perovskite crystal
structure and instead binds with the alkyl chain sticking out-
ward, thus arresting crystal growth in the dimension along the
hydrocarbon chain. By increasing the ratio of OA to MA, the
thickness of the produced NPLs is, therefore, reduced. The PL
emission changed gradually from green (0% OA), blue-green
(70% OA), blue (90% OA), and finally to violet (100% OA).
Nevertheless, except for the green (n = o0) and violet dispersions
(n = 0), the emission spectra exhibited multiple peak
components, suggesting that the resulting dispersions are
not sufficiently pure. In addition, the reported PLQYs are
typically <10%. Apart from change of the PL emission, in
this report,® another important observation is that along
with the rectangular NPLs, the transmission electron micro-
scopy (TEM) images revealed quasi-spherical objects, roughly
6 nm in diameter, which were proven to be a degradation
product of the perovskite nanostructures. It has made
atomic-level electron microscopic imaging of colloidal 2D
hybrid perovskites very challenging.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Room temperature fluorescence spectra of MAPbBr3 nanocrystals66 and (b) a photograph of the colloidal dispersion containing MAPbBr3
nanocrystals under UV-light.®” Reproduced with permission. (a) Copyright 2014, American Chemical Society,®® (b) Copyright 2015, Royal Society of
Chemistry.®” (c) Colloidal solutions of CsPbXz nanocubes under UV lamp together with the respective PL spectra. Reproduced with permission. Copyright

2015, American Chemical Society.>

Vybornyi and co-workers also reported another synthesis
method of CH;NH;PbX;,”® which does not involve DMF or other
polar solvents. The reaction between methylamine (CH;NHS,)
and PbX, is conducted in a high-boiling nonpolar solvent
(e.g., 1-octadecene, ODE) at elevated temperatures in the presence
of oleylamine (OLM) and oleic acid (OLA) as coordinating ligands.
The PbX, salt serves as both the Pb** and X~ source, and the proton
is provided by OLA to form CH;NH;'. The tetrahydrofuran (THF)
solution containing methylamine and OLA is injected into PbX,
solubilized in the ODE/OLM/OLA mixture under vigorous stirring,
resulting in the formation of NCs within seconds. By adjusting the
amount of OLM, the method selectively yields either blue-emitting
square NPL-like NCs or green-luminescent nanowires. The platelets
exhibited an absorption peak at ~450 nm and a single PL emission
peak at 465 nm with PLQY of 18% (Fig. 4c), approximately
corresponding to 7 = 3.°® On the other hand, a lower content of
OLM promoted the aggregation of nanoparticles and formed wire-
like structures, exhibiting a PL peak centered at 532 nm and a

This journal is © The Royal Society of Chemistry 2017

sharp absorption band with moderate excitonic component at
around 520 nm. This method was also used to prepare MAPbI;
NC and NPL colloidal solutions, which exhibit PL emission at
~750 and ~700 nm, respectively.

Bekenstein et al. reported the colloidal synthesis of CsPbX3
NPLs”' by modifying the protocol that produces CsPbX; NCs at
140-200 °C.**7? They found that synthesis at a lower tempera-
ture (90-130 °C) favors 2D perovskite formation. The reaction
was carried out in a flask in which PbBr, was solubilized by
mixing with ODE containing OLM and OLA that acted as
ligands at a later stage. Due to the low solubility of CsBr in
DMF, it was necessary to degas Cs,CO; in the presence of OLA
in order to transform it into liquid Cs-oleate, as pioneered by
Protesescu et al.** The reactions conducted at 130 °C produced
NPL dispersions with cyan emission (corresponding to n ~ 5).
Further decrease of the reaction temperatures to 90-100 °C
induced the formation of very thin NPLs. This trend followed;
nevertheless, the reaction at 70 °C did not take place, presumably
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(a) Images of MAPbBrz colloidal suspensions with different OA content excited with UV light together with a schematic describing quantum

confinement effects in perovskite nanocrystals. The right panel shows TEM images of these nanostructures. Reproduced with permission. Copyright
2015, American Chemical Society.®® (b) Schematic illustration of 2D perovskite nanoplatelet with n = 1. Reproduced with permission. Copyright 2015,
American Chemical Society.*® Below the dependence of PL and absorption spectra of (c) 2D MAPbBr on different layer number®® and (d) 2D perovskites
on variable chemical composition.”* Reproduced with permission. (c) Copyright 2016, American Chemical Society,® (d) Copyright 2016, American
Chemical Society.”* (e) TEM image of stacked 2D MAPbBr3 nanoplatelets with n = 3. Reproduced with permission. Copyright 2016, Royal Society of

