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a b s t r a c t

Two-dimensional (2D) perovskites are a new class of functional materials that may find applications in
various technologically important areas. Due to the better moisture and illumination stability, layered
perovskites can be the next generation of materials for solar light-harvesting applications, as well as for
light emitting diodes (LEDs). Besides, extended chemical engineering possibilities allow obtaining
advanced perovskite materials with desirable functional properties, such as tunable band gap, strong
exciton-phonon coupling, white light emission, spin-related effects, etc. A full understanding of the
fundamental properties is essential for developing new 2D perovskite-based technologies. In this paper,
recent reports on 2D perovskites are reviewed, including the synthesis methods of single crystals,
nanosheets and films; the crystal and electronic structures; the excitonic states and interactions; the
properties of the materials under low temperature and high pressure; and a brief discussion on the
challenges in understanding the fundamental properties of the layered perovskites.
© 2019 The Authors. Publishing services by Elsevier B.V. on behalf of Vietnam National University, Hanoi.
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1. Introduction

Since the first mineral with the perovskite structure CaTiO3 was
discovered in 1839 [1], various materials repeating this crystal
motif, perovskite-like materials, have been discovered. These
compounds have demonstrated various functional properties such
as ferroelectricity [1], nonlinearity [2], semiconductivity [3], co-
lossal magnetoresistance [4], multiferroic features [5].

Traditionally inorganic materials (mostly oxides) are known to
have perovskite-like structure, but recently hybrid organic-
inorganic and all inorganic [3] halides have attracted intense
attention due to their high performance and low cost in solar cells
applications [3,6,7]. Moreover, this class of materials has been
shown to be promising to use in light emitting diodes [6,8,9], X-ray-
, photodetectors [10,11], spintronics [12], batteries [13], and lasing
[14]. Development of the solar cell performance of hybrid halide
perovskites with the general formula AMX3 (A is an organic cation,
usually MA ¼ CH3-NH3

þ or FA ¼ NH2-CH-NH2
þ;M ¼ Pb, Sn; X ¼ I, Br,

Cl or a mixture of them) is much faster than that of other
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photovoltaic materials [6,15]. Moreover, altering the composition
allows tuning the band gap and optical properties of the material
efficiently [15].

However, poor moisture and illumination stability of regular
three-dimensional (3D) hybrid organic-inorganic perovskites still
remains the main obstacle to fabricate the low-cost and long-
running devices [6,12]. Two-dimensional (2D) perovskites,
demonstrating better stability and extended chemical engineering
possibilities, can be the next generation of materials for solar light-
harvesting applications [16], as well as for light emitting diodes
(LEDs) [12,17e22].

2D perovskites represent a particular class of low-dimensional
perovskites, that can be obtained from the parent perovskite
structure by slicing it along one of the crystallographic planes and
inserting a long organic cation between, yielding a layered struc-
ture with corner-sharing octahedral inorganic quantum wells
separated by an organic barrier. In practice, it is achieved by sub-
stitution of a small cation at the A position of AMX3 by a bulk amine
Rþ. In case if only a part of A is substituted, so-called multilayered
perovskites can be obtained [23,24]. The generic chemical formula
of the multilayered perovskites with corner-sharing octahedra is
R2(A)n-1MnX3nþ1 (if R is a monobasic amine), where n represents the
number of octahedral layers within one inorganic sheet (Fig.1) [25].
Highermembers of R2 (MA)n-1PbnI3nþ1 (n> 2) have attracted a lot of
National University, Hanoi. This is an open access article under the CC BY license



Fig. 1. Schematic representation of multilayered perovskites on the example of PEA2 (MA)n-1PbnI3nþ1.
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attention recently due to high efficiency at solar cell application
[17,26e29]. Improved stability of the perovskites with n¼ 10, 40, 60
was emphasized, while power conversion efficiency (PCE) was
shown to reach 15.6% [26]. The n ¼ 4 member demonstrated the
efficiency up to 13% [28,30] while the heterostructured 3D-2D pe-
rovskites exhibit PCEs up to 17e19% [31]. Such materials have been
found to be perfect materials for light-emitting diodes (LEDs) due
to tenability, high quantum efficiencies, and broadband emission
[12,17e21,31].

Besides, 2D perovskites exhibit special properties in comparison
with their 3D analogous. Their natural quantum-well structure
yields stable excitons, able to interact more strongly with phonons,
spins, and defects. Layered perovskites have been shown to bemore
structurally stable under non-ambient conditions than the 3D ones,
with maintaining the same phase longer under increasing pressure
or decreasing temperature [32e34]. In case of the existence
temperature-caused phase transitions they are usually associated
with the organic ions [32]. The unique properties make 2D perov-
skites good candidates for new advanced materials for various
applications [35].

In this paper, we summarize the publications on the structural,
electronic, and optical properties of 2-dimensional hybrid halide
perovskites under ambient condition, high pressure, and various
temperatures. The review is organized in the following way: first,
structural features of 2D perovskites are discussed, followed by a
brief overview of the synthetic approaches for both crystals and
films. Second, the electronic and optical properties of various
compounds are presented. Then the excitonic effects, such as
coupling and trapping, are reviewed in details. Finally, we analyze
the structural stability of 2D perovskites and the phenomena
caused by applying non ambient conditions. Various applications of
the layered perovskites are beyond the scope of this work, they
have been reviewed in details before (refer to [36e38]).
2. Crystal structure, motifs and orientation in films.

In case of regular 3-dimensional perovskites, the sizes of the A, B
and X ions are to fit the certain ratio to form perovskite-like
structures. The ability to form a perovskite-like structure is deter-
mined by the Goldschmidt tolerance factor t [39,40]:

t ¼ RA þ RXffiffiffi
2

p
ðRB þ RXÞ

(1)

For perovskite-like 3D crystal structures, the Goldschmidt
Tolerance Factor usually is 0.8 < t < 1 [39], that strictly limits the
radius of the cation A.

