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Metal halide perovskite nanocrystals (NCs) exhibit impressive optical and electronic properties, making
them an important class of functional materials with promising applications in solar cells, light emitting
diodes (LEDs), photodetectors, and photocatalysts. In addition to the widely studied 0-dimensional (0D)
metal halide perovskite NCs, such as nanocubes, low dimensional perovskites, such as 2D all-inorganic
perovskite (AIP) NCs, subsist with directionally relevant quantum confinement. These anisotropic NCs
have the propensity to exhibit interesting optoelectronic properties that are exceedingly difficult to intro-
duce into 0D systems, yet as of late are largely unexplored. In this review, we discuss the recent synthetic
progress of 2D all-inorganic metal halide perovskite NCs with ABX3 structure. Specifically, we highlight
the discrete composition control of the cations (A and B sites) and anions (X site) by dopant incorporation
and alloying in 2D metal halide perovskite NCs. We will also discuss more complex perovskite crystal
structures, such as Ruddlesden–Popper double perovskites, and compare these materials to 0D perovskite
systems. Ultimately, our work culminates in the future interests and perspectives of this field with a focus
on the wide applicability of 2D systems and the large variance in structure capable with discrete compo-
sitional tuning.
� 2020 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published by

ELSEVIER B.V. and Science Press. All rights reserved.
1. Introduction

Metal halide perovskite nanocrystals (NCs), of general ABX3

structure, are a newly emerging material with promising applica-
tions in optoelectronics devices, including solar cells [1–6], solar
concentrators [7], light emitting diodes [5,6,8], visible light com-
munication [6,9–11], lasers [4,6,12,13], photodetectors [11,14],
non-linear optics [15], as well as in photocatalysis [16,17] and
other charge transport applications [11,18,19]. The A-site of this
structure consists of a monovalent organic or inorganic cation such
as, methylammonium (MA, CH3NH3

+), formamidinium (FA, CH
(NH3)3+), Cs+, or Rb+, while the B-site is occupied by a divalent
cation such as Ge2+, Pb2+, or Sn2+, and the X-site is a halide anion
such as Br�, Cl�, I�, or a mixture thereof [20–23]. Initially,
organic-inorganic ‘‘hybrid” perovskite NCs, such as methylammo-
nium lead bromide (MAPbBr3), were the main focus of develop-
ment because of their low fabrication cost, large absorption cross
sections, high photoluminescent quantum yields (PL QYs), low
exciton binding energies, high in plane charge mobility, defect tol-
erance, and long electron and hole diffusion lengths [3,24–27].
However, these hybrid materials suffer from environmental and
thermal instability leading to the prevalence of ‘‘all-inorganic” per-
ovskite NCs [20,28–32].

All-inorganic perovskites (AIP), consisting of inorganic A and B-
site cations, are a more stable alternative to their hybrid organic-
inorganic counterparts, due to their increased thermal stability,
while also exhibiting impressive optical and electronic properties
[33–38]. The continued development of perovskite-based devices
and applications relies on the availability of dependable synthetic
methods with controlled composition, size, and morphology
[4,21,39–41]. Due to the ionic nature of perovskites, the composi-
tion control of AIP NCs is more flexible than that of traditional
metal chalcogenide semiconductor NCs. Synthetic manipulation
can vary chemical composition in the cation and anion sites, with
post-synthetic manipulation to provide further control through
ion-exchange and exfoliation. The synthetic versatility of AIP NCs
has, therefore, created some of the most widely tunable materials
ever produced, with the resulting color tunability spanning from
UV to near-IR emissions [42–47].

For metal halide perovskite NCs with ABX3 structure, two main
strategies are available for discrete compositional control, includ-
ing alloying and doping in the A, B, and X-sites, resulting in more
stable, highly luminescent, and even dilute magnetic NCs (Table 1)
reserved.
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Table 1
Compositional control of A and B-sites of 2D ABX3 AIP NCs.

Site Impurity ion [Impurity ion] Host AIP lattice

A-site FA+ 33% CsPbBr3, CsPbBrxI3-x,
and CsPbI3 NSs [65]

Rb+ 40% CsPbBr3 NPLs [66]

B-site Mn2+ 0.2%–35% CsPbCl3 NPLs [67–71]
4.3%–15% CsPbBr3 NPLs [72,73]
1.7% Cs2PbCl2I2 NPLs [74]

Ni2+ 0.1% CsPbBr3 NPLs [75]
Sn2+ 3.4% CsPbBr3 NPLs [76]
Sb3+ 1.5% CsPbI3 NPLs [77]
Yb3+ 1.4% CsPbBr3 NPLs [73]
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[48–53]. Doping, dominantly in the B-site, entails the intentional
introduction of small amounts of impurity ions (generally only a
few percent in concentration) within the lattice of a host NC, lead-
ing to minor changes in composition that can be used to tune the
NCs properties, such as improving structural stability, incorporat-
ing magnetic spin centers, and introducing new optical pathways
in perovskite NCs [50,51,54–61]. Meanwhile, alloying, mainly in
the A- and X-sites, involves depositing a relatively large quantity
of ions into a host lattice to cause wide-scale structure changes.
Table 1 summaries compositional control of A and B-sites of 2D
ABX3 AIP NCs, while X-site alloying is not summarized as it is
mainly by halide exchange between Cl, Br, and I. As such, doping
and alloying have been widely used for tuning optical, electronic,
and magnetic properties; offering methods of improving existing
properties while incorporating novel functionality [56,58,61–64].
There has yet to be a fine line drawn to distinguish the exact con-
centrations of impurities required for doping vs. alloying in per-
ovskite NCs, thus we will be discussing doping and alloying in
this report according to the location of ion incorporation in the
interest of simplicity. Therefore, A and X-site ion incorporation will
be deemed alloying due to an abundance of reports showing large
incorporation concentrations, while B-site ion incorporation will
be deemed doping as the majority of incorporation reports involve
small concentrations.

Generally, A-site alloying is used to alter the NC composition
without causing large alterations to the NC bandgap, thus utilized
for NCs with favorable optical properties, such as to maintain the
small bandgap and red-light PL of CsPbI3 NCs. However, large scale
incorporation can cause disparity in optical, electronic, and struc-
tural properties. For example, Cs+ incorporation has been widely
used to improved thermal stability in hybrid organic-inorganic
lead-based ABX3 NCs, such as FAPbX3 [78–80] and MAPbX3

[81,82] NCs. On the other hand, X-site anion exchange and alloying
is used for an opposing approach where the backbone of the per-
ovskite structure is heavily altered, resulting in drastic changes
to optoelectronic properties and structural stability. Therefore, X-
site anion exchange and alloying has been widely utilized in iodine
containing compounds, such as CsPbI3. This is because, the opti-
cally active cubic phase CsPbI3 is far too unstable to be utilize nor-
mally, thus X-site ion exchange and alloying is often used to
further stabilize these structures by Br incorporation, even though
a slight to large blue shift occurs based on the concentration incor-
porated due to broadening of the NC bandgap [83–87].

Progress surrounding shape control has led to the development
of all-inorganic metal halide perovskites ranging in structure from
0-dimensional (0D) nanocubes to 1D nanorods (NRs) and nano-
wires (NWs), to 2D nanoplatelets (NPLs) and nanosheets (NSs)
[88–94]. Of these systems, 2D nanomaterials are of keen interest
for their impressive optoelectronic properties [5,18,95,96], includ-
ing extremely narrow absorption and emission spectra
[67,88,90,97,98], high absorption cross sections [97,99], increased
surface-to-volume ratios [97,100], polarized and chiral emissions
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[99,100], improved dielectric properties [98,101], high color tun-
ablility [95,97,98,101,102], and ease of direct application particu-
larly in layered devices [67,88,98,100,101], in comparison to
more traditional 0D NCs. Therefore, the development of high-
quality and reliable syntheses for 2D AIP NPLs and NSs with
well-defined morphologies and composition are critical for future
device applications.

While the manipulation of composition through doping and
alloying of organic-inorganic ‘‘hybrid” halide perovskite NCs has
been widely reported [49,103–115], the field of discrete composi-
tion control of 2D AIP NCs is still in its infancy, with only a handful
of publications on doped or alloyed 2D AIP NCs reported to date
[67–74,116–124]. However, compositional control in 2D AIP NCs
has shown unique properties compared with those in 0D AIP
NCs. For instance, Mn-doped CsPb2Br5-xClx NPLs have shown up
to a 10-times greater host-to-dopant energy transfer efficiency
than the same nanocube system. This massive increase could be
associated to increased doping concentration per particle due to
NPLs large surface-to-volume ratio, yet, even when normalized
for dopant concentration the resulting host-to-dopant energy
transfer still increases by 2.8 fold with NPLs compared to nano-
cubes [117].

In this review, we wish to primarily shine light on the synthetic,
compositional, and morphological control of 2D AIP NCs. While we
will not be largely covering the composition control of colloidal
organic-inorganic, 0D colloidal AIP NCs, or heterostructure materi-
als, there are many great review articles that we would recom-
mend for the reader interests [4,21,23,100,109,112,125–129]. Our
intention is to illuminate the virtues of doping and alloying strate-
gies of 2D AIP NCs to expose their importance for the further devel-
opment of functional 2D perovskite NCs toward real world
applications. To do this, we have broken down the key components
of shape and composition control of 2D AIP ABX3 perovskite NCs
into four sections; 1) synthetic strategies for 2D AIP NCs; 2) A
and X-site alloying and ion exchange; 3) B-site doping; and 4)
applications of 2D AIP NC. The challenges and future directions
of the field including stability issue of AIP NCs are also discussed.
2. Synthetic strategies for 2D All-Inorganic metal halide
perovskite NCs

Generally, 0D AIP NCs, such as nanocubes, are synthesized by
the hot-inject of a Cs-oleate precursor into a solution of PbX2 and
organic solvents at elevated temperatures [21,130,131]. However,
2D AIP NC growth generally requires highly deliberate control of
experimental parameters, including temperature [122,132], ligand
diversity [88,102], ligand concentration [70], and ligand hydrocar-
bon chain length [88,102,132]. The formation of 2D nanomaterials
is often difficult as the increased reactive surface area often leads
to decreased thermal and chemical stability, nevertheless the
development of 2D perovskite NCs is still well underway, providing
several methods for the controlled synthesis of these materials. So
far, there are three methods developed to synthesize 2D AIP NCs
including: 1) template mediated synthesis of 2D AIP NCs, 2) direct
synthesis of 2D AIP NCs by manipulating ligands, pressure, temper-
ature, and composition, and 3) the assembly strategy for 2D AIP NC
growth (Scheme 1). These methods are of keen interest to current
and forthcoming works as each has led to the further development
of doped and/or alloyed 2D nanomaterials that can improve AIP NC
properties and stability for future applications.
2.1. Template mediated synthesis of 2D inorganic NCs

A traditional template method forces the formation of NCs in a
specific shape based on the area/dimensionality provided and driv-



Scheme 1. Schematic detailing the three different synthetic procedures for 2D AIP NCs.
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ing forces for the reaction. This way, the formation of otherwise
complex shaped NCs can be more easily and readily obtained.
Therefore, it is possible to use a previously synthesized organic-
inorganic hybrid perovskite NC as a template for the controlled for-
mation of 2D AIP NCs.