Chemistry.”°

because of the low reactivity of Cs-oleate at low temperatures.
Although the manipulation of the reaction conditions causes
certain variations, the resulting solutions are still polydispersed,
containing NPLs with different thicknesses. The PL emission
maxima were identified at 488, 477, 462, 435, and 405 nm, where
they may be roughly assigned to NPLs with n = 5, 4, 3, 1, and 0,
respectively. PLQYs of 84, 45, and 10% were achieved for samples
with n = 5, 4, and 3, respectively (need to check). A procedure that
yields monodispersed CsPbBr; NPLs was developed by Akkerman
et al.”® Cs-oleate, PbBr,, OLM, and OLA were mixed in ODE at room
temperature, followed by adding different amounts of HBr that
protonates the long-chain amine. A significant amount of acetone

5618 | J Mater. Chem. C, 2017, 5, 5610-5627

was added at the end to initiate the nucleation of NPLs. Depending
on the amount of HBr, they reported monodispersed CsPbBr; NPL
dispersions that emit at 438, 449, and 459 nm corresponding to
n = 3, 4, and 5, respectively. The PLQY for the n = 5 solution
reaches 31%.

Very recently, the demand for covering possibly the largest
range of the visible spectrum was addressed by Weidman and
co-workers.”* A high degree of spectral tunability was achieved
through the variation of cation (A), metal (B), and halide (X)
composition, as well as n, (Fig. 4d) in colloidal synthesis. The thin
NPL dispersions of A’,[ABX;],,BX, were synthesized by a nonsolvent
crystallization method. Precursor salts (AX, BX,, and A'X) were

This journal is © The Royal Society of Chemistry 2017
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dissolved in DMF, mixed in proper proportions, and injected into
nonpolar toluene phase to obtain either » = 0 or n = 1 NPL
solutions. Small-angle X-ray diffraction patterns were used to
characterize NPL stacking. However, they observed poor colloidal
stability for thick NPLs (n > 1) and low PLQYs (up to 22%) for thin
NPLs. These issues were recently addressed by our group, in which
we reported a new colloidal synthesis method that produces the
quantum-confined, colloidal 2D perovskites with precisely con-
trolled odd layer number from n = 7-10 to n = 1.°® PbBr, and
CH;NH;Br were dissolved in DMF, followed by adding the toluene
solution containing OLA and OA at room temperature, which acted
as surfactants that stabilized the polar DMF phase in the nonpolar
toluene phase. In addition, OLA weakly protonates OA to OA’,
which is required to limit the growth of NCs. The amount and ratio
of long-chain molecules determine the thickness of 2D perovskites.
This approach yields CH;NH;PbBr; NPLs with various n values,
with PL centered at 517, 489, 456, and 436 nm (Fig. 4e) corres-
ponding to n = 7-10, 5, 3, and 1, respectively. The high mono-
dispersity and mild reaction conditions have led to high PLQYs
(40-90%) in colloidal solutions. Interestingly, contrary to other
protocols, the use of OLA and OA seems to enhance the colloidal
stability of the synthesized NPLs.”