For two-dimensional perovskites R2(A)n-1MnX3nþ1, the same rule
applies to the A cations. The rule is relaxed for the organic cation R,
and R can take various values. R still needs to obey a few
restrictions. Firstly, R must contain at least one terminal cation
group, which can form hydrogen bonds with the inorganic anions.
Usually, one or two protonated terminated amines take part in
forming hybrid layered structures. Secondly, the size and shape of
the organic molecule R influence the formation of the layered
structures. The molecular cross-section (the projection down the
long axis of R) must be approximately equal to the area between
terminal halides of the inorganic framework. In case of lead iodide,
this is a square of ~40 Å2. However, the length of the organic cation
R can take on a wide range of values. In fact, it just needs to be
longer than the size of the vacancy between inorganic octahedra
[25] to prevent the formation of 3D perovskites.

Moreover, interactions between the R cations can stabilize or
destabilize the structure due to Van der Waals, aromaticearomatic
p-interactions [25], and hydrophobic forces [41]. It should be also
noted that in contrast with disordered MA in cubic 3D structures
[24], longer cations in 2D perovskites are in fact rigid due to van der
Waals forces and in some cases p-p interactions [42].

The nature of R cation has been shown to significantly affect the
structure of 2D perovskites [25,42]. The layered hybrid perovskites
with R ¼ PhCmH2mNH3 illustrate this phenomenon (Fig. 2). Despite
these cations apply to the same homologous series, the length of
the alkyl part affects not only lattice parameters but also stoichi-
ometry and ordering of the inorganic octahedra, including the di-
rection of the planes and type of sharing. And this is not the only
example of different types of octahedral ordering. In general, the
case where the octahedral layers are flat and located along <001>
plane is the most common type [25,43]. Alkylammonium metal
halides are the most common examples, in which the compounds
with the general formula CxH2xþ1MX4 (where x ¼ 4e10,M ¼ Pb, Sn,
Ge, X ¼ Cl, Br, I) [33,44e47] have been reported to exhibit the
<001> arrangement of octahedra as well as their solid solutions
with various concentrations of Cl/Br/I components [48,49]. Another
group of compounds, known to be of this type, are phenylethyl
ammonium metal halides [50,51]. Histammonium and benzy-
lammonium lead and tin iodides has been reported to follow the
<001> structure type as well [52].

The <110>-type of layered perovskites is less common. Com-
pounds containing the iodoformamidinium cation are of this type
[25,43,53] as well as compounds with two ammonium groups in
the organic cation. For example, a-(DMEN)PbBr4 (2-(dimethyl-
amine)ethylamine) is known to be a “3� 3”<110> perovskite. Local
hydrogen bonding of the “chelating” effect causes the unique
bending of the inorganic layers [54]. In this case, the corner shared
octahedra layers form folds, and 3 � 3 means that the width of the
folds is equal to 3 octahedra. However, many of the perovskites
with two amino groups do not follow this rule, for instance, (EDBE)
PbCl4, H3N(CH2)6NH3PbBr4, and (AEQT)PbBr4 (AEQT) ¼ 5,5000-
bis(aminoethyl)-2,20:50,20 0:500,2000-quaterthiophene) are <100>
while (EDBE)PbBr4 is <110> (EDBE ¼ 2,2-(ethylenedioxy)bis-



Fig. 2. Structural motifs of the RPbxIy layered perovskites. a) Structure of PhCH2NH3-PbI and PhC2H4NH3-PbI. b) Structure of PhC3H6NH3-PbI. c) Structure of PhC3H6NH3-PbI. b) and
c) Structures contain both face-sharing and corner-sharing octahedra; a) Structures contain only corner-sharing octahedra [42]. Reprinted with permission from [42]. Copyright
(2016) American Chemical Society.
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(ethylammonium)) [55e58]. The compounds, containing cyclo-
hexylammonium cation, are known to form <111>-oriented 2D
perovskites. Moreover, there are some exotic types of layering [43].

One more class of 2D perovskites is worth to discuss. So-called
“multilayered” or quasi-2D perovskites can be obtained from 3D
compounds by substitution of the part of small Aþ cations with a
longer Rþ one [23,24]. Thus, these materials contain both Aþ and Rþ

cations. The generic chemical formula of the multilayered perov-
skites is R2 (MA)n-1PbnX3nþ1, where R is a monobasic amine; X is
halide; and n represents a number of octahedral layers within one
inorganic sheet (Fig. 1). The most common 2D perovskites contain
methylammonium (MA), lead (Pb), but the tin-based [59] and
formamidinium-based [60]multidimensional perovskite have been
described as well.

Depending on the type of the organic cations and relative
stacking of the inorganic layers, all <100> oriented layered hybrid
organic-inorganic perovskites can be divided into four categories:
Dion-Jacobson e DJ (Fig. 3a) [61,62], Ruddlesden-Popper e RP
(Fig. 3b) [41], perovskites with alternating cations in the interlayer
space e ACI (Fig. 3c) [63], and Aurivilius - AV [63] (known only
among oxide perovskites) phases. RP perovskites contain a pair of
monobasic ammonium (Rþ) and offset stacking of the inorganic
layers along both a and b directions [41]. DJ perovskites, containing
one interlayer dibasic ammonium cation (Rþ2), can form layers
arranged one strictly above the other [62], or shifted by a half of the
octahedron along only a or b direction [61]. The phase with alter-
nating cations in the interlayer space is similar to DJ perovskites in
terms of the displacement of the inorganic layers only along one of
a or b directions. However, this class contains two types of the
Fig. 3. Examples of Dion-Jacobson DJ (a), Ruddlesden-Popper RP (b), and alternating cation
reference [62] (a, b) and [63] (c). Copyright (2017, 2018) American Chemical Society.
organic cations in the interlayer space. ACI perovskites were re-
ported to exhibit decreased band gap in comparison with the PR
analogous [63].