A recent study by Zeng et al. [121] utilized a 2D hybrid per-
ovskite, octadecylamine (ODA+) lead bromide (ODA3PbBr3), as a
template for 2D CsPbBr3 through a facile cation exchange method,
by the introduction of a cesium acetate salt as a Cs+ precursor at
room temperature. The cesium precursor was dispersed in a solu-
tion of acetic acid, which upon introduction into the toluene solu-
tion containing the previously synthesized 2D ODA2PbBr4NSs
(Fig. 1a) forced Cs+ to replace the ODA+ cation, forming thicker high
quality 2D CsPbBr3 NCs (Fig. 1c). The exchange process of Cs+ for
ODA+ in ODA2PbBr4 was found to be favorable due to a decrease
Fig. 1. SEM images of (a) OA3PbBr3 NSs and (c) CsPbBr3 NSs. Absorbance and PL spectra
from the John Wiley & Sons, Inc publishing group.
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in the Gibbs formation enthalpy upon product formation. Mean-
while, the NCs maintained their 2D morphology due to Cs+ forcing
the assembly of the [PbBr6] sublayers previously sandwiched by
ODA+ bilayers [121]. Interestingly, NC thickness increased with
increasing Cs+ dose, as more ODA2PbBr4 octahedral layers merged
to form CsPbBr3 NSs, causing a distinct red-shift in the PL spectra
(Fig. 1b and d). A clear trend in NC thickness was observed based
on the dose of Cs+ introduced into the 2D NC system, with larger
quantities of Cs+ resulting in thicker homogeneous NSs and lower
Cs+ quantities resulting in poor homogeneity due to partially sub-
stituted ODA+ ions remaining in the NCs; causing the presence of
NSs of varying thicknesses [121].

The template method provides great synthetic control by vary-
ing B and X-sites of the 2D templates prior to the A-site Cs+ cation
exchange. This is especially true when comparing 2D hybrid to AIP
of (b) OA3PbBr3 NSs and (d) CsPbBr3 NSs. Adapted from Ref. [121] with permission
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NCs as hybrid 2D structures have been more heavily studied due to
their impressive optoelectronic properties and improved moisture
stabilities. Synthetic enhancement of the template mediated
method was further propagated by Yu et al., who showed that
post-synthetic ultrasonication treatment of the as synthesized
ODA2PbBr4 NSs resulted in a more crystalline and monodisperse
precursor to produce higher quality CsPbBr3 NSs. As a result, the
ODA2PbBr4 NS with higher crystallinity and narrower FWHM were
obtained, which in turn resulted in higher crystallinity and
increased PL QY in the synthesized CsPbBr3 NSs, following a similar
cation exchange method [133]. More recently, CsPbCl3 NSs were
synthesized by a similar post-synthetic cation exchange method
that utilized ODA2PbCl4 NSs as the intermediate precursor [134].

2.2. Direct synthetic manipulation by control of reactive environments

The template method discussed in 2.1 can be applied to synthe-
size 2D AIP NCs, however, with the drawback that more time,
effort, and materials must be utilized in order to first develop the
template that will guide the desired NC formation. Therefore,
direct synthesis and growth of 2D AIP NCs is highly desirable. Early
studies indicate that composition, temperature, and ligand envi-
ronment are highly effective to control morphological formation
of perovskite NCs. To this end, perovskites have shown the keen
ability to be drastically varied in shape by manipulation of ligand,
pressure, temperature, and composition, making 2D AIP NCs highly
prominent for structural and shape manipulation [70,88,135–140].

In one such case, Xie et al. reported a facile heat-up approach for
AIP CsPbX3 (X = Cl, Br, I, and mixtures thereof) NCs by directly heat-
ing all the precursors with solvent/ligands in open air. The result-
ing AIP NCs could be highly varied from 0D QDs to 2D NPLs and NSs
by adjusting the reaction temperature, time, ligand species, and
halide precursors. (Fig. 2) [122]. As such, they showed that 2D
CsPbCl3 NPLs (Fig. 2b and d) can be produced at 95 �C with oley-
lamine (OAm) and oleic acid (OA) as the capping ligands, and 2D
CsPbBr3 NPLs can also be synthesized at slighted higher tempera-
tures from 100 to 160 �C (Fig. 2f and h), yet 0D (Fig. 2a and d)
and 1D CsPbI3 NCs were formed at 95–110 �C. Further manipula-
tion of these NCs could be realized by manipulating the reaction
Fig. 2. TEM images of (a) CsPbI3 nanocubes, CsPbCl3 NPLs with (b) OAm and (c) OctAm
Absorbance and photoluminescent spectra for the as synthesized (d) CsPbCl3 NPLs (black
and nanosheets (blue) with respect to wavelength. Adapted and modified from Ref [122
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time, temperature, and ligand environment of the system. The best
example of this is the CsPbBr3 system, where they showed that by
replacing OAm with octylamine (OctAm) caused the formation of
larger NSs (Fig. 2g and h) rather than NPLs. Additionally, variance
of the reaction temperature afforded nanocubes between 90 and
100 �C (Fig. 2e and h), while the NPLs and NSs formed at 110 �C
[122].

Yang et al. [141] observed the evolution of 0D CsPbX3 (X = Br, Cl,
I) nanocubes to a mixture of 1D nanorods (NRs) and 2D square-
shaped NSs with increasing reaction time using a hot-injection
method with reaction temperatures ranging from 150 �C for
CsPbBr3 and CsPbCl3 NCs to 250 �C for CsPbI3 NCs. Briefly, reaction
times of less than 10 min for CsPbBr3 and CsPbCl3 produced nano-
cubes, while longer reaction times, resulted in the formation of
large NWs, with NSs also present in solution. CsPbI3 1D NRs and
2D NSs can also be synthesized by a similar method requiring
higher temperatures. No evidence was found to suggest that the
NWs and NSs formed by oriented attachment driven by dipole
interactions, rather, the NW growth was attributed to surfactant
mediated growth as the NWs were found to be more prevalent in
systems containing higher concentrations of OAm [141].

Zhang et al. furthered the direct synthetic approach via a swift
and versatile microwave assisted reaction method to synthesize 0D
QDs, 1D NRs, and 2D NPLs [142], in which cesium acetate and
PbX3(X = Cl, Br, I, and mixture thereof) were added to a mixture
of OA, OAm, trioctylphosphine oxide (TOPO), and ODE in a micro-
wave tube and heated for 5 min at 80 to 160 �C. The morphology
was tuned by temperature and precursor dissolution, in which
160 �C produced QDs, 80 �C produced NPLs, and NRs were formed
by first dissolving the precursors in a flask at 60 �C and then treat-
ing the crude sample in the microwave tube at a range of temper-
ature from 80 to 160 �C [142].

Ligand mediated synthetic control was also displayed by Manna
et al. [143], where 2D CsPbBr3 NPLs and NSs could be synthesized
by the introduction of a mixture of shorter capping ligands (oc-
tanoic acid (OctA) and OctAm) and long capping ligands (OA and
OAm). By tuning the ratio between the short and long capping
ligands in solution, NPLs and NSs of differing lateral dimension
form 300 nm to 5 mm could be synthesized without varying the
ligands, as well as CsPbBr3 (e) nanocubes, (f) nanoplatelets, and (g) nanosheets.
) and CsPbI3 nanocubes (red) and (h) CsPbBr3 nanocubes (black), nanoplatelets (red),
] with permission from the Royal Society of Chemistry.
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2D NC thickness. The optimized reaction conditions were at 155 �C
and under 5 min reaction time for the highest quality 2D CsPbBr3
NCs. Given these experimental parameters, small concentrations
of short ligands result in smaller NPLs and higher concentrations
promoting growth of larger NSs up to 5 mm in size [143].

Morphology of 2D AIP NCs has been further controlled through
the variance of 2D NC thickness, resulting in large changes in quan-
tum confinement and therefore optical and electronic properties.
For example, Manna et al. [102] developed a hot-injection method
under open air conditions to synthesize thickness controlled
CsPbBr3 NPLs by quickly injecting a PbBr2 precursor, dissolved in
N,N-dimethylformamide, into a mixture of Cs-oleate, 1-
octadecene (ODE), OAm, OA, and HBr, which was then quenched
by the addition of acetone. The thickness was controlled by the
amount of concentrated HBr introduced in solution, with increas-
ing quantities resulting in thinner NPLs (Fig. 3a–c). Samples with-
out HBr formed ~3.0 nm thick (5 monolayer (ML)) and ~8 nm by
~41 nm lateral NPLs, while those containing the maximum 7.5 mL
HBr produced 1.8 nm thick (3 ML) NPLs (Fig. 3d and e). 2D CsPbI3
and CsPbCl3 NPLs were further synthesized using an anion
exchange method (Fig. 3f). The thickness control stems from an
abundance of H+ in solution, which protonates OAm, effectively
Fig. 3. Optical and structural properties of different thicknesses of CsPbBr3 NPLs and the
emitting at 2.70 eV and fwhm = 0.11 eV; (b) 4 ML emitting at 2.76 eV and fwhm = 0.17 e
image of 3 ML thick sample indicated a thickness of 1.8 nm. (f) Finetuning the PL of CsPbB
to 50 nm in (d), and 2 nm in (e). (Reproduced with permission from the ACS, https://pu
material excerpt should be directed to the ACS.)