On the other hand, less research effort has been focused on
the colloidal synthesis of 2D iodide perovskites. Hassan et al.
developed a direct synthesis route of 2D CH;NHPbI; NCs.”® It
is a two-step approach involving (i) the preparation of mono-
dispersed Pbl, NPL solution and (ii) reaction of the solution
with a mixture containing alkyl ammonium iodide and methyl-
ammonium iodide. They found that the lateral size of PbI, seeds
played a minor role in determining the resulting n. Depending
on the ratios between the reactants, 2D CH3;NH;PbI; colloidal
dispersions with n = 0, 1, and 2 were obtained, yielding green,
orange, and red emissions, respectively. Weidman et al. studied
the influence of halide composition on the photophysical
properties of perovskite NPLs. Apart from the Br-based 2D
perovskites, I-based counterparts were also prepared (with both
CH;NH;" and CH(NH,),").”* However, the PLQYs are not satis-
factory (<2%) and the NPLs with n > 1 were not reported. The
Sn-based 2D perovskites were also reported, but the PLQYs
remain low;” in particular, the entire process has to be carried out
in an inert atmosphere due to the high reactivity with oxygen.””
Another interesting approach was presented by Hintermayr et al.
and Tong et al. by using a tip sonicator to disperse the bulk
perovskite phase in a nonpolar solvent containing ligand
molecules.”®”® The same research group further found that the
formation of 2D NPLs can also be triggered by diluting a solution
containing thick NCs of CH;NH;PbBr; or CH;NH;PbI;.* Note that
although the thin 2D iodide counterparts could be formed using
both methods mentioned above, there is a lack of selectivity toward
precise layer control.

Colloidal-based methods have brought new opportunities
for 2D perovskites in optoelectronics. Precise layering control
from n = 0 to n = oo has been achieved in colloidal
CH;NH;PbBr; and CsPbBr; perovskite systems. Moreover, it
has been shown that the synthesis procedures commonly used
for obtaining colloidal perovskite NCs can be readily scaled-up,

This journal is © The Royal Society of Chemistry 2017
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Table 3 Summary of various 2D perovskite structures prepared by
colloidal synthesis together with their photophysical properties

Compound Layer number n Aaps (nm) Zp, (nm) PLQY (%) Ref.
CH,NH,PbBr; oo 525 530 — 36
6 497 504 — 36
5 486 490 — 36
4 472 475 — 36
3 451 — — 36
1 431 — — 36
CH;NH,;PbBr; o0 528 518 16 69
5 — 490 69
4 463 469 12 69
3 446 454 3 69
0 — 427 0.4 69
CH,NH,PbBr; — 532 15 70
3 ~450 465 18 70
CH,NH.Pbl; o — ~700 — 70
CsPbBr; 5 — 488 84 71
4 — 477 45 71
3 — 462 10 71
1 — 435 — 71
0 — 405 — 71
CsPbBr; o0 — 510 78 72
4 441 459 31 73
3 431 449 — 73
2 422 438 — 73
CH,NH,PbBr; 1 348 — — 74
0 334 — — 74
CH(NH,),PbCl; 1 354 — — 74
CH3NH3PbBr; 1 431 437 6 74
0 398 403 — 74
CH(NH,),PbBr; 1 434 439 22 74
CsPbBr; 1 429 433 — 74
CH,NH,PbBr; 1 566 574 1.1 74
0 506 513 — 74
CH(NH,),PbI; 1 566 575 1.4 74
CsPbl; 1 553 561 — 74
CH(NH,),SnI; 1 674 689 2.6 74
0 604 628 0.5 74
CH,NH,PbBr; 7-10 ~511 517 81 68
5 469 489 90 68
3 449 456 50 68
1 429 436 10 68
CH,NH,Pbl, 2 593-600 610 — 76
1 565 580 — 76
0 505 520 — 76

thus potentially enabling the production on an industrial
scale.®" ® Nevertheless, most of the synthesis methods dis-
cussed in this section yield 2D bromide perovskite colloidal
dispersions. Although the 2D confined structures have been
proven to stabilize the cubic phase to some degree, it still
remains challenging for n > 2. We believe that this is the
fundamental mechanism responsible for the low yield in 2D
iodide perovskites. In addition, for 2D perovskite NPL disper-
sions with n < 3, the PLQYs remain low. All the values of this
parameter achieved for various colloidal dispersions of 2D
perovskites are summarized in Table 3. We expect that further
research effort will be focused on QY improvement.

IV. Optoelectronic applications

Hybrid perovskites are an emerging class of semiconducting
materials that have shown promising potential in the opto-
electronic and photonic devices. In this section, we review
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recent progress in 2D-perovskite-based optoelectronics, including
LEDs, and solar cells.