Out-of-plane charge transport in layered perovskites is signifi-
cantly obstructed, therefore the orientation of thin films plays a
critical role in the application of 2D perovskites. The compounds
with small values of n demonstrate a high degree of inorganic
octahedral sheets parallel to the substrate surface [64]. For
instance, in the methyl-butylammonium perovskite series only the
n ¼ 1 member tends to grow with its inorganic planes parallel to
the substrate surface, while n¼ 2 grownwith the octahedral planes
parallel to the substrate as well as along other directions. The pe-
rovskites with n � 3 tend to grow vertical layers [23,65], and this
has been explained by the preferential growth at the liquideair
interface of the precursor solution, regardless the roughness or
material of the substrate [66].

Vertically grown inorganic layers were shown to dramatically
improve solar cell performance of the Ruddlesden-Popper phase
perovskite thin films [66]. A few methods to improve crystallinity
and degree of the vertical orientation were proposed. First, adding
NH4SCN and NH4Cl to the precursor solutionwas shown to tune the
orientation and to decrease a concentration of nonradiative defects
yielding 14.1% PCE for the n ¼ 5 methyl-phenylethyl-ammonium
perovskite [67]. The second way to improve orientation and crys-
tallinity is to produce films by hot-casting instead of conventional
spin-coating [28]. Varying solvents may help as well, for instance,
better films of the hot-casted n ¼ 5 butyl-based perovskite were
obtained from 3:1 DMF:DMSO solution than from the pure DMF or
DMSO alone. Nature of the organic cation was shown to affect the
s in the interlayer space (ACI) (c) 2D perovskite phases. Adapted with permission from
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orientation as well, for instance substitution of n-buthylammonium
with iso-buthylammonium produces n ¼ 4 perovskites with better
vertical orientation of the films [68]. In contrast with the
mentioned above n¼ 3 RP perovskites, as well as the DJ perovskites
[62], the n ¼ 3 ACI perovskite grows in preferred horizontal
orientation [63].Crystal structure, motifs and orientation in films.
3. Synthesis

Here we provide a brief overview of the most frequently used
approaches to synthesize 2D perovskites.

One of the oldest methods is the silica gel technique, used by
Ishihara in the first works on alkylammonium 2D perovskites. The
idea of the method is diffusion of cations through the gel for a very
slow rate of crystal growth [69,70]. However, the crystals obtained
by the gel method are easily contaminated and it is quite difficult to
control the gel hardness [32]. Another way to obtain the crystals
(more appropriate for a shorter chain: butyl or hexyl ammonium) is
slow evaporation of an aqueous solution of the precursors [70].
Ishihara also proposed to use a mixture of acetone and nitro-
methane as a solvent for the reaction. This method allowed to
obtain a higher member perovskite (n ¼ 2 phenyl ethyl ammonium
lead iodide) as well [71].

Nowadays the aqueous solution crystallization method is nor-
mally applied to obtain crystalline samples of the Ruddlesden-
Popper series. Stoichiometric amounts of PbO (or PbI2), RI, MAI
are dissolved in a mixture of aqueous HI and aqueous H3PO2 during
boiling. Slow cooling to room temperature yields uncontaminated
single crystals of the 2D perovskites - iodides [17,72e74]. Dion-
Jacobson [62] and alternative cation perovskite [63] phases were
obtained by similar HI solution method. This method is suitable for
the rarer <111> oriented perovskites [75], Bromide perovskites [76]
were crystallised from aqueous HBr solution using a similar
approach (no H3PO2 is necessary). Alkyl ammonium lead bromides
can be obtained by another solution method as well: antisolvent
acetone is to be added to DMF solution of precursor [77].

The aqueous solution method was used for the preparation of
tin-based perovskites. Since Snþ2 tends to be oxidised to Snþ4, the
oxygen-free atmosphere is recommended, although Cao et al. re-
ported that the presence of H3PO2 is enough to prevent oxidation
[78].

Spin-coating is an extremely important process for cheap and
easily prepared devices, and good quality 2D perovskites films can
be formed. Precursors [26,68,79,80] or solution of the final bulk
material [77] in DMF or DMSO is usually used for spin coating,
followed by annealing at 100 �C. Some authors recommend to carry
out spin coating in a glove box with oxygen and moisture levels
<0.1 ppm [68]. For tin-based perovskites, DMF and DMSO solutions
of bulk material were used for spincoating [78]. MACl can be added
Figure 4. 2D perovskite thin platelets, obtained by a) mechanical exfoliation of a single cryst
b) by dropping a very dilute DMF-chlorobenzene precursor. Adapted with permission from
Science.
to the precursor solution to improve the morphology of the films
which have been used for perovskite solar cells [81].

For fundamental studies of the materials, high-quality thin
crystals are often needed (Fig. 4). Mechanical exfoliation, similar to
that used in exfoliating graphene, is the easiest way to obtain thin
(up to a monolayer) crystals due to week interlayer bonding of the
2D perovskites [82e84]. Chemical Vapor Deposition (CVD) method
is known to yield high-quality nano-crystals as well as films. 2D
perovskites can be obtained by this method where the source of
heavy PbX2 is placed closer to the deposition zone than the light
organic halide [85]. Another method to obtain nano-size platelets is
dropping a very dilute DMF-chlorobenzene precursor solution on
the substrate followed by mild drying [44]. Besides, nano-plates
were proposed to be converted from spin coated film by vapour
annealing [86].