261
slowing the NCs growth by competing with Cs+ for surface binding
sites [102,144,145]. Therefore, the more acidic the solution, the
more protonated OAm ligands that can strongly bind to thin NPL
surfaces to stop them from growing along the vertical direction.
Similarly, Xie et al. [119,146], showed that incorporating Sn4+ or
trivalent ions (In3+, Bi3+, and Al3+) onto the surface of CsPbX3 NPL
resulting in competition between the surface adhered ions and
Cs+ and therefore produced thinner NPLs.

2.3. The assembly strategy for 2D AIP NC growth

Further exploration of ligand-controlled syntheses for 2D per-
ovskite NCs has been made in the form of post-synthetic manipu-
lation. Alivisatos et al. [99] reported the lateral oriented
attachment of CsPbBr3 NPLs to form CsPbBr3 NSs. Their work
showed that modifying a previously reported CsPbBr3 nanocube
hot-injection method, established by Protesescu et al. [147], by
lowering the reaction temperatures from 140–200 �C to 90–
130 �C would preferably produce 2D NPLs instead of NCs with
the original nanocube morphology. In this case it was found that
the temperature correlates to the resulting thickness of the parti-
cles, with temperatures around 130 �C producing 3 nm thick
exchanged CsPbCl3 and CsPbI3 NPLs. (a–c) Three different thicknesses, with (a) 5 ML
V; and (c) 3 ML emitting at 2.83 eV and fwhm = 0.09 eV. (d and e) TEM and HRTEM
r3 NPLs with anion-exchange reactions to CsPbCl3 and CsPbI3. Scale bar corresponds
bs.acs.org/doi/10.1021/jacs.5b12124, Ref. [102]. Further permissions related to this

https://pubs.acs.org/doi/10.1021/jacs.5b12124
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20 nm lateral NPLs while larger NPLs with 200–300 nm in lateral
dimensions could be formed with thicknesses down to a single unit
cell at around 90–100 �C. Further NPL assembly occurred by two
methods, face to face column stacking and lateral crystallographi-
cally oriented attachment. The former resulted from strong ligand-
ligand interactions at the surface of the NPLs in highly concen-
trated solutions while, the latter resulted from ligand destabiliza-
tion in dilute solutions [99].

It is worth noting that, despite the success in formation of 2D
CsPbBr3 NCs via many approaches; 2D CsPbCl3 and CsPbI3NCs are
generally obtained by anion exchange in the presence of Cl� and
I� anions [99,148]. To overcome this limitation, our group previ-
ously developed a two-step process to grow 2D CsPbX3 (X = Cl,
Br, I) NPLs and NSs by the ligand-mediated assembly of corre-
sponding 1D NRs under solvothermal conditions (Fig. 4) [88]. In
the first step, 1D CsPbX3 (X = Cl, Br, I) NRs were synthetized using
a hot-injection method by reacting Cs-oleate with PbX2 (X = Cl, Br,
I) in a mixture of long-chain capping ligands (OA and OAm),
shorter ligands (OctA and OctAm) and ODE at 80–120 �C. The selec-
tive adhesion of ligands on different facets of NCs led to anisotropic
growth of 1D NRs. Subsequently, 2D CsPbX3 NPLs and NSs were
formed by the assembly of the corresponding NRs in a Teflon-
lined stainless-steel autoclave under solvothermal conditions at
160 �C for 1–5 h (Fig. 4). It is believed that the relatively high pres-
sure under solvothermal conditions can facilitate spatial constraint
by decreasing the viscosity of the growth medium and the free vol-
ume available for 1D NRs dispersion [149–151], which induces 1D
to 2D shape transition from the assembly of the NRs, eliminating
high-energy surfaces and therefore reducing the total surface
Fig. 4. (a) Schematic of the formation of 2D CsPbX3 NPLs and NSs by the oriented attach
three-neck round-bottom flasks under atmospheric pressure. TEM images of 2-D CsPbCl3
NPLs), and (e) 3.0 h (NSs). TEM images of CsPbBr3 NCs grown in Teflon-lined autoclave at
1-D CsPbI3 NRs obtained in a three-neck round-bottom flask under atmospheric pressure
(m) 2 h (Stage III) grown in a Teflon-lined autoclave at 160 �C. (n) Schematic of the mor
with permission from the ACS, https://doi.org/10.1021/acs.chemmater.8b01283, Ref. [88]
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energy of the NCs. Interestingly, the lateral size of the 2D NCs is
proportional to the solvothermal growth times with three well-
defined stages for CsPbCl3 and CsPbBr3 (Fig. 4a–i). The increased
solvothermal treatment time of the small 2D NPLs (stage I) led to
further assembly of small NPLs by z-direction stacking and lateral
fusing, in which larger irregular NPLs, accompanied by small NPLs,
were obtained in stage II and much larger NSs were obtained with
further extended solvothermal treatment time in stage III [88].

The 2D CsPbI3 NPLs can also be obtained using the assembly of
1D CsPbI3 NRs under solvothermal conditions (Fig. 4n). However,
the growth of 2D CsPbI3 NPLs requires less solvothermal treatment
time (<1.5 h) compared with those for CsPbCl3 and CsPbBr3 NPLs
due to the fast reaction kinetics. With the increasing of solvother-
mal treatment time, big 1D CsPbI3NRs were obtained (Fig. 4l and
4 m) due to rapid cubic to orthorhombic phase transition since
orthorhombic CsPbI3 does not have a 3D corner-sharing [PbI6] net-
work, but instead contains ribbons of edge-connected [PbI6] octa-
hedra with only quasi-2D connectivity [152], leading to 1D NC
growth. Interestingly, the growth of cubic phase CsPbBr1.5I1.5 alloy
NPLs and NSs can be achieved by the assembly of CsPbBr1.5I1.5 NRs
without phase transition. The cubic phases of the perovskite
CsPbBr1.5I1.5 alloy NPLs are fluorescent active and have great
potential in practical photovoltaic applications. This work
describes the first general strategy for the growth of 2D all AIP
NCs including 2D CsPbCl3, CsPbBr3, CsPbI3, and CsPbBr1.5I1.5 NCs
without the assistance of anion exchange, to the best of our
knowledge.

A similar report by Zhong et al. presents a pre-dissolution
assisted solvothermal reaction where 1D NRs readily assembled
ment of CsPbX3NRs. TEM images of (b) CsPbCl3and (f) CsPbBr3NRs synthesized in a
NCs grown in Teflon-lined autoclaves at 160 �C for (c) 2.0 h (NPLs), (d) 2.5 h (large
160 �C for (g) 3.0 h (NPLs), (h) 4.0 h (large NPLs), and (i) 5.0 h (NSs). (j) TEM image of
. TEM images of CsPbCl3 NCs obtained after (k) 1.0 h (stage I), (l) 1.5 h (Stage II), and
phology change of CsPbI3NCs with increasing solvothermal reaction time. (Adapted
. Further permissions related to this material excerpt should be directed to the ACS.)

https://doi.org/10.1021/acs.chemmater.8b01283
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at 140 �C to form laterally larger 2D CsPbBr3 NPLs using OAm and
OA as passivating ligands [97]. However, without the introduction
of a mixture of ligands, they were only able to directly grow 2D
CsPbBr3 NPLs and NSs, while 2D CsPbCl3 and CsPbI3 were obtained
with the help of anion exchange. As such, further CsPbCl3-xBrx
anion alloyed NPLs were also synthesized, with a slight synthetic
variance where TOPO was needed to solubilize PbCl2 in solution.
2.4. The comparison of the current synthetic methods for 2D AIP NCs

Each of the aforementioned reaction procedures present oppor-
tunities to derive 2D perovskite NCs with their own benefits and
limitations. For instance, the template mediated method discussed
in Section 2.1 benefits from the acquired knowledge of reaction
manipulation for 2D organic-inorganic hybrid perovskite NCs,
allowing for NC assembly and synthetic exploitation prior to AIP
NC synthesis. However, well established hybrid perovskite syn-
thetic techniques must be utilized and different NCs must be first
synthesized prior to the desired NC formation. This adds to the cost
and complexity of the reaction, making it strenuous for further
development toward industrial applications. In addition, since
many direct synthetic methods are available for 2D AIP NCs, the
template method is less attractive as it is currently limited to only
2D CsPbBr3 and CsPbCl3 NCs, which are the only NCs systems
reported using the template method, to date.

The direct synthetic method discussed in Section 2.2 is by far
the most simple, prevalent, and applicable for 2D AIP NC synthesis,
especially 2D CsPbBr3 NPLs. This method is bolstered by its syn-
thetic versatility, allowing for the variance of reaction temperature,
pressure, composition, and direct method to provide desired
results. In addition, direct syntheses offer the most versatility
including many developed advanced methods like the solvother-
mal method and microwave synthesis, which lead to an expanse
of knowledge that can be utilized to further improved the shape
control of AIP perovskite NCs. However, currently, only monodis-
perse 2D CsPbBr3 and CsPbCl3 NCs have been reported via direct
synthetic approaches, where CsPbI3NCs are rather, generally
obtained by anion exchange in the presence of Cl� and I� anions
[99,148] as current methods often result in mixed morphologies
containing 1D NRs [142].