Light-emitting diodes

The first observation for EL of 2D perovskites was reported back in
1994.%* The hybrid perovskite (C¢HsC,H,NH;),Pbl, or PEAPbI,
(n=0) exhibited EL at ~ 520 nm with maximum luminance up to
10000 cd m™? at liquid-nitrogen temperature. Room-temperature
EL of perovskites (n = oo) was reported two decades later using
CH;NH;PbI;_,Cl,, CH;NH;PbBr;, and CH3;NH;PbBr,I polycrystal-
line films.*® The NIR device showed the highest EQE of 0.76% and
maximum radiance of 13.2 W sr™' m~? at 780 nm, and the green
and red LEDs demonstrate the maximum EQEs of 0.1% and
0.018%, respectively. Since then, considerable research effort has
been made to enhance the performance of perovskite LEDs. The
emergence of perovskite emitters has opened an avenue toward
low-cost and roll-to-roll fabrication of large-area optoelectronics due
to the long radiative recombination lifetime,*® high charge carrier
motility,®”%® fair PLQYs,*® and the emission can be easily
tuned from visible to infrared wavelengths.**74949¢ Recently, a
number of device architectures®” have been proposed to enable
high-performance perovskite LEDs.”®''” With the fundamental
background addressed in Section I in mind, we believe that
layer-controlled 2D perovskites are the ultimate solution for
high-performance perovskite LEDs.

The first report that demonstrates LED devices based on
pure-inorganic CsPbBr; perovskite QDs has shown a few nano-
meters of blue shift, which might result from a small degree of
quantum confinement effect as compared to that in the bulk
CsPbBr; (~530 nm) counterpart.’'® The device structure with
Au/MgNiO/CsPbBr; QDs/n-MgZnO/n-GaN demonstrates green
emission at 522 nm with a maximum EQE of 2.39% and a
maximum luminance of 3809 cd m~>.""? It also showed operational
stability of 10 h, with only 20% drop in device efficiency. By
controlling the surface density of ligands, the PLQY, colloidal
solution stability, and carrier injection ability of the CsPbBr;
perovskite QDs were found to be greatly enhanced."”® The resulting
devices showed the maximum luminance of 15185 cd m™> at
512 nm with a maximum EQE of 6.27% and a maximum current
efficiency of 13.30 cd A~ *.**° For the blue perovskite-based LEDs,
an EQE of 0.07% at 455 nm was achieved with mixed halides
CsPbX; perovskite QDs."*' Indeed, it remains challenging to
induce a sizable and controllable degree of quantum confine-
ment in perovskite QDs. Despite the fact that the role of ligand
type and their concentrations is one of the critical issues for
colloidal stability and device performance, the role of organic
ligands is beyond the scope of this review and may be addressed
elsewhere.

Fig. 5 shows the device architectures and I-V-L characteristics
of quasi-2D (layered structure of the 2D and 3D perovskites)
perovskite emitters-based red and green LEDs. With the quasi-
2D perovskites, it has been reported that a small amount of
1-naphthylmethylammonium lead tetra iodide ((NMA),Pbl,,
n = 0) in the bulk CH(NH,),Pbl; perovskite matrix yields
the maximum EQE of 11.70% and the highest radiance of
82 W sr ' m™ 2, with the EL peak emission at 763 nm (Fig. 5a—c)."**
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The LED devices using pure, layer-controlled quasi-2D (n =0, 1,
and 2) perovskites with multi-quantum wells (MQWs) structure
were also demonstrated in the (C;HoNH;),[CH;NH;PbX;],,Pbl,
system, with tunable EL peak position from 700 (n = 2) to
518 nm (n = 0)."** For n = 2, the maximum EQE of 2.29% and
maximum luminance of 214 cd m~2 were demonstrated, while
for the counterparts of n = 1 and 0, the EQEs were orders of
magnitude lower.">® Yuan et al. further reported the record high
EQE of 8.8%, with the maximum radiance of 80 W sr™* m™? at
700 nm by using the mixed multilayered quasi-2D perovskites of
(C6H5C,H,NH;),[CH3NH,PbI;],Pbl, (7 = 0-3) (Fig. 5b)."** They
proposed that these high efficiencies result from the cascade energy
transfer between the 2D layers, thereby promoting smooth charge
injection, as well as effective exciton recombination.