4. Stability

The main advantage of 2D perovskites over their 3D counter-
parts is the stability of thin films under illumination at ambient
conditions. Encapsulated 2D perovskite-based solar cells retained
60% of their efficiency after an aggressive test: illumination of
100 mW/cm2 for a duration of 2250 h; and they were also shown to
be much more moisture stable than the 3D perovskites. Higher
members of quasi-2D perovskite family were shown to be good
candidates for photovoltaic applications due to their stability as
well [87].

Even the addition of a small amount of 2D perovskites may yield
an outstanding increase in the long-term stability of the all-
inorganic 3D perovskite. Moreover, CsPbI3 � 0.025 EDAPbI4
(EDA ¼ ethylenediamine) perovskite thin film showed a PCE of
11.8%, that was a record for all inorganic perovskite solar cells, due
to effective electron transfer and passivates the surface defects [88].
Presence of butylphosphonic acid 4-ammonium chloride was
demonstrated to increase both the solar cell PCE and stability of
MAPbI3-based devices as well [89].

Treatment of the 3D perovskite surface with 2D perovskite was
shown to be a good approach for more stable devices. 2D/3D
interface HOOC(CH2)4NH3)2PbI4/MAPbI3 demonstrated ultra-
stability and good performance [90]. Addition of butyl ammo-
nium to the surface of FA/Cs-based collar cell gave a similar
outstanding improvement of stability [31].

5. Electronic structure

Low dimensional perovskites exhibit the special properties due
to their unique structure. The HOMOeLUMO energy gap of the
organic molecules is usually much higher than the band gap of the
inorganic layer [58]. Thus, natural multiple quantum-well
al (adapted with permission from reference [82]. Copyright (2016) Springer Nature) and
reference [44]. Copyright (2015) The American Association for the Advancement of



Y. Lekina, Z.X. Shen / Journal of Science: Advanced Materials and Devices 4 (2019) 189e200 193
structures are formed and the quantum confinement effect takes
place due to low dimensionality of the semiconductor layers (po-
tential walls), confined between optically inactive organic spacers
(barriers) [41,42,91,92]. Quantum confinement depends on the
thickness of the quantum well and of the barrier, for example,
dimensionality, particularly the value of n in R2 (MA)n-1PbnX3nþ1
has been reported to dramatically affect its bandgap. Thus, the band
gap and excitonic binding energy decrease with the parameter n
increases [23].

Dielectric confinement should be considered along with the
quantum confinement: the large difference between the dielectric
constants of the organic barrier and the semiconducting layer is the
additional enhancer and stabilizer of the excitons due to an image-
potential-magnified attraction of charged particles (image charge
effect) [93e95].

The quantum and dielectric confinement result in two main
consequences. The first is the increased bandgap (and change of the
form of the density of states) [96]. For instance, the band gap of the
three dimensional MAPbI3 is 1.51e1.61 eV [6,23,42], while the
bandgap of the layered (PEA)2PbI4 is 2.22e2.24 eV [23,42]. The
second consequence is the generation of stable excitons. Excitons
are generally classified into two main classes: Frenkel or small
excitons andWannier or large excitons. The radius of small excitons
is smaller than the unit cell parameters, that of Wannier excitons is
larger. 3D hybrid perovskites were shown to form large excitons
with binding energy Eb of 4e50 meV and radius of 2.2e3.8 nm.
Small excitons with Eb ¼ 500e1000 meV were found in various
organic materials [43,96]. 2D perovskites exhibit strong excitonic
absorption and luminescence even at room temperature. Excitonic
binging energy was found to be 320meV for (C10H21NH3)2PbI4 (and
was shown to increase with the length increasing) [32], 220 meV
for PEA2PbI4 and 170 meV for PEA2MAPb2I7 [94]. However, it is not
possible to classify the excitons in 2D perovskite-based on the
above simple classification. Some phenomena can be better
explained by the model for Frenkel excitons, while the actual radii
of the excitons are comparable to the unit cell size. In practice, this
yields a strong sharp exciton luminescence and absorption even at
room temperature [41,69,91] with short lifetimes (tens of picosec-
onds) [74,97].

Besides, improved enhancement of optical nonlinearity has
been shown in butyl-methyl ammonium Ruddlesden-Popper series
in comparison with the analogous. The 2D perovskites exhibited
four times increase of third harmonic generation due to quantum
confinement [98].

In general, theoretical models for first-principle calculations
relevant to 2D hybrid organic-inorganic perovskites are much less
developed that that of the 3D ones, and they require significant
computational resources due to a very large number of atoms per
unit cell. A detailed review of theoretical models for 2D perovskites
is presented by Laurent Pedesseau et al. [12] and is beyond this
work. Models based on an ultrathin quantum well with finite
confinement barriers are shown to be applicable, detailed theo-
retical discussion of quantum confinement in 2D perovskites is
published in reference 94 [99].

The electronic structures of 2D perovskites have been repeat-
edly shown to be mainly dependent on the inorganic sublattice,
while organic cations demonstrate only indirect influence, such as
steric effects [25,42,100]. The top of the valence band has been
reported to be determined by Pb 6s and I 5p orbitals and the bottom
of the conduction band by Pb 6p and I 5s ones [100]. However, the
nature of organic cations has been found to significantly affect the
crystal structure, including the crystal symmetry, bond length, and
bond angle, distortion of octahedra, and even the type of octahedra
arrangement [42,55,101]. These parameters have been shown to be
tightly correlated with the electronic structure and optical
properties. Bond contraction causes a decrease of bandgap due to
greater orbital overlap [102]. Octahedral rotation induces weaker
overlap and hence blueshift of bandgap [42,102]. Compounds with
distorted octahedra have been shown to exhibit a broader emission,
that is explained by the formation of trapped excitons due to higher
defect concentration [42,54,101] or by self-trapping of excitons
[55]. The type of octahedral ordering affects electronic structures as
well, thus compounds with face-shared octahedra have been
shown to exhibit blue shifted bandgap, compared with the corner-
shared one, due to additional quantum confinement [103].