In contract, the assembly strategy under solvothermal condi-
tions can successfully grow 2D all AIP NCs including 2D CsPbCl3,
CsPbBr3, CsPbI3, and CsPbBr1.5I1.5 NCs without the assistance of
anion exchange. In addition, the solvothermal step provides
greater manipulability, resulting from its high-pressure nature
and allow for greater NC development into more complex NC mor-
phologies, as seen in the evolution of the as synthesized 1D NWs to
2D NPLs and then much larger 2D NSs [88]. One drawback of the
assembly strategy discussed in Section 2.3 is that it requires pre-
synthesized AIP NCs as the stock solution for the assembly of 2D
AIP NCs, which adds to the complexity of the reaction. However,
with the impressive versatility of the composition and morpholo-
gies of 2D AIP NCs, assembly strategies are very attractive to fur-
ther advance in the field of 2D NCs.
3. A and X-site alloying

In ionic perovskites, fast ion diffusion in ABX3 lattice make A
and X- site alloying and ion exchange methods more likely to be
employed [42,58,62,153–155]. Changes in the A-site normally
either provides increased structural stability and photoelectric
properties by incorporating Cs+ into a hybrid structure [45,112]
to improve thermal stability or the incorporation of organic cations
into all-inorganic perovskites for improved moisture stability. Gen-
erally, the stability of a ABX3 structured perovskite can be esti-
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mated according to the Goldschmidt tolerance factor (t), with a
stability range of values from ~0.825 to 1.059 based on the Eq. (1):

t ¼ rA þ rX
ffiffiffi

2
p

ðrB þ rXÞ
ð1Þ

where, rA, rB, and rX are the respective ionic radii of the ions in the
ABX3 perovskite structure [21,156–158]. Theoretically, the closer t
is to the mid-point around ~0.942, the more stable that structure
will be, as the probability of forming a stable perovskite structure
drastically decreases toward the minimum and maximum limits.
For example, t values for pure CsPbI3, CsPbBr3, and CsPbCl3 are
approximately 0.878, 0.907, and 0.914, respectively, using the cor-
rected ionic radii values reported by Palgrave et al. [157] The result-
ing shift in stability between CsPbI3 and the other two halide
structures can, therefore, be understood by its close association to
the bottom edge of the stability range of t at 0.825.

Manipulating the bond lengths can therefore be used to
increase stability, such as by the introduction of a smaller B-site
cation would decrease the average size of the B-site ionic radii,
increasing the value of t closer to a more optimal range [21,159–
161]. Increasing the ionic radii of the A-site as well as decreasing
the radii of the X-site halide can also show increases in stability,
with two distinct issues: 1) Cesium is the largest known inorganic
ion capable of being implated into perovskites, meaning that any
increases in radii currently has to come from the introduction of
organic cations, resulting in decreased thermal stability. 2) Vari-
ances in the X-site causes drastic shifts in the bandgap of CsPbX3

perovskites, which can negatively affect the optoelectronic proper-
ties for desired applications. For example, hybridizing CsPbI3 NCs
with other halides causes an increase in the optcial bandgap and
therefore making the resulting hybridized CsPbI3-xBrx or CsPbI3-xClx
NCs less effective in solar cell applications, even with their
increased phase stability.
3.1. A-site alloying

A-site manipulation is an interesting way to vary the composi-
tion of perovskites while maintaining the original optical proper-
ties of the material. This is because small variances in the A-site
have little to no effect on the NC size or the resulting optical prop-
erties, although large concentrations of A-site ions can cause lattice
contraction or expansion resulting in bandgap shifts that will alter
optical properties [109]. Even in these cases, the applicability of A-
site alloying cannot be understated since thermodynamic and
moisture stability are largely derived from the A-site composition.
Compositional control in the A-site has, thus far, focused on the
incorporation of alkali metal cations (e.g. Cs+, Rb+) or organic
cations, such as MA and FA, in ABX3 type perovskites, with mixed
results [78–82,162–164]. Most alkali metal cations are simply too
small to properly support perovskite structures and thus are uti-
lized as dopants instead, with Li+, Na+, K+, Rb+, and Cs+ doping being
previously attempted in multiple 0D QD systems [65,109]. Yet,
only the incorporation of Rb+ [66], FA+ [165], and hexylammonium
(HA+) [167] in 2D AIP NCs has been reported to date.

As such, Sargent et al. [66], reported up to 40% Rb-alloying in
CsPbBr3 NPLs by a hot-injection method where Rb-oleate and Cs-
oleate were quickly injected at the same time into a solution of
PbBr3 with OA and OAm in ODE. The resulting Rb:CsPbBr3 QDs
and NPLs showed improved stability due to decreased orbital over-
lap observed with tilting of the [PbBr6] octahedral structure. The
QD and NPL syntheses only varied according to the ligand concen-
tration, where the QD synthesis used a 1:1 v:v ratio and the NPL
synthesis used a 2:1 v:v ratio of OA-to-OAm, respectively [66].
When applied to perovskite LED systems, the 0D QDs outper-
formed the 2D NPLs with resulting external quantum efficiencies
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of 0.87% and 0.11%, respectively. A decreased PL QY and external
quantum efficecy was observed with the 2D NPLs over the 0D
QDs, likely due to the increased surface-to-volume ratio of the
NPLs that would therfore cause an increase in surface traps states
following excessive cleaning [66].

Deng et al. [165], developed a facile hot-injection method by the
rapid introduction of Cs-oleate and FA-oleate precursors, at the
same time, into a solution of PbX2 (X = Br, I, or mixture thereof)
with OAm, OA, and on occasion bis(2-ethylhexyl)amine in ODE to
synthesize 33% FA-alloyed CsPbBr3-xIx NWs and NSs. It was found
that ligand composition had a large role in the NC morphology
with an acid rich (3.4:1.4 OA-to-OAm v/v ratio) environments
resulting primarily in the formation of NSs, whereas amine rich
(1.4:3.4 OA-to-OAm v/v ratio) environments resulted in the forma-
tion of NWs. Notably, iodine rich compositions (FA:CsPbBr0.5I2.5
and FA:CsPbI3) resulted in NW formation even in acid rich condi-
tions. Nanocrystal stability was also tested to represent the struc-
tural improvements made by FA+ introduction for iodine rich
CsPbBr0.5I2.5 and FA:CsPbBr0.5I2.5 NWs. After 2 h of irradiation using
a 420 nm UV–vis laser in two separate mixtures of hexane with
acetone and hexane with ethyl acetate to purposefully degrade
the NCs. The non-alloyed sample degraded to a much greater
extent than the FA-alloyed sample with only ~2% remaining PL
after 2 h of testing in both the hexane-ethyl acetate and hexane-
acetone solutions. Meanwhile, the FA-alloyed sample maintained
70% and 5.3% of its original PL after 2 h of testing in the hexane-
ethyl acetate and hexane-acetone solutions, respectively [165].
Shape and composition control in these structures with the
increased stability highly aid them in possible future optoelec-
tronic applications in light emitting devices and detection.

Incorporation of organic cations into AIP introduces new prop-
erties as well as to increases resistance to hydrolysis in high mois-
ture environments. Such as the case by Miyasaka et al. [124],
where they showed that A-site incorporation of MA and FA as an
alloy can increased moisture stability but decrease thermal stabil-
ity in 2D layered Ruddlesden-Popper (RP) Cs2PbI2(SCN)2 films. This
likely stems from the much larger nonpolar bodies of MA and FA
being intrinsically less reactive with water, yet more susceptible
to thermal degradation than Cs+. Interestingly, the incorporation
of SCN� as an anion in ABI3 lattice could increase thermal stability
(as discussed below in Section 3.2) [124]. Halpert et al. [166] and
Jin et al. [167] further showed the manipulability of 2D RP per-
ovskites by A-site alloying with organic cations. Butylammonium
(BA+) was used in an alloying method with CsPbBr3 NSs to cause
the formation of (BA)2Csn-1Pbn(Br/Y)3n+1 (Y = Cl, I) RP NSs, where
the NS thickness was controlled based on BA+ concentration
[166]. Increased concentrations of BA+ create more separations
between RP layers therefore producing thinner NSs, with lower
concentrations resulting in the combination of RP layers into
thicker NSs. This reaction followed a spin-coating method where
the NSs were formed following thermal evaporation of the per-
ovskite precursors on the substrate layer [166]. Additionally, the
NSs grew at a preferential orientation perpendicular to the sub-
strate, favoring charge transport and separation in the solar cells,
which lead to a 4.84% power conversion efficiency of LED device.
The device consisting of FTO/TiO2/BA2CsPb2I7/spiro-OMeTAD/Au
was also significantly more stable than its CsPbI3 counterpart,
maintaining 92% of its overall power conversion efficiency after
aging for 30 days under ambient conditions [166].

Jin et al. synthesized a wide variety of hexylammonium (HA+)
A-site alloyed RP NPLs through a room temperature colloidal reac-
tion under ambient conditions [167]. This method was used to test
the effects of A-site size on the optoelectronic properties of the
resulting NPLs, specifically with applications in solar cells. The
resulting (HA)2CsPb2I7 NPLs presented the highest PL QY at 11.5%
with a general trend showing that increased A-site size from Cs
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to acetamidinium produced decreased PL QY and lifetime decay.
Adversely, the performance of the resulting solar cell increased
with A-site size, likely caused by increased thin film passivation
with the larger A-site ions [167].

3.2. X-site alloying

The most basic form and likely most heavily utilized forms of
manipulation, especially for optical properties, is through alloying
and complete ion exchange of the X-site anion in ABX3 perovskites,
where the halide composition of the perovskite NCs can be rever-
sibly changed between Cl, Br, and I. The anion determines the crys-
tals’ relative size, bandgap, as well as the overall stability. On one
hand we have large bandgap materials like CsPbCl3 and CsPbBr3
and on the other, small band-gap materials like CsPbI3, with the
smaller bandgap making iodine-based perovskites highly sought
after for solar cell technology. However, stability issues have kept
the use of CsPbI3 to a minimum, therefore forcing researchers to
instead form X-site alloyed AIP NCs, while attempting to maintain
NC stability and the optical properties of CsPbI3. Multiple recent
studies have shown the incorporation and exchange of Cl and Br
into iodine based 2D AIP with spectrum blue shifts in the resulting
optical properties [74,120,122,123,168,169]. One such report by
Zhu et al. [120] showed that by exchanging halide ions, the struc-
ture of the resulting crystal could be manipulated from 1D NRs into
2D NCs (Fig. 5a) along with the normal shift in the optical emission
spectra. By increasing iodide content in a mixed halide CsPbBr3-xIx
NC, the structure could be tuned from NRs to NPLs along with a
continuous red-shift in the emission from 464 to 667 nm
(Fig. 5b) and compositional shift observed in the XRD while main-
taining a cubic structure (Fig. 5c) [120]. When utilized for LED
applications these NCs observed a tunable correlated-color tem-
perature range from 2513 to 9783 K. Under optimized conditions,
a color rendering index of 95 was achieved, indicating that the
white light emission is a near faithful comparison to ideal or natu-
ral light sources.