Next, we move to the bromide perovskite compounds, which
yield green to blue emissions (400-550 nm). Note that the
performance of iodide-perovskites-based deep-red/NIR LEDs
has not yet been achieved in bromide-based green/blue LED
counterparts.’> Upon mixing 2D (C¢HsC,H4NH;),PbBr,
(n = 0) in the bulk CH3;NH;PbBr; matrix, which is also known
as quasi-2D perovskite, green LEDs (at 520 nm) with a high
current efficiency of 4.90 cd A~' and maximum luminance of
2935 cd m~? have been demonstrated.'*® Wei et al. also reported
the maximum EQE of 0.53% and current efficiency of 1.43 cd A™*
using 2D CH;NH;PbBr; perovskites.'”” Recently, based on pure
(CeH5C,H,NH;),PbBr, (n = 0) NPLs, room-temperature violet
LEDs emitting at 410 nm were reported.'*®

The relatively poor performance in NPLs-based devices may
result from the electrical shunting between the electrodes,
since the assembled 2D perovskite NPLs tend to be rough. This
issue can be improved by incorporating NPLs in a low-dielectric-
constant organic or polymer matrix.*®*'?° Ling et al. reported the
maximum luminance of 10 590 cd m~? using CH;NH;PbBr; NPL
films reinforced in an ambipolar mixture of PVK:PBD host,"*°
although the device EQE remains low (0.38%). Fig. 5e-h show
the architecture, I-V-L characteristics, and EL spectra (at different
driving voltages) of 2D CH3NH;PbBr; perovskite LEDs. Very
recently, our group demonstrated efficient 2D CH3;NH;PbBr;
perovskite devices using the low-dielectric-constant, fluorescent
host materials, which enables the Forster resonance energy
transfer (FRET) between the host and 2D perovskites (Fig. 6a
and d).®® By using quantum-confined 2D CH;NH;PbBr; emitters
with 7 =1 (deep-blue), n = 3 (pure blue), n =5 (cyan), and n = 7-10
(green), EQEs ranging from 2.31% to 0.004% have been demon-
strated. The EL spectra, device architecture, and energy levels of
materials are presented in Fig. 6b and c. In order to further
enhance the performance of 2D perovskite-based LEDs, we
expect that a deeper understanding in efficient energy transfer
between perovskite and organic materials would be essential.

Solar cells

Since the first demonstration of organometal halide perovskite
(OHP) as a photosensitizer in the dye-sensitized solar cell
(DSSC) by Miyasaka group in 2009,'*' considerable attention
has been drawn toward the development of perovskite solar
cells to address the issues of low power conversion efficiency

This journal is © The Royal Society of Chemistry 2017


https://doi.org/10.1039/c7tc00538e

Published on 22 maggio 2017. Downloaded by Fail Open on 23/07/2025 08:42:17.

View Article Online

Review Journal of Materials Chemistry C
a b Energy (eV)