The above described quantum well model, that is hardly
dependent on the organic cations, is true for most of 2D perovskites
due to the large HOMOeLUMO gap of the organic cations. However,
some compounds containing special functional organic molecules
are exceptional cases. For example, introducing dye molecules into
the structure as inorganic counter ion have been reported; 2D 5,5000-
bis-(aminoethyl)-2,20:50,200:500,2000-quaterthiophene lead chloride
exhibits emission was determined by the organic layer [104]. A
similar effect was shown for naphthalene -based 2D perovskite,
where efficient energy transfer from the inorganic to organic layer
was observed, followed by naphthalene phosphorescence [105].
Introduction of some other opto-electronically active cations led to
the formation of 1D or 0D perovskites, while electronic coupling
between the organic ions and the inorganic lattice was kept strong
[106,107].

Sudeep Maheshwari et al. introduced electron donating and
electron withdrawing organic cations, resulting in the optical band
gap determined by both the inorganic PbI4 and organic molecule
[108]. The band gap of electron donating 2,7-dibutylammonium [1]
benzothieno [3,2-b]- [1]benzothiophene (BTBT) turned out lower
(1.66 eV) than that of the other 2D perovskites. Introduction of the
electron withdrawing groups, such as N,N-bis(n-butylammonium)-
perylene-3,4,9,10-tetracarboxylic diimide (PDI), led to the much
lower band gap of 0.11 eV. These results were obtained by calcu-
lations [108].

The organic layer may also affect the dielectric comfinement
that can be decreased by introducing highly polarizable molecules.
For instance, incorporating iodine molecules was shown to affect
the electronic structure and optical properties of 2D perovskites
significantly through decreasing the dielectric effect, resulting in a
decrease in exciton binding energy to 50 meV [95]. Similar results
were obtained by introducing highly polarised organic molecule,
containing hydroxy group, as organic layer, e.g., the exciton binding
energy of (HOCH2CH2NH3)2PbI4 was found as low as that of 3D
perovskite (13 meV) [109]. Reduced interlayer distance (2 Å) by
using a short propane-1,3-diammonium bication allows to mini-
mise quantum confinement as well, significantly enhancing inter-
layer charge transfer [30].

The fact that no interlayer electronic coupling was shown for
conventional 2D perovskites (for example, alkyl ammonium or
phenylethylammonium lead halides) and the quantum well struc-
ture implies that the band structure does not depend on number of
layers, i.e. the optical properties of bulk 2D perovskite should not
differ from that of a single layer sample. However, a shift of the
optical properties has been demonstrated for atomically thin
(C4H9NH3)2PbBr4 sheet (single or double layer) in comparison with
the bulk crystal. The difference resides in an unusual structural
relaxation leading to a blue shift of the band gap of the single layer
sample by ~5 nm [44].

6. Excitonephonon interactions e excitonic states in 2D
perovskites

Optical properties of 2D perovskites are dedicated by excitons,
and that is why the investigation of intrinsic and extrinsic, radiative



Y. Lekina, Z.X. Shen / Journal of Science: Advanced Materials and Devices 4 (2019) 189e200194
and nonradiative exciton recombination pathways is essential. The
intrinsic pathways are related to exciton-phonon interactions.
Lattice vibrations create spatial and temporal potential fluctuations,
where the first one causes scattering of excitons and broadening of
excitonic peaks in optical spectroscopy, while the second leads to
the fine structure of the spectra, known as Frank-Condon shape.
Besides, a moving exciton is able to create vibrations around it,
inducing lattice distortions [110](p. 203).

A few theories are used to describe the electron-phonon
coupling. A model for the long wavelength acoustic phonons (LA)
is called “Deformation Potential”, and it gives the best approxi-
mation for the short-range interactions of charges with local
changes in the crystal potential caused by the vibrations. Electrons
interact with the optical phonons (only LO) as well, due to the
microscopic electric field fluctuations in polar crystals. The second
mechanism is called “Fr€ohlich interactions” and implies a long-
range force. Piezoelectric interaction and interaction with
nonpolar optical modes are known aswell but are not important for
2D perovskites [110].

Exciton (electron) - phonon coupling is one of the reasons for
emission spectra broadening. Dependence of full weight at half
maximum (FWHM or G) of a PL peak on temperature allows
extracting the coupling parameters and can be expressed as the
following equation [111,112]:

GðTÞ ¼ G0 þ Gac þ GLO þ Gimp

¼ G0 þ gacT þ gLO
1
�
e
huLO=kBT � 1þ gimpe

� Eb
kBT (2)

where G0 represents FWHM at 0 K, which differs from zero due to
the not infinite lifetime and inhomogeneous broadening caused by
the disorder conditions and imperfections. Gac and GLO (homoge-
nous) are caused by the exciton-phonon coupling with the acoustic
and longitudinal optical phonon (of energy huLO, respectively; and
the last term Gimp takes into account the exciton scattering (inho-
mogeneous) on ionized impurities with an average binding energy
Eb. kB is Boltzmann constant, g represents exciton-phonon coupling
strengths [111,112].

The terms Gac, GLO and Gimp give opposite contributions to the
FWHM vs temperature plot (Fig. 5). Thus, the shape of the graph
indicates which coupling is stronger, and fitting the experimental
data allows to extract the coupling strength constants.
Fig. 5. Functional form of the dependence FWHM on temperature in case of different
contributions. Reprinted from [111] with permission.
2D hybrid perovskites have been repeatedly reported to exhibit
strong exciton-phonon coupling. Thus, gac and gLO in 2D PEAPbI4
(phenylethylammonium lead iodide) were found more than ten
times higher than that in inorganic quantum wells [112]. Electron
phonon-coupling was shown to be highly related to the rate of free
exciton (or free charge) trapping, affecting PLQY dramatically. For
instance, exciton-phonon coupling in buthylammonium lead io-
dide was evaluated to be twice as strong as that in phenyl-
ethylammonium lead iodide, so the first exhibits a faster
nonradiative decay time and lower PLQY [113].