Methods of inducing a more stable structure while maintaining
the optical properties of iodine containing perovskites has now
progressed to the use of halide-like ions such as thiocyanate
(SCN�). Recent reports by Chueh et al. [123] and Miyasaka et al.
[124] have shown that SCN� introduction can increase thermal sta-
bility in Cs2Pb(SCN)2X2 (X = Br, I, and mixture thereof) and CsPbI2(-
SCN)2 AIP NCs, respectively. However, SCN� incorporation does not
affect the optical emission position such as with common ion
exchange methods, resulting in more stable NCs without changing
the material’s band-structure. In addition, optical quenching
effects were observed with SCN� incorporation. On the other hand,
the rod-like shape of SCN� actually assists in the formation of 2D
structures by providing a template like structure by which the
NCs can grow. Chueh et al. showed that the incorporation of SCN�

increased environmental stability in RP phase 2D perovskites, with
CsPb(SCN)2I2 displaying the most impressive optical response in
comparison to the other pure halide and mixed halide samples
tested [123]. The SCN� ions did not interfere with further anion
exchange of the site either, rather allowing for the incorporation
of multiple ions to form mixed halide structures. Miyasaka et al.
also showed a large increased in thermal and structural stability
with SCN� introduction in all-inorganic RP perovskites, in compar-
ison to pure Cs2PbI4 NCs [124]. However, they found that stability
in high moisture environments decreased since the SCN� acts as a
p-acceptor pulling electron density away from Cs+, therefore mak-
ing Cs+ more likely to by hydrolyzed in the presence of water. In
this work, perovskites doped or alloyed in the A and B-sites with
SCN� incorporated in the X-site were also tested for stability but
resulted in less thermally stable structures than the Cs2PbI2(SCN)2
structure.



Fig. 5. (a) TEM images of CsPb(Br1-xIx)3 (x = 0.1, 0.3, 0.7, 0.9) NCs, where the scale bar is 50 nm for each, and (b) Normalized emission spectra (x = 0, 0.4, 0.6, 0.7, 0.9, left to
right, respectively) with respect to iodine halide composition. (c) XRD for CsPb(Br1-xIx)3 (x = 0.1 (red), 0.9 (blue)). Inset represents a general cubic crystal structure for cubic
CsPbX3 NCs. Adapted from Ref. [120] with permission from the OSA publishing group.
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4. B-site doping

Dopant incorporation in 2D AIP NCs is primarily performed in
the B-site, which offers extensive synthetic control over the com-
position of the resulting NCs. Due to the importance of the B-site
to the resulting optical properties and the structural stability of
perovskites, dopant incorporation has been widely studied in per-
ovskite nanocubes and other similar highly confined NC systems to
manipulate the resulting NC properties. However, B-site doping in
2D AIP NCs is still regarded as a difficult process due to the high
formation energy for cation vacancies and a lack of the interstitial
sites necessary for fast ion diffusion [58,153]. Additionally, large
size disparity between Pb2+ (133 pm) and most B-site dopants,
such as Mn2+ (97 pm), could lead to large lattice strain due to
dopant incorporation, making high concentration doping difficult
[50]. Therefore, the doping efficiency can be rather low even with
very high concentrations of dopant precursor introduced in the
synthesis [50,64,170]. For example, Parobek et al. obtained 0.2%
doping in CsPbCl3 nanocubes by using extremely high concentra-
tions of Mn precursor with a Mn:Pb in a 3:2 mol ratio [170].

Manganese ions (Mn2+), as the most prevalent dopant in 2D AIP
NCs to date, has been of massive interest for over a decade for
doped metal chalcogenide and perovskite NCs because of its d elec-
tron energy levels within the bandgap of many semiconductor NCs.
Therefore, host NCs to dopant energy transfer can produce a strong
dopant emission. Additionally, the 5/2 spin state of Mn2+ can intro-
duce interesting magnetic properties into host NCs from isolated
magnetic dopants as well as magnetic coupling between magnetic
Mn center, which are useful for spintronic applications [171–177].

So far Mn-doped AIP studies focus predominantly on the
CsPbCl3 host lattice because it has a wide bandgap that easily
transfers energy to dopant orbital, with many reports showing
the orange Mn photoluminescence (PL) (Scheme 2). However, B-
site Mn-doping in CsPbBr3 has proven much more difficult, provid-
ing either weak Mn PL or lacking dopant emission entirely. Many
theories have been proposed to explain the lack of a strong Mn2+

emission, including difficulties with incorporation due to the high
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stability of CsPbBr3 not allowing for dopant incorporation, the vari-
ance in bond dissociation enthalpies between dopant precursors
and the host lattice, as well as the close band alignment between
the conduction band of CsPbBr3 and the 4T1 d-state of Mn2+

[56,63,68,72,73] (Scheme 2). Additionally, the introduction of
Mn2+ into CsPbI3 does not offer much in terms of improved optical
properties, due to its small bandgap of CsPbI3, and thus is not nor-
mally studied in Mn doped systems (Scheme 2). It should be noted
that, however, Mn doping can affect the stability of 0D CsPbI3 NCs.
Manna et al. [57] demonstrated that Mn2+ incorporation in CsPbI3
NCs resulted in increased phase stability in both NC films and in
solution, causing maintained phase stability for over a month. As
such, Mn-doping in CsPbI3 will be largely unexplored in this sec-
tion and we will be discussing the CsPbCl3 and CsPbBr3 host NCs
separately in Section 4.1 and in Section 4.2, respectively.
4.1. Manganese doped 2D CsPbCl3

The Nag group showed the first instance of Mn doping in 2D
CsPbCl3 NPLs using a facile room temperature reaction [68]. In a
typical reaction, a mixture was prepared containing a Cs-
precursor, preheated to 100 �C, ODE, OA, and OAm, followed by
the rapid injection of a PbCl2 precursor containing different Mn2+

concentrations to study variances in the host-to-dopant energy
transfer of the resulting doped NPLs. Increased in the Mn doping
concentration (up to 2% [Mn]) resulted in increased host-to-
dopant energy transfer, and a red-shift from the host emisison at
~360 nm to a Mn emisison at ~586 nm. However, concentrations
greater than 0.8% resulted in decreased Mn PL due to short range
Mn-Mn interactions. Additionally, Mn doping can significantly
increase PL QYs of the NPLs from 2.8% for the undoped NPLs to
the highest PL QY at 20.3% for 0.8% doped NPLs. Mn doped CsPbBr3
NPLs were also synthesized through an anion exchange method as
the direct synthetic results were ‘‘not promising”, likely due to the
increased stability of the CsPbBr3 lattice causing greater difficulty
with B-site dopant incorporation, resulted in a weak Mn PL [68].



Scheme 2. Schematic detailing the changes in bandgap between CsPbCl3, CsPbBr3, and CsPbI3 NCs, resulting in reduced host excited electrons to Mn dopant energy transfer
and therefore singnifiant Mn PL can be obsterved in Mn:CsPbCl3 with a large bandgap, while weak or no Mn PL in Mn:CsPbBr3 with a moderate bandgap and no Mn PL in Mn:
CsPbI3 with a small bandgap.
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Recently, our group developed an efficient doping strategy for
Mn doped 2D CsPbCl3 NPLs through a post-synthetic solvothermal
process to overcome the limitations of B-site doping (Fig. 6a and b)
[67]. In the first step, we synthesized lightly doped 2D Mn:CsPbCl3
NPLs (~1.0 % [Mn], mol% to Pb) by the injection of Cs-oleate into an
OA and OAm solution containing PbCl2 and MnCl2 (80%, mol% to
Pb) at 120�C. Then, the stock solution was transferred into a
Teflon-lined stainless-steel autoclave to grow heavily doped
CsPbCl3 NPLs (up to 16.8%) under solvothermal condition at 160–
200 �C for 2–5 h. While the original lightly doped 2D Mn:CsPbCl3
NPLs were obtained from growth doping, higher Mn doping effi-
ciencies were achieved through diffusion doping under pressure-
mediated solvothermal conditions, resulting in enhanced Mn PL
(Fig. 6c). The increased doping concentration could lead to higher
Mn PL QYs and stronger Mn-Mn interactions. Surprisingly, a new
CsMnCl3 phase with complete dopant substitution by spinodal
decomposition was observed with extended solvothermal treat-
ment, which is confirmed by powder X-ray diffraction (XRD)
(Fig. 6d), X-ray absorption near edge spectroscopy (XANES), and
electron paramagnetic resonance (EPR) (Fig. 6e). The ability to
incorporate a new phase by spinodal decomposition provides a
new understanding of doping inside 2D AIP NCs and a promising
approach to study the interactions between the impurity and the
host under moderate temperature and pressure.

In addition to the ligand composition tuning methods devel-
oped by Manna [102] and Zheng [88] for 2D AIP NCs, a later pub-
lication by Tang et al. [70] found that by manipulating ligand
concentration under similar solvothermal conditions, nanocubes
and NPLs can be synthesized, with lower concentrations of OAm
and OA ligands preferring to form 2D CsPbCl3 NCs. It was also
determined that by utilizing more mild solvothermal conditions
(i.e. at 120 �C), NPLs doping concentrations could be increased,
from ~6% to 25% [Mn] to total spinodal decomposition to CsMnCl3,
without inciting large scale NPL stacking to form larger 2D NCs
[70].