22 20 1.8 1.6 1.4
1 ! 1

10 4 —o—nNFPI,

| —o—NFPIB
0.8 - e

=
I
-39 §37 H

3
N
2
a8 CHCHNH)CHNH, oL g
¢ | el "% = kS
o
-534 ﬁ m -5.7 8
-76 & -58 %
. £
| (1= (0)=40(0) =10 (3)=5 (n)=3 S |
00 o—o—o—o—=t"
600 700 800 900
Wavelength (nm)
¢ d 50
N
102 102 &\\\\\\\ NFPI,
o 3 7
P o B . %0 77 NepiB
< 100 § ¢
177
& 00 &8 30 Z
G s % %
5 107 L1079 F 50 /
= ] < %
S 23 3 /
5 102 7 2 /
5104 - ; & N
3 F 10 - 7
3 1073 %/
.
4 6 8 10 12
EQE (%)
f
70k
60k
S 50k
8
dek
B
PVK PED ” § 30k
23V TV i £ 20k
-——- 3.0eV -2.9eV
-3.4eV 10k
To PEDOTPSS A
-47eV ooV ’ 0}
s -5.7eV
5,86V 400
G20, Sm—
o : 10° h
o 0.5} —=—PVK:PBD 70/30
# 108 —e— PVK:PBD 84/36
S10? € 04} ——PVKPBDSs842
‘é 10* § ’ —o—neat Perovsite
=10 10° 8§ Foal
g '8 W
810° 107 ¢ g o2t
E . —a—pVikPBD 7050 {10' 5
£10 —e—PVK:PBD 64/38 0= 0.1}
o —4—PVKPBD 58142 1 10
y i —¢—neat P it
107 ;’ 1) \ neat Perovskite 10‘ 0.0k
012 3 4 5 6 7 8 9 10 11 12 0.1 1 10 100 1000
Voltage (V) Current density (mA/em?)
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(h) EQE vs. J for the devices. (e—h) Reproduced with permission. Copyright 2016, Wiley-VCH.**°
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(PCE), poor device stability, and dubious reproducibility. In
2011, Park’s group improved the PCE to 6.54% by using MAPbI;
QD photosensitizers.’**> The “perovskite fever”'*>*** rose in
2013, after Park’s group reported a PCE of 9.7% by using the
solid-state hole transport material (HTM), spiro-OMeTAD.'?*
The resulting solar cells exhibited long-term stability of over
500 hours under ambient conditions. At the same time, the PCE
is further enhanced to 10.9% as mesoporous Al,O; was
employed to replace the TiO, layer."*® In July 2013, Gritzel and
co-workers demonstrated a high PCE of ~15% by sequentially
depositing Pbl, and CH;NH;I precursors onto the mesoporous
TiO, layer."*” In these methods, the slow diffusion of CHzNH;I
solution in the PbI, lattice matrix was considered to be the
main challenge to achieve defect-free and homogenous perovskite
films. To this end, Snaith’s group used dual-source thermal evapora-
tion to prepare the mixed halide perovskite CH;NH;Pbl; ,Cl, and
achieved a PCE of 15.4% in the planar heterojunction structure.'*®
Recently, PCEs of 19.3, 20.1, and 21.1% were achieved by the Yang
group (2014),"* Seok group (2015),"° and Gritzel group (2016),"**
respectively. Up to now, within only 7 years, perovskite solar cells
have reached a record-high PCE of 22.1%,"*> comparable to that of
silicon-based solar cells.

It has been well recognized that the most significant
challenge toward the commercialization of perovskite solar
cells is device stability under continuous illumination at elevated
temperatures."*>"*® This motivates the development of 2D- and

View Article Online
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quasi-2D-perovskites-based solar cells."*”'** In 2014, by
incorporating 2D (CeHsC,H4NH;3),(CH3NH;3),Pbsly, (1 = 2) light
absorber into bulk CH;NH;PbI;, Smith et al. demonstrated the
hybrid perovskite solar cell with a PCE of 4.73% and an open
circuit voltage of 1.18 V.>° The 2D perovskites have shown better
resistance from moisture as compared to bulk CH3;NH;PbI,.
Likewise, the maximum PCE of ~4% has been attained for
the layered 2D (C,HoNH;),[CH;NH;PbX;],,Pbl, (n =0, 1, 2, and 3)
perovskites-based solar cells.’® The transport barriers between
layers in the 2D perovskite systems appear to be the major
mechanism responsible for the reduction of PCE,'* as well as a
high open circuit voltage.”® A higher PCE of 8.5% was realized by
using a mixture of 2D and 3D (C¢H;C,H,NH3),[CH;NH,;PbX;],Pbl,,
with n =1, 2, 3, up to c0."*° The Sargent group realized a PCE of
15.3% using the same material system, with n = 60 and n = 40.""
Under high relative humidity of 55%, the PCE only showed a
~10% drop after 60 day (1440 hour) operation.">" The Mohite
group also reported a high PCE of 12.52% using a mixture
containing bilayer (n = 2) and trilayer (n = 3) (C,HoNHjz),-
[CH;3;NH;PbX;],Pbl, perovskites along with retaining 60% of
the initial PCE after 2250 hour operation under ambient con-
ditions (Fig. 7a and b).%* Another report that used a mixed 2D
(HOOC(CH,),NHj3),Pbl, (n = 0) and 3D MAPbI; light absorber
also achieved a PCE of 11.2% as well as a 5000 hour-long
ambient stability."** Clearly, after incorporating 2D perovskites
into the light absorber, the trade-off between the PCE decrease
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Fig. 6 (a) Schematic (bottom) and molecular model (top) of the dielectric