Strong exciton-phonon coupling was shown for phenyl-
ethylammonium lead iodide by optical absorbance and photo-
luminescence spectroscopy at 15 K. At such a low temperature
excitonic peaks split to a few peaks, separated by 40e43 meV due
to exciton-phonon coupling [114]. Coupling to coherent phonons in
the organic cations was observed for the samematerial bymeans of
transient absorption spectroscopy [115].

When exciton-phonon interaction strength exceeds some crit-
ical value, excitons get immobilized, creating is the so-called self-
trapped excitons (polarons) and often occurs in polar semi-
conductors [83]. Self-trapped excitons is an intrinsic phenomenon.
If the material also contains defects or impurities, excitons may
bound to the defects, forming (extrinsic) trapped excitons. More-
over, excitons may be self-trapped near the defects, causing
bounding energy that differs from the intrinsic self-trapping. These
three scenarios are schematically shown in Fig. 6 and are described
with examples below.

Excitons in many 2D perovskites tend to bound to defects and
impurities; radiative and nonradiative pathways taking place
depending on the type of the defect (Fig. 7). Different types of de-
fects always take place, caused by chemical impurities, vacancies,
or faults. If the defect does not fit the parent lattice well enough, it
induces a cloud of distorted host structure around the defect. Ex-
citons can be trapped by this distorted structure, causing typical
extrinsic luminescence. These excitons are called trapped or bound
excitons. The energy of the photon, emitted from the bound exciton
state, is always lower than that of the free exciton one. The differ-
ence is equal to the binding energy between the exciton and the
impurity. The value depends on the chemical nature of the defect,
donoreacceptor behavior and charge [116,117] (p 80;180).
Fig. 6. A) Self-trapped exciton; B) exciton, trapped by a defect; C) extrinsic self-
trapping, affected by defects. The ball represents exciton, the surface is potential en-
ergy. Adapted with permission from reference [122]. Copyright (2018) American
Chemical Society.



Fig. 7. Schemes of the radiative (a) and nonradiative (b) trapping of electrons (or
excitons). Dash line represents nonradiative recombination pathways, the solid one
correspond to radiative recombination.
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Some 2D perovskites were shown to exhibit emission from
trapped excitonic energy levels due to defects. Both shallow and
deep trapped excitons were found in (C10H21NH3)2PbI4 [70]. The
binding energy of the shallow trapped excitons is not very high and
normally it yields radiative recombination from the trapper level.
The ratio of free and bound excitons increases with the increase of
temperature, due to thermal energy activation [70]. The same
explanation of the additional red-shifted peak, more intense at low
temperature, was provided for (PEA)2PbI4 [112,114], (BA)2 (MA)n-
1PbnI3nþ1 [41], (BA)2PbnI4 (shallow, neutral donor trapped exci-
tons) [27], (PEA)2 (MA)n-1PbnI3nþ1 (shallow defects) [118]. The
formation of iodine-related shallow defects was proposed in low-
dimensional perovskites in contrast with MAþ-related defects in
3D perovskites. Moreover, large organic cations are able to suppress
defects and hysteresis, which is useful for solar cell applications
[118].

Deep trapping usually leads to nonradiative decay. The existence
of exciton trapping was shown by Gauthron et al. based on tem-
perature-dependent PL intensity in phenyl ethyl ammonium lead
iodide. The obtained value of activation energy was far from re-
ported exciton binding energy, besides being sample dependent,
and was attributed to nonradiative defects-traps [112].

Another evidence of the trapped states was provided through
power-dependent emission intensity. PL intensity grows in a power
law function, IPL � Ikex, where k is the power law coefficient,
reflecting the recombination mechanism. In case of free exciton
recombination k ¼ 1, while presence of the trapped states yields
k ¼ 1.5, exhibiting saturation behavior at high excitation intensities
[119,120].

Self-trapping of excitons leads to k ¼ 1 and it does not exhibit
saturation at high excitation intensities, because self-trapping is
not limited by concentration of defects [121]. Self-trapping causes
temporal lattice deformation disappearing after exciton recombi-
nation. Self-trapping is schematically presented in Fig. 6 b [122].
Scheme of electronic levels in case of self-trapping is presented in
Fig. 8. Luminescence from the self-trapped exciton (STE) states is
normally broad and significantly red shifted from the free exciton
peak. The decreased energy of the STE state and shape of the
ground state (GS) contribute to the red shift, that together with the
increased PL width leads to the realization of white light emission
[122].

Some 2D perovskites have been reported to be white light
emitters due to self-trapped excitons [54,56,76,121,123,124]. Most
of the perovskites exhibiting self-trapping form <110>-oriented
perovskite sheets. They are 2 � 2 and (EDBE)PbBr4 [56]
(EDBE ¼ 2,2-(ethylenedioxy)- bis(ethylammonium)), 2 � 2 (N-
MEDA)PbBr4 ((N-MEDA ¼ N1-methylethane-1,2-diammonium)
[123], 3 � 3 a- (DMEN)PbBr4 (DMEN ¼ 2-(dimethylamino)ethyl-
amine) [54]. A few examples of <100> white light emitting pe-
rovskites are known too: (EDBE)PbCl4 [56], (C6H11NH3)2PbBr4
[124], and (cis-CyBMA)PbBr3 (cis-CyBMA ¼ Cyclohexane-bis(me-
thylammonium)) [76]. In all cases, the broad-band emission was
explained by self-trapped excitons.