Interestingly, Lin et al. showed that multiphoton absorption can
be realized in 0.2% Mn-doped 2D CsPbCl3 NCs similar to up-
conversion effects shown in lanthanide doped NCs (Fig. 7) [71].
The 680 nm fs pulses cause bandedge excitation via a two-
photon absorption process followed by host-to-dopant energy
transfer and a Mn PL at ~600 nm (Fig. 7a and 7b), while the signif-
icantly lower energy 1300 nm fs pulses lead to direct Mn2+ excita-
tion throught a three-photon absorption process (Fig. 7c and d).
The two- and three-photon absorption cross-sections of 2D Mn:
CsPbCl3 NPLs were 1237 GM/nm3 and 2.24 � 10�78 cm6�s2�pho-
ton/nm3 in the visible light and biological windows, respectively,
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which were increased by 6.8 and 7.2-fold in comparison to corre-
sponding 0D perovskite nanocubes (normalized to volume)
(Fig. 7a and c).

4.2. Manganese doped 2D CsPbBr3

While Mn can be doped inside CsPbCl3 NCs with intense Mn PL
reported in many cases, doping inside CsPbBr3 has been proven
challenging. One possible reason is the large separation between
the dissociation energies of PbBr2 (249 KJ/mol) andMnBr2 (314 KJ/-
mol) in comparison to PbCl2 (301 KJ/mol) and MnCl2 (338 KJ/mol),
impeded Mn introduciton into the CsPbBr3 lattice due to the higher
bond stability of MnBr2 than PbBr2 [72]. Furthermore, Klimov et al.
showed that this issue could be further compounded by forming a
Mn-oleate complex for dopant introduction, which results in a Mn-
O (402 KJ/mol) bond that is significantly more stable than the
PbBr2 (249 KJ/mol) bond [56].

Nag et al. tested the disparity between different dopant precur-
sors using a post-synthetic doping method on CsPbBr3 NPLs
(Fig. 8a) [73]. Their method involves first synthesizing CsPbBr3
NPLs, followed by the treatment of the resulting NPLs with a MnBr2
precursor dissolved in a 1:3 mixture of acetone to toluene by vol-
ume. This solution is optimal to dissolve MnBr2 while not provid-
ing enough acetone to destabilize the NPLs. Superior synthethic
control with the use of MnBr2 as a precursor resulting in increased
Mn incorporation and Mn-emission intensity, in comparison to the
Mn-oleate and HBr acid assisted Mn-oleate methods (Fig. 8b and c)
[73]. They also provided a simplified post-synthetic method for
both up to 6.5% Mn2+ and 1.4% Yb3+ introduction in monodispersed
CsPbBr3 NPLs, while also illucidating the mechanism as to why the
2D NPLs have a larger host-to-dopant energy transfer than the 0D
Mn-doped CsPbBr3 NCs. It was determined that the 4T1 orbital of
Mn and the conduction band of CsPbBr3 are close enough in energy
to result in a thermally activated back energy transfer from the
dopant to the host even though the d-d transitions of Mn2+ lies
within the bandgap of CsPbBr3. Therefore, an increased intensity
and continuously red-shifting of the Mn emission at lower temper-
atures in CsPbBr3 NCs was observed [73]. This also explains why
thin 2D Mn:CsPbBr3 NCs have a more intense Mn emission as the
increased quantum confinement increases the CsPbBr3 bandgap,
therefore making the back energy transfer at room temperature
less likely (Fig. 8d) [73].

To combat the disparity in bond stability between MnBr2 and
PbBr2, Son et al. [72] developed a two step reaction mechanism
involving the creation of an, up to ~11%, Mn-doped L2[Pb1-xMnx]
Br4 intermediate followed by the injection of a Cs-oleate precursor



Fig. 6. (a) Schematic of the formation of Mn-doped 2D CsPbCl3 perovskite NPLs via a hot-injection method followed by the solvothermal growth of heavily larger Mn-doped
CsPbCl3 NPLs and CsMnCl3 inclusion after phase segregation. (b) TEM images of corresponding small 2D Mn:CsPbCl3 perovskite NPLs synthesized in three-neck round-bottom
flasks and larger 2D Mn:CsPbCl3 perovskite NPLs grown in Teflon-lined autoclaves after solvothermal treatments. (c) Optical properties, (d) XRD patterns, and (e) Room
temperature X-band EPR spectra of 2D Mn:CsPbCl3 NPLs (using 80% Mn as precursor, mol% to Pb) under different solvothermal treatment time. (Adapted with permission
from the ACS, https://doi.org/10.1021/acs.chemmater.8b02657, Ref. [67]. Further permissions related to this material excerpt should be directed to the ACS.)
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that results in the production of 0D Mn:CsPbBr3 NCs and, up to ~2%
Mn-doped, 2D CsPbBr3 NPLs that are easily separable by centrifu-
gation. The intermediate complex is necessary for the synthesis
of doped CsPbBr3 NCs to avoid directly breaking the MnBr2 bond.
Despite the incorporation of Mn2+ into the CsPbBr3 NC lattice and
the the fact that the CsPbBr3 bandgap is large enough to contain
the d-d statesof Mn2+, only a weak Mn PL was obtained in the 0D
NC system, while the thin 2D NPLs with a bigger bandgap resulted
in an increased host-to-dopant energy transfer and a more
intensed Mn PL [72].

4.3. Manganese doped Ruddlesden-Popper NCs

Ruddlesden-Popper (Csn+1PbnX3n+1) perovskite NCs are a newly
emerging perovskite subclass that has only recently been produced
on a nanoscale. These materials are currently of interest due to
their interesting layered structure, which forms as individual
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CsPbX3 layers separated by CsX spacing layers [178]. This structure
causes increased quantum confinement due to the individual
structures acting near-independently, resulting in an increased
bandgap and a subsequent optical blue-shift. Unfortunately, the
RP structure is highly unstable and normally only presents very
low PL QY below 1% as pure RP NCs [168,178,179]. Therefore,
Mn2+ doping has been of interest in these systems as a means to
improve PL QY while maintaining the RP phase. However, it should
be noted that recent report by Biswas et al. showed that by intro-
ducing PbBr2 or MnCl2 post-synthetically into the as synthesized
Cs2PbI2Cl2 NPLs, the 2D NPLs can be tuned to 3D CsPbBr3 or 0D Cs4-
PbCl6 NCs, respectively [178]. It is therefore imparative that dopant
incorporation is controlled as to not cause undesired shifts in mor-
phology. Similar effects were reported by Pradhan et al., where
reactions that failed to form RP phase 2D perovskites rather formed
diverse 3D CsPbX3 and 0D Cs4PbX6 products instead, with X deter-
mined by the original reaction composition [74].

https://doi.org/10.1021/acs.chemmater.8b02657


Fig. 7. PL spectra of Mn:CsPbCl3 2D NCs and nanocubes excited by (a) 680 nm and (c) 1300 nm fs pulses. Schematic representation of the energy tranfer pathway for (b) two-
photon and (d) three-photon linear absorption spectra of Mn:CsPbCl3 2D NCs and nanocubes. Adapted from Ref. [71] with permission from the OSA publishing group.

Fig. 8. (a) Schematic showing the post-synthetic doping of Mn2+ into CsPbBr3 NPLs with different Mn precursors and the representative absorbance (black) and PL (red)
spectra from the resulting products for each corresponding dopant precursor. (b and c) Data corresponding to 5 ML Mn:CsPbBr3 NPLs, where (b) is a TEM image of 4.3% NPLs,
and (c) is the PL spectra of the resulting doped NPLs with respect to dopant concentration. (d) Schematic detailing the changes in bandgap between Mn:CsPbBr3 NCs and Mn:
CsPbBr3 NPLs of decreasing thinknesses from 5 to 3 unit cells, left to right respectively, resulting in reduced back energy transfer and therefore a more intense Mn PL.
(Adapted with permission from the ACS, https://doi.org/10.1021/acs.chemmater.8b03066, Ref. [73]. Further permissions related to this material excerpt should be directed to
the ACS.)
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Pradhan et al. did, however, suceed in developing the first
doped 2D RP perovskite NC synthesis for tetrogonal phase Mn-
doped Cs2PbCl2I2 NPLs following a hot-injection synthesis where
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an OAm-HCl + OAm-HI precursor is injected to a mixture of a
Mn-acetate, Cs2CO3, PbO, and ligand solution at 180 �C [74]. The
resulting NPLs presented a strong Mn d-d transition, while also

https://doi.org/10.1021/acs.chemmater.8b03066
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increasing the host PL causing an amplified PL QY from below 1% to
~16% with 1.7% Mn2+ incorporation. Interestingly, Feldman et al.
found that they could induce RP phase planes in CsPbCl3 NCs NC
by incorporating Mn2+. With increasing dopant concentrations,
from 0.5 to 3%, more RP planes resulted as defect like layers, caus-
ing a blue-shifted and broadened host emission [180]. The reaction
followed an ultrasonication method where PbCl2, MnCl2, Cs-
acetate, OA, and OAm are directly sonicated, resulting in the forma-
tion of Mn-doped CsPbCl3 NCs.
4.4. Additional dopant ions for 2D AIP NCs

While not largely prevalent in 2D AIP NCs as of yet, there are
still multiple other dopant ions that have been reported for B-
site doping, such as Yb3+, Sb3+, Sn2+, and Ni2+, that provide interest-
ing functionality to perovskite NCs. For example, Yb3+-doping in 2D
AIP NCs was demonstrated in CsPbBr3 NPLs by Nag et al. [73] by a
post-synthetic method involving the treatment of the as synthe-
sized CsPbBr3 NPLs with Yb(NO3)3 in a methyl acetate and toluene
solution. The resulting 1.4% Yb-doped CsPbBr3 NPLs expressed a
strong host emission at ~440 nm and an Yb3+ emission at
~982 nm with a lifetime decay of ~400 ms [73]. Murali et al. [75]
further illucidated the effects of doping on PL properties of Ni-
doped CsPbBr3 2D NPLs. It was reported that Ni-doping improved
non-linear optical susceptibilty from 3.0 � 10�10 to 7.0 � 10�10

esu at 0.05 to 0.08% [Ni], and the two-photon absorption cross sec-
tion from 1.6 � 104 to 4.1 � 104 GM at 0.08 to 0.1% [Ni] [75]. The
increase in two-photon absorption cross section and non-linear
optical susceptibility were both attributed to localized surface
plasmon-induced charge transfer effects that occurs at the inter-
face between the metal and semiconductor [75].