quantum wells formed between organic host molecules (barriers, 1) and 2D

perovskites (wells, 2), illustrating Eqy > Egp, &1 < &, and uy > pp to enhance Eg in the wells.®® (b) LED device architecture and energy level diagram of

materials.®® (c) Representative EL spectra for LEDs using colloidal solutions

of n = 7-10 (pure green), n = 5 (sky blue), n = 3 (pure blue), and n = 1 (deep

blue), Inset: Photograph of a pure-blue LED (area: 3 x 5 mm?).%® (d) Schematic of FRET occurring at the interface between organic host and 2D
perovskite, in which the singlet excitons in the host transferred to the conduction band (CB) in 2D perovskite.®® (a—d) Reproduced with permission.

Copyright 2016, American Chemical Society.5®
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and stability enhancement represents the major challenge in
this field.

Other applications

Lead halide perovskites have also been demonstrated for other
optoelectronic applications, such as photo-field effect transistors,'**
color convertors,”* and waveguides.">'*° In particular, perovskite-
based photodetectors to detect visible,"®” X-rays,”®**° Uv,'*
and y-ray photons'® have been reported. However, only a few
reports have addressed these applications using 2D perovskites.
Here, we briefly review the relevant literature. Liu and co-workers
reported a photodetector comprising 2D CH;NH;PbI; perovskite
NPLs (Fig. 7¢). It showed a high value of photoresponsivity up to
21 mA W', which is significantly improved as compared to
those based on bulk CsPbBr; and CH;NH;Pbl;.*** Another report
also demonstrated 2D-perovskite-based photodetectors using
(C4HoNH,),[CH;NH;PbX;],Pbl,, showing photoconductivity values
of 3.0 (n = 0), 731 (n = 1), and 12.78 (n = 2) mA W~ .'631%*

oY)
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£
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E 04
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Ahmad et al. also observed a high photocurrent by using a 2D
perovskite film comprising (C¢HsC,H4NH;),Pbl, (n = 0).'¢°
The photodetectors based on inorganic 2D CsPbX; perovskite
NPLs also exhibited high on/off ratios and fast response time
(Fig. 7d).**°

V. Summary

Layer-controlled 2D hybrid perovskites represent one of the
very few semiconductor systems that allow tailoring of the
optoelectronic properties by means of n, bridging the materi-
als synthesis with the physics of semiconductor quantum
wells developed in the 1990s. In combination with their
appropriate bandgaps that covers the entire visible wavelength
region, we expect that the scientific and engineering chal-
lenges and opportunities addressed in this review will greatly
facilitate the development of perovskite-based optoelectronic
devices.

Counts

T b T g T v T
10.0 1.0 12.0 13.0
PCE (%)

CsPbBr,
nanosheets

Fig. 7 (a) J-V characteristics of planar devices using 2D (BA)>(MA)sPbylis perovskites, Inset-device architecture consisting 2D (BA)2(MA)zPbylis
perovskites light absorber.®® (b) Histogram of (BA),(MA)3Pbyl;s device power conversion efficiency (PCE) over 50 measured devices, fitted with a Gaussian
distribution.®® (a and b) Reproduced with permission. Copyright 2016, Macmillan Publishers Limited.®* (c) Schematic device architecture of photo-
detector with 2D CH3NH3zPbls perovskite.*® Reproduced with permission. Copyright 2016, American Chemical Society.*® (d) Schematic device
architecture of flexible photodetector using 2D CsPbBrsz perovskite nanosheets.'®? Reproduced with permission. Copyright 2016, Wiley-VCH 162
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