Besides the coupling to phonons and defects, two excitons can
interact with each other due to the columbic forces, forming so-
called biexciton. Relatively high binding energies was shown for
2D perovskites (~40e70 meV for n ¼ 1 and ~30 meV for n ¼ 2)
[43,125]. Biexcitonic photoluminescence exhibits the quadratic
dependence of Pl intensity on excitation power [43,125]. Triexci-
tons were observed in 2D perovskites at high excitation powers as
well (1012-1014 photons/cm2). Bilogarithmic power dependence
was reported to have a slope of 2.6 [126].

Although exciton binding energies in 2D perovskites are normally
very high and the excitons hardly dissociate at room temperature, a
special mechanism of the exciton dissociation has been reported for
thin films of higher (n > 2) members of Ruddlesden-Popper perov-
skites. Blancon et al. demonstrated that excitons (BA)2 (MA)n-
1PbnI3nþ1 perovskites (n ¼ 3e5), dissociate to long-live free carriers
at the boundary edges, not losing the energy via nonradiative process
and being able to contribute to photocurrent [29].

Besides the above listed excitonic effects, a few rarer phenom-
ena have been observed in particular 2D perovskites. Specifically,
Rashba band splitting (splitting of bands with different spins) has
been demonstrated in noncentrosymmetric (C2/m) PEA2MAPb2I7.
Although the DFT calculations, giving this space group, are very
sensitive and cannot prove the effect, photoluminescence lifetime
of the n ¼ 2 perovskite is much lower than that of centrosymmetric
n ¼ 1 or n ¼ 3 perovskites, indicating slow indirect thermally
activated recombination from the split levels [74]. Two more 2D
perovskites have been observed to crystallize in non-
centrosymmetric space groups: (PhMe-NH3)2PbCl4 (Cmc21)
[12,127] and (CH3NH3)2Pb(SCN)2I2 (Pmn21) [128], being potential
materials exhibiting the effect. Rashba or spin splitting makes the
2D perovskites candidates for new applications, such as in spin-
tronic device.

Another interesting physical phenomenon observed in 2D pe-
rovskites is optical Stark effect, that is splitting of spectral lines in an
external electric field. Spin-selective optical Stark effect has been
demonstrated in thin films bymeans of transient optical absorption
spectroscopy. The phenomena can be potentially applied in quan-
tum information [79].

7. Phases at low temperatures

The electronic and optical properties, discussed above, are highly
correlative with the crystal structures of the two-dimensional pe-
rovskites. Applying high pressure or low temperature to the material
is a direct way to affect its crystal structure and to observe the evo-
lution of related physical properties. It may allow us to tune the
structure in order to understand what leads to the improved prop-
erties and acts a guide for the design of new functionalities. Besides,
searching structurally stable materials, that do not undergo any
phase transitions, is important for practical applications under
extreme conditions, for instance in space applications.

From this point of view, it is important to understand how the
incorporation of the long organic cation affects compressibility and
stability of the structure under changing temperature and pressure,
and how this depends on nature of the cation and thickness of the
inorganic layers (n).

Alkylammonium 2D perovskites were shown to crystallize in
different phases below room temperature. For example
(C10H21NH3)2PbI4, one of the most studied 2D lead perovskites un-
dergoes a structural phase transition at ~270K [71]. The other
members of (CmH2mþ1NH3)2PbI4 family also exhibit phase transi-
tions, except for m ¼ 6 [49,70,129]. The transition temperatures



Figure 8. a) Scheme of energy levels in case of self-trapped excitons. Emission (dash lines) occurs from free excitonic state (FE) and self-trapped excitonic state (STE). Red and blue
lines represent self-trapping process with activation energy Ea,trap and that of detrapping Ea,detrap. b) White light emission due to self-trapping from (N-MEDA)PbBr4 (red) and (N-
MEDA)PbBr3.5Cl0.5 (black); the orange line is the Sun spectrum. Adapted with permission from reference [122]. Copyright (2018) American Chemical Society.
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correlate the melting temperature of the corresponding amines
[32,130](p.308). Unusual optical behavior and phase transitions were
reported for (C6H11NH3)2PbI4 (derivative of cyclohexamine), result-
ing in appearing additional PL peaks at low temperature [131].

In contrast to the alkylammonium perovskites, materials con-
taining benzene ring have not been found to undergo phase tran-
sitions at low temperature. For instance, (PEA)2SnI4 stays in the
room temperature phase at least above 125 K [132]. Low-temper-
ature properties of (PEA)2PbI4 have been reported several times,
and no phase transition was found in the range from 10 K to 340 K.
However, an inconsistency of the reported data should be empha-
sized. Thus Son-Tung Ha et al. [82] reported a continuous blue shift
of the excitonic PL peak with cooling, while K. Gauthron et al. [112]
and T. Ishihara [32] stated a red shift.

(PEA)2 (MA)Pb2I7 (n ¼ 2) was reported to undergo a continuous
blue shift excitonic and band edge energies while increasing tem-
perature [94,133], but no detailed information and spectra were
shown. Being an intermediate step between 2D and 3D perovskites,
these unique materials require a more detailed analysis including
their low-temperature behavior.

As for the 3D MAPbX3 perovskites (X ¼ I, Br, Cl), they have been
widely studied at various temperatures recently from the optical,
structural, and vibrational points of view [15,134,135]. In the range
from 80 K to room temperature, the compounds were shown to
undergo one to three structural phase transitions (depending on
the halogen atoms) from orthorhombic to tetragonal phases fol-
lowed by a transition to a cubic (only for Cl and I) phase [136]. The
transitions are associated with the ordered and disordered state of
the MA cation. In case of MAPbBr3, MA cation is fully disordered in
the cubic phase, while in the tetragonal hydrogen bonding between
NH3

þ and Br� freezes the rotation of MA (although the CH3 end is
free), resulting in lowering of symmetry and more distinct Raman
MAmodes. After the second phase transition, the rearrangement of
hydrogen bonding takes place, making the MA totally ordered
[135,137,138]. Besides, the stability of the perovskites was reported
to be related to hydrogen bonding [139].