Pradhan et al. [77], on the other hand, showed that the intro-
duction of large equivalents of Sb3+ (>10%) caused anisotropic
growth of otherwise 0D NCs into 2D NPLs by a hot-injection
method, in which Cs-oleate was rapidly injected into a 1:2 mol%
ratio mixture of SbI3 and PbI2 in ODE. It was reported that Sb3+

incorporation increased the stability in the corresponding CsPbI3
NCs, tested in a NC film, resulting in maintained cubic phase stabil-
ity for over a month under ambient conditions [77]. Sb:CsPbI3 NCs
were further explored for photovoltaic applications in solar cells
resulting in a maximum efficiency of 9.4%. Similarly, Yang et al.
[76], showed that Sn2+ incorporation in a hot-injection synthesis
could assist in the formation of 2D CsPbBr3 NPLs. The synthesis
involved the rapid injection of Cs-oleate into a mixture of PbBr2
and SnBr2 with OA and OAm in ODE at temperatures ranging from
105 to 150 �C. Relatively low temperatures were utilized to resist
the oxidation of Sn2+ to Sn4+, with 135 �C and 3.4% Sn2+ incorpora-
tion being the optimized reaction conditions for monodispersed
Sn:CsPbBr3 NPLs of 7.2 nm lateral dimensions and 2 nm thickness.
Further analysis demonstrated that Sn2+ incorportation improved
photodetectiveity in a perovskite-based Sn:CsPbBr3:polymethyl
methacrylate photodetector. Sn2+ was found to assist in the forma-
tion of interfacial traps between the perovskite layer and [6,6]-
phenyl-C61-butyric acid methyl ester (PC60BM) layer, resulting in
detectivities on the order of 1011 Jones when excited using UV-
light from 310 to 400 nm under a �7V reverse bias [76].
5. Applications of 2D AIP NCs

While the impressive properties of 2D AIP NCs, the develop-
ment and application of these materials is currently lacking to a
near extreme. 2D AIP and doped AIP NCs have not been of excep-
tional use for LED, solar cell, and lasing applications, to date. So
far 0D perovskite QDs have been used for LED and solar cell appli-
cations due to their improved stability and typically higher PL QY
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[181–183], as well as 1D NRs for lasing applications as they have
a larger anisotropic influence on their emission than NPLs have
currently shown [184–186]. Layered 2D RP perovskites are promis-
ing materials for light emitting applications, due to their flexible
composition and structural tunability making them useful for
LED applications [166,187]. While these structures tend to be rel-
atively stable in comparison to 2D hybrid perovskites, they are still
well into their infancy in terms of utility and require significantly
more attention before they will be properly useful for real-world
applications [15,187,188].

So far, 2D AIP NCs have primarily been of interest for transistor
applications, due to their distinct advantage in the production of
flexible optoelectronic devices, ability to create large-area crack-
free films, higher in plane carrier mobility, longer diffusion lengths,
longer lifetimes, lack of grain boundaries, and improved electron
transport [11,19,189–191]. However, a few key issues still remain
for perovskite NCs toward transistor applications including, lim-
ited charge transport, surface ligand interference, as well as the
limited stability of perovskite NCs that hinder applicability. Doping
and alloying are possible solutions to the aforementioned issues
that limit 2D NC application in real world devices. Primarily,
heterovalent B-site doping is one possible method to ease ion
migration while improving charge transport. Meanwhile, surface
doping or complex surface encapsulation/decoration is another
potential method for mitigating surface ligand interactions while
improving direct device processability and stability. The stability
of the 2D AIP NCs as well as the corresponding devices will be dis-
cussed in the Conclusions and Perspectives section of this review.

5.1. Charge transport applications

One of the most prominent issues of charge transport in
perovskite-based devices is the A- and X-site fast ion migration
that can result in ion accumulation at the interface between the
perovskite layer and surrounding dielectric materials, impeding
perovskite electron transport performance and ion mobility
[192]. This is especially problematic in photodetector and solar cell
applications as both heavily rely on charge carrier generation/sep-
aration, carrier transport, and carrier collection by electrodes.
Which is important due to the wide applicability of photodetectors
in light communication, image sensing, and other fields that need
photoelectric conversion ability. Therefore, improving electron
transport and ion mobility by reducing ion migration is a key issue,
especially since ion migration cannot be suppressed by encapsula-
tion. Compositional tuning can suppressing ion migration, by
introducing inorganic A-site cations over the previously utilized
organic cations, whose decreased volatility made them far more
applicable for room temperature transistors [192]. For example,
the replacement of organic cations with Cs+ inorganic cations for
room temperature AIP transistor applications, resulted in a moder-
ate hole mobility of 0.32 cm2 V�1 s�1 without any metal electrode
or dielectric modifications [193], which exceeds hybrid NCs for
transistor applications due to the decreased ion migration and
ion screening effects achieved when utilizing Cs-based perovskites.

In ideal AIP NPLs, no internal grain boundary along the lateral
direction exists, ensuring good charge carrier transport in laterally
layered electrical devices and minimizing exciton quenching in
optical applications, which could exceed the positive influence of
using extremely thin perovskite films containing 0D NCs. Further-
more, 2D NCs enable improved optoelectronics by their scalable
fabrication and improved control over NC growth and transfer for
device fabrication [19]. For example, AIP 2D CsPbBr3 microcrystals
have been shown capable of bridging individual 2D microcrystals
across a transistor channel with no extrinsic grain boundaries
among the neighboring microplates [193]. These same microplates
demonstrated a clear field-effect of the drain current regulated by
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the gate voltage through field-effect transistor (FET) analysis,
which correlates to improved transistor applicability in compar-
ison to 2D hybrid NC systems [193–196]. Furthermore, applying
2D AIP NC films, in the form of CsPbBr3 NS films, in a photodetector
device resulted in a short rise and decay time of 0.019 or 0.025 ms,
which is significantly shorter than rise and decay times that have
been demonstrated by 2D hybrid perovskite photodetectors [197].

Alloying approaches through the A- and X-sites of the ABX3

general crystal structure have shown little utility toward resolving
issues with ion migration and ion accumulation. Alloying within
the A-site either offers smaller metal cations or organic ions and
would therefore not play much of a role in this issue, as the intro-
duction of organic and small inorganic cations would increase ion
migration. X-site alloying could be used to further stabilize the
structure or tune the NC bandgap/optical properties but does not
play a large role in electrical properties, at least not to date. There
is simply not enough work outside of halide exchange to demon-
strate the promising applicability of the X-site ions toward the
reduction of ion migration. Consequently, B-site doping is the most
likely method for improving charge transport while also reducing
ion migration, primarily through the introduction of heterovalent
ions. Heterovalent B-site doping offers a method to improve ion
transport through the development of ion vacancy channels within
the perovskite NCs, further adding to the already near ideal charge
transport properties of 2D AIP NCs [49,54,198]. Afterall, Bi3+ doped
CsPbI3 NCs showed applicability for NIR luminescent materials
with huge potential for applications in telecommunications, how-
ever, Bi did not provide the necessary structural stability to make
the CsPbI3NCs truly applicable [199]. Current synthetic reports
on 2D AIP NC doping with heterovalent ions is limited, however,
of these reports, the increased PL QY resulting from Yb3+ [73]
and the increased stability offered by Sb3+ [77] offer unique oppor-
tunities for future optoelectronic applications.

5.2. 2D AIP device interface engineering

It should be noted that the NPL/dielectric interface can be of
vital importance in a transistor platform. In fact, the few nanome-
ter thin layer NPL/dielectric interface controls the field-effect con-
ductivity for the entire transistor channel [200], which has become
an issue with solution-processed 2D NCs as organic residues and
surface ligands are currently suspected of hindering field-effect
transistor (FET) applicability. For example, colloidal CsPbBr3 NPLs
have been shown to exhibit excellent photosensitivity in photode-
tector applications that contain two metal electrodes, however,
applying a third electrode to the back gate does not allow for room
temperature field-effects [201]. On the other hand, CVD-
synthesized CsPbBr3 NPLs exhibit both excellent photosensitivity
and room temperature field-effects, demonstrating that the issue
is likely surface ligand related [193,202]. However, the effects of
surface ligands on FET and photodetector applicability requires
further study to provide a greater understanding of the exact
ligand effects.

There are a few methods of surface treatment that could prove
useful with delaying surface ligand interference. For example, 2D
boron nitride can be used as an encapsulating layer for a hetero-
junction photodetector based on graphene/perovskite composites
[203]. These types of heterojunctions are utilized to improve film
stability, improve ion mobility, and to act as protective layers
against device overlap leading to decay. Properly passivating 2D
perovskite NCs with other component layers, such as BN or
MoS2, can eliminate surface ligand interactions with the rest of
the device, however the ligand can still interact at the BN interface
causing issues with electron transport [203–205]. Implementing
2D AIP NCs, such as CsPbBr3 NSs, with increased charge transfer
layers like carbon based films or carbon nanotubes can improve
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responsivity and therefore photodetector performance to super-
seded issues with charge carrier mobility [204,205]. For example,
the ultrahigh performance of graphene/CsPbBr3-xIx NC hybrid pho-
totransistors was mainly attributed to the hole transfer from the
CsPbBr3-xIx NCs to graphene and therefore, the high carrier mobil-
ity of graphene. However, this photodetector showed a long rise or
decay time of 0.81 or 3.65 s, because the charge transport was slo-
wed down by the long-chain organic ligands of CsPbBr3-xIx NCs
[206]. While heterojunction nanocomposites are excellent
approaches for resolving surface interaction interference, and
improving charge transport and stability. Additionally, ligands still
exist at the interface between the perovskite and graphene causing
charge transport interference.