According to current finding, the importance of hydrogen
bonding in hybrid organic-inorganic perovskites should be
considered. Experimental study of hydrogen bonding is a chal-
lenging target, because the main structural methods, such as XRD,
do not always allow to find exact coordination of the light atoms
such as hydrogen. On the other hand, Raman spectroscopy is sen-
sitive to the formation of hydrogen bonds. Raman spectroscopy is a
powerful tool to observe the structural changes, especially those
involving organic cations.
8. High pressure response

Due to very little high pressure works on 2D perovskites, dis-
cussing the high-pressure response of layered perovskites, it is
necessary to discuss briefly the parent 3D hybrid perovskite
structures.

MAPbBr3 undergoes two phase transitions at very low pressure
(<2 GPa) and reversible gradual amorphization at 2e5 GPa [140].
FAPbBr3 is shown to be less compressible, undergoing two phase
transitions at higher pressure and amorphization, starting above
4.1 GPa [141]. MAPbI3 undergoes two structural changes as well: 0.3
and 2.5 GPa, followed by gradual amorphization above 2.5 GPa
[142,143]. A pressure of 1 GPa that can be reached by chemical
methods, is emphasized to be enough to improve the performance
in solar cell application [102].

All the described pressure-induced changes are fully reversible
(with some hysteresis) for these materials, but some other effects
stay permanent after decompression. A phase transition at 0.7 GPa
followed by amorphization at 3 GPawas found inMASnI3. Although
no amorphization was observed during the second compression
process up to 30 GPa. Thus, structural stability was increased by
high-pressure applying. Besides, the electrical conductivity and
photocurrent of the pressure-treated sample were improved as
well [144].

Two competing processes take place under compression: M-X
bond contraction, and tilting of the octahedra leading to change in
the M-X-M angle (M is, for instance, Pb, X is halogen). It is inter-
esting to note that all these materials first exhibit red shift in the
band gap under compression that was explained by shrinkage of
MX6 octahedra and contraction ofM-X bond in cubic or tetragonal
phase resulting in strongerM-X interaction and hence decrease in
the band gap. The tilting of the octahedra, exerting a stronger
effect, leads to blue shift of the band gap in lower symmetry
phases [141].

There have not beenmany publications on high-pressure study
of layered perovskites by now. However, this is clear that high-
pressure response of the layered perovskites is different from
the phenomena described above for 3D perovskites. The
compression of several members of 2D perovskites does not yield
amorphization state in the range up to 30 GPa [34] or leads to it at
higher pressure in comparison with 3D perovskites; besides, the
first structural changes normally occur under stronger compres-
sion too. For example, the first structural changes of octy-
lammonium lead iodide happen at 12 GPa [33], and that of 2D
copper (II)�chloride perovskite occurs at 4 GPa [34]. Besides,
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although both 3D and 2D perovskites first exhibit a red shift under
compression, 3D perovskites then undergo a blue shift, but 2D
perovskites do not [33,145].

Thus, two-dimensional perovskites are less compressible and
structurally more stable. The effect of different organic cation
has not been studied in detail, and the high-pressure response
of multi-dimensional perovskites (n � 2) is a point of interest
due to their intermediate nature between 3D and 2D hybrid
perovskites. Explanation of the gradual amorphization process
in 3D perovskites was proposed to be related to methyl
ammonium dynamics and hydrogen bonding [142] that is to be
confirmed.
9. Concluding remarks and future outlooks

2D perovskites have been repeatedly shown to be excellent
candidates for application in optical devices. The unique properties
and outstanding stability allow them to be used in solar cells, LED,
spintronics, lasing, and so on. A clear understanding of the funda-
mental properties is critical for new 2D-perovskite based technol-
ogies. In this work, a review of the synthetic methods, physical,
structural, and optical properties under various conditions is
presented.

Different structural motifs have been discussed. The nature of
organic cation has been demonstrated to significantly affect the
crystal structure of the 2D perovskites. Thus, the research gaps
regarding 2D perovskites are finding new organic molecules to
form novel 2D structures, and a deeper understanding of how the
organic molecules and their states affects the materials under
consideration.

Layered perovskites exhibit special properties, different of
these of 3D perovskites. First of all, the natural quantum well
structure gives stable excitons with high bonding energies,
determining the optical properties even at room temperature. The
excitons strongly interact with phonons, sometimes becoming
self-trapped, and/or coupled with traps and spins, that makes 2D
perovskites very promising materials for novel functionalities and
devices. Such phenomena as white light emission, Rashba band
splitting, optical Stark effect have been demonstrated in particular
members of layered perovskites and are to be studied more
completely.

Besides the properties under ambient conditions, the evolution
of the properties at low temperature and under high pressure is a
point of interest for providing a guide for synthesizing new mate-
rials and investigating structural stability. Although the tempera-
ture and pressure dependent optical and vibrational properties of
3D hybrid perovskites have been studied in detail, our knowledge
of 2D perovskites, especially of multi-dimensional hybrid
Huddleston-Popper perovskites, is very limited. These materials act
as intermediates between 2D and 3D perovskites that were found
to exhibit different behavior under high pressure. Thus, the evo-
lution of the crystal structure and optical properties in these
compounds under compression is of special interests.

Finally, improving crystallinity and vertical orientation in order
to decrease charge recombination at grain boundaries and by other
traps remain an important research topic since this plays a signif-
icant role in the device performance.
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