The use of surface doped 2D AIP NCs to both improve charge
transport and suppress ligand interfacial interactions would be a
more widely applicable and industrially relevant approach to
improving surface interactions. Xie et al.’s has shown to produce
2D NCs by utilizing Sn4+ to interact with surface ligand
[119,146]. Therefore, it is likely that surface doping through a sim-
ilar approach would reduce surface ligand interactions, while also
providing conductive surface materials to improve charge trans-
port. Alternatively, the unorthodox approach of utilizing doped
nanocomposites offers an interesting substitute for the aforemen-
tioned heterostructured devices. A recent report by Zheng et al.
showed that Mn:CdS/ZnS NCs encapsulated by SiO2 and surface
decorated with Pt NCs could produce catalytic properties due to
the long lifetime of Mn2+ doped in the CdS core [175]. Utilizing a
similar method with 2D AIP NCs, would provide a protective sur-
face, while increasing charge transport. This approach primarily
works due to an energy transfer pathway that separates the charge
carriers for improved catalytic response [175].
6. Conclusions and perspectives

In conclusion, the discrete manipulation of A, B and X-sites of
ABX3 perovskite structures has proven to be an important tool
toward improving the stability and applicability of AIP NCs. These
materials have the ability to present impressive optical, magnetic,
electronic, and structural properties that need to be explored for a
wide-array of applications. Current applications heavily utilize the
charge transport mobility of 2D AIP NCs by primarily focus on
charge transport devices, such as photodetectors. 2D AIP NC appli-
cation in light emitting devices has been slowed due to the
decreased stability of 2D materials. Discrete compositional control
should be at the forefront of the future innovation of AIP NCs, with
a particular focus on 2D morphologies for their unique properties
and simplified applicability. However, there is still a long way to
go before these materials are understood or applied nearly as well
as 2D hybrid perovskite NCs or 0D AIP NCs. Increased research is
needed in 1) elucidating the formation mechanism of 2D AIP per-
ovskite NPLs; 2) the more structurally sound and far less explored
2D lead free AIP NCs; 3) doped 2D AIP NCs with enhanced optical
and electric properties; 4) stability of 2D AIP NCs.

1) 2D AIP NC Formation. The formation mechanism of 0D AIP
NCs has been carefully studied for a number of years, leading
to a general consensus that the NCs form through multiple
intermediary steps through a seed mediated approach that
occurs within only a few seconds [207–213]. Rogach et al.
studied the 0D NC formation mechanism by a slowed down
microwave assisted approach where the CsCO3 and PbBr2
precursor powders were separated to opposing sides of a
microwave reaction vessel [211]. The solvents and ligands
(ODE, OA, and OAm) were carefully added to ensure the
powders would not mix yet covered both powders making
a filled reaction vessel. This process slowed the normal for-
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mation of the as synthesized CsPbBr3 NCs from a few sec-
onds to nearly 25 minutes, illustrating that weakly bound
bromoplumbate scaffolds formed prior to Cs introduction,
which would then be filled from the inside out with Cs
[211]. Further contributions from Yu et al. [212] and Bi
et al. [213] illuminated the bromoplumbate scaffold as
[PbBr6]4� corner-sharing octahedra that formed near
instantly upon addition of Br halide into the reaction. Intro-
duction of the Cs-precursor would then fill the interstitial
sites during the formation of the CsPbBr3 NCs.
The formation mechanism behind 2D AIP NCs is much more
elusive to date and likely is caused by multiple different pro-
cesses depending on the reaction conditions. For example,
Zheng et al. found that NR formation was likely due to high
concentrations of short ligands (OctAm and OctAc) around
the rod edges, causing greater packing density and therefore
forcing growth in the 1D pattern. Post-synthetic solvother-
mal treatment of these samples lead to the short ligands
on the NR edges to evaporate under the high temperature
and pressure allowing form NRs to laterally combine into
NPLs, which was further assisted due to the increased pres-
sure of the system [88]. Manna et al. formed similarly quan-
tum confined NPLs utilizing a room temperature mediated
approach that followed a very different reaction mechanism,
where the NPL thickness was controlled by the amount of
HBr added to the system. It was determined that the
increased acidic environment caused the OAm capping
ligands to protonate, which proceeded to compete with Cs+

ions and slow the NC growth in one-dimension [102]. In fact,
Goriely et al. found through both theoretical and experimen-
tal results that 2D NC growth is essentially caused by both of
these methods, where the key is to incite competitive nucle-
ation of atoms and ligands on crystal facets, causing aniso-
tropic NC formation. Further, he found that using strongly
interacting, high boiling point ligands and relatively low
temperatures, in comparison to 0D NCs, increases the likeli-
hood of 2D NC formation [214]. There are currently still
many unknown variables to make a conclusive verdict on
how 2D AIP NPLs form. However, we can illustrate the point
that anisotropic growth is produced by propagating compe-
tition between binding atoms and the reactive surface envi-
ronment of the rapidly forming NCs. Further investigations
are still needed for a more conclusive mechanism.

2) 2D lead free AIP NCs. Current efforts have led to the develop-
ment of multiple lead free systems [215–218], however,
much effort is still needed to make them properly applicable
in real world environments. Expanding current research
efforts in more structurally sound 2D AIP NCs, especially
lead-free alternatives based on Sn, Sb, Ge, Bi, etc. is highly
needed. Structural manipulation has been one prevailing
factor that has led to many lead-free double-perovskite
(A2B2X6) and RP NCs as environmentally friendly alterna-
tives to lead-based AIP NCs. In double-perovskites the B-
site is replaced by M3+ and M+ ions following the morphol-
ogy A2BB’X6, while RP NCs, layered perovskites with A2BX4

crystal structure, follow a similar structural scheme to
ABX3 NCs. Significant effort has been made to improve these
structures by doping [219–222] and morphological control
[222–224] to improve the NCs efficiency, PL QY, and stabil-
ity. For example, RP NCs have shown a keen ability for direct
formation of extremely thin 2D NCs that intrinsically prefer
a layer 2D morpholgy [225,226]. Despite being promising
materials, current research indicates that double-
perovskites have significantly lower PL QYs and comparable
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stabilities to current AIP NCs [227–229]. Therefore, more
effort is needed to embolden future applications of these
2D materials.

3) Doped 2D AIP NCs with enhanced optical and electric prop-
erties. Pradhan et al.’s [74] recent report detailing the doping
of Mn2+ into 2D Cs2PbCl2I2 NPLs with interesting host-to-
dopant and host bandgap relaxation charge transfer proper-
ties that result in an increase in PL response at low temper-
atures [74]. Similarly, increased PL QY and lifetime decay
dynamics have been reported in doped chalcogenide NCs
[230–232], however multiple reports on Mn2+-doped
CsPbCl3, and CsPbCl3-xBrx NCs have rather shown a
decreased PL response at decreased temperatures [233–
236]. At this point, the thermodynamic behavior of dopants
in perovskite systems is still unclear, and therefore warrants
further study to elucidate the true electron dynamics for a
general family of perovskite NCs, including 2D AIP NCs.
Additionally, there are still a slew of new dopants that have
been explored in lower dimensional perovskite NCs, that yet
still need to be explored in 2D AIP NCs, including many other
transition metal ions (Ag+, Co2+, Cu2+, Ni2+, et al.) [219,237–
241], rare-earth metal ions (Ce3+, Dy3+, Er3+, Eu3+, Yb3+,
et al.) [113,242–246], as well as alkaline and alkaline-earth
metal ions. These doped 0D NCs have shown impressive
properties especially for optoelectronic applications. One of
the key interests in these doped materials is the fabrication
of single component white light emitting sources capable for
applications as white-light emitting diodes (LEDs) and lasers
[117,118]. Further exploration of dual doping by introducing
two different types of dopant ions in perovskites becomes
the next clear objective to further increase the NC lumines-
cent response, with a few examples already present in the
literature [247–249]. Co-doped AIP NPLs could be created
using a combination of a CsPbCl3 host doped with Mn2+ as
an orange-red emissive dopant and Er3+ as a green/yellow
emissive dopant for a near perfect white light emitter given
the proper host and dopant intensities. Additionally, dual
lanthanide dopants, such as Er3+ and Yb3+, could be used in
a similar system to provide a strong green and NIR red emis-
sion, respectively, as lanthanides have shown capable of pro-
ducing massive increases in PL QY.

4) Stability of 2D AIP NCs. Stability is even more of an issue
with 2D AIP NCs, as thinner NCs have a larger and more reac-
tive surface area, causing quicker degradation in the pres-
ence of oxygen, moisture, and light irradiation, which can
be easily demonstrated by exposing 2D perovskite NCs to
the electron beam of a transmission electron microscope.
Even short exposure times can lead to thin 2D NC melting
and degradation, causing the formation of lead clusters
within the NC. To overcome these obstacles, more synthetic
versatility must be utilized to improve environmental,
phase, and morphological stability. For example, a recent
publication showed that the incorporation of 23.13% Mg2+

into B-site of 0D CsPbBr3 NCs significantly improved both
the PL QY, from 51 to ~100%, and the NCs stability in ambi-
ent conditions, under UV-light irradiation, and in polar sol-
vent [250]. The increased stability of the doped NCs can be
understood by the increased Goldschmidt tolerance factor,
as t is increased from 0.907 to 0.926 by replacing ~23.4%
Pb2+ with the smaller Mg2+ ions. It should be noted that
the Goldschmidt tolerance factor does not, however, provide
methods of estimating stability based on surface chemistry,
size, or shape, nor does it account for the ionic nature of per-
ovskites, which makes them highly structurally and chemi-
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cally unstable in conditions containing oxygen, moisture,
heat, and continuous illumination; all conditions necessary
for many real-world applications [21,158,162].

Consequently, with proper treatment of all three (A, B, and X)
ion sites, in 2D ABX3 AIP NCs, largely variable environmentally
friendly products are possible, with improved stability and func-
tionality. Further efforts will be needed to improve 2D AIP stability
in environmental conditions while also maintaining their optically
active phase and the resulting electric properties. We envision that
the future development of these functional 2D AIP NCs with wide
lateral dimensions and controlled discrete thicknesses will lead to
the development of an improved fundamental understanding of
the 2D quantum confined systems as well as the next generation
energy harvesting materials for optoelectronic applications.
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