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Abstract Metal halide perovskites are a class of
materials that are ideal for photodetectors and solar cells
due to their excellent optoelectronic properties. Their low-
cost and low temperature synthesis have made them
attractive for extensive research aimed at revolutionizing
the semiconductor industry. The rich chemistry of metal
halide perovskites allows compositional engineering
resulting in facile tuning of the desired optoelectronic
properties. Moreover, using different experimental synth-
esis and deposition techniques such as solution processing,
chemical vapor deposition and hot-injection methods, the
dimensionality of the perovskites can be altered from 3D to
0D, each structure opening a new realm of applications due
to their unique properties. Dimensionality engineering
includes both morphological engineering—reducing the
thickness of 3D perovskite into atomically thin films—and
molecular engineering—incorporating long-chain organic
cations into the perovskite mixture and changing the
composition at the molecular level. The optoelectronic
properties of the perovskite structure including its band
gap, binding energy and carrier mobility depend on both its
composition and dimensionality. The plethora of different
photodetectors and solar cells that have been made with
different compositions and dimensions of perovskite will
be reviewed here. We will conclude our review by
discussing the kinetics and dynamics of different dimen-
sionalities, their inherent stability and toxicity issues, and
how reaching similar performance to 3D in lower
dimensionalities and their large-scale deployment can be
achieved.

Keywords optoelectronics, solar cells, perovskite, photo-
detectors, metal halides, dimensionality

1 Introduction

Perovskites—named after Russian mineralogist L.A.
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Perovski—originate from the discovery of calcium titanate
(CaTiOs) in the 1830s by Gustav Rose [1,2]. The definition
of perovskites has since been extended to include all
compounds with a similar crystal structure to CaTiO5 [2,3].
Recently, metal halide perovskites have emerged as a
promising class of materials for many applications such as
solar cells, photodetectors, and LEDs due to their low-cost,
low temperature synthesis and solution processability
[2,4]. Metal halide perovskites exhibit excellent optoelec-
tronic properties including small exciton binding energy,
bandgap tunability, high charge carrier mobility [5], long
charge carrier diffusion length [6], high absorption
coefficients and broad spectral absorption [7]. Ever since
Miyasaka et al. first made sensitized photovoltaic cells
(PVs) in 2009 from metal halide perovskites, progress in
power conversion efficiencies (PCEs) of perovskite-based
PVs has jumped from around 4%, to over 22% [1,2,6,7]
and now currently over 25% [8]. Additionally, there has
been vast progress in utilizing perovskites in photodetector
and other optoelectronic applications making them a
promising candidate to bring about a new paradigm in
the semiconductor industry [1-6].

Metal halide perovskites have the chemical formula
ABX3, where A and B are cations of different size and X is
a halide anion [2,3,6,7,9]. The composition of the
perovskite structure can be readily changed to manipulate
the photophysical properties of the material [1-5]. For
example, the halide composition can be tuned to achieve
the desired spectral response ranging from the UV all the
way to the near infrared [9,10]. Apart from compositional
engineering, dimensional engineering of the perovskite can
also be achieved [1-6]. For example, by including different
compositions of organic acids and amines as the cations,
the shape and dimensionality of the perovskite can be
altered to form 3D nanocubes, 2D nanoplatelets, 1D
nanorods, and 0D quantum dots [2,3,9]. In addition to
morphological control of the perovskites, their dimension-
ality can be tuned at the molecular level: quasi-2D
perovskites with enhanced stability can be created by
incorporating bulky organic cations into the conventional
3D perovskite mixture [1-7]. Further lowering of the



Rashad F. KAHWAGI et al. Dimensionality engineering of metal halide perovskites 197

dimensionality at the molecular level leads to further
exciton self-trapping and structural distortion [1-3]. In the
most extreme cases, true 0D hybrid structures can be
formed where the metal halide clusters are completely
separated by organic moieties [1-3,6]. In this review, the
different morphological and molecular engineering tech-
niques used to manipulate the structural characteristics of
perovskites and the corresponding changes to the optoe-
lectronic characteristics will be explored. We will also
detail the recent progress of photodetectors and solar cells
employing the different perovskite structures. Finally, we
will discuss the next steps forward that need to be
investigated for this class of material.

2 Properties and characteristics
2.1 Structure and dimensionality

Metal halide perovskites are typically processed using
simple wet-chemistry methods to allow homogeneous
mixing at the molecular level and the production of a pure
phase solution [10—13]. The extensive library of chemicals
that can be used in the perovskite solution enables intricate
compositional engineering and tuning of the desired
optoelectronic properties [14-24]. Typically, the precur-
sors are mixed in a polar aprotic solvent (e.g., DMSO,
DMF) and deposited onto a substrate [25,26]. Deposition
of the mixture is performed using methods including spin-
coating, dip-coating, inkjet printing and blade coating [27—
29]. There is an exceptionally low energy barrier for the
formation of halide perovskites, which means they can
crystallize at relatively low temperatures [10]. The quality
and age of the chemicals, the concentration and stoichio-
metry of the precursors [10], the atmospheric conditions of
the reaction [9,10], the substrate of the perovskite is grown
onto and other factors will have an effect on the thin-film
morphology, which is in turn directly linked to the
optoelectronic properties of the fabricated films [10,25,27].

Moreover, reducing the dimensionality at both the
morphological and molecular levels can lead to further
tuning of the optoelectronic properties [2,3,9,30]. Mor-

(@) 2D

phological low-dimensional perovskites include 2D nano-
platelets, 1D nanorods and nanowires, and 0D quantum
dots [2,3,9]. These perovskites are formed by reducing the
thickness of 3D perovskite into atomically thin films
[2,3,9,31]. These structures, while identical in crystal
structure to 3D perovskites, are on the nanoscale and
exhibit quantum confinement in at least one dimension
[2,3,5,6,12]. On the other hand, lowering the dimension-
ality at the molecular level leads to hybrid structures
composed of metal halide layers separated by long-chain
hydrophobic organic cations [3,5,7,8,12]. These structures
display quantum confinement effects without small atomic
thicknesses and can be described as a series of naturally
integrated quantum wells [31,32]. The bulky organic
cations provide inherent hydrophobicity, making molecu-
lar low-dimensional perovskites promising candidates for
stable optoelectronic devices [3,5,7,8,12]. The difference
between molecular and morphological low-dimensional
perovskite structures is displayed in Fig. 1 [2,3].

The crystal structure of each dimensionality of per-
ovskite will be discussed first to illustrate how it
contributes to the plethora of remarkable optoelectronic
properties for the different forms of the material [2—4,10].

2.1.1 3D Perovskites
The ionic structure of 3D perovskites can be described by
the general formula ABX; [6,12,21,25,33], where each
element is distributed spatially as depicted in Fig. 2 [33].
A is typically a monovalent cation (e.g., CH;NH;3" or
MA™, FA™ or Cs™); B is a divalent cation (e.g., Pb**, Sn*,
Cu®") and X is a halide anion (e.g., CI", Br, I") that binds
to the A and B sites [13,34,35]. In a 3D perovskite system,
the A-site cations occupy the space in between four
adjacent corner-sharing BXg octahedra [6,9]. To be
classified as a perovskite, the ions constituting the crystal
must meet requirements regarding their size and charge,
best described by the Goldschmidt tolerance factor (7):

t=(ra+rx)/ (V20 +75)), (1)

where 7 is the atomic radii of the A, B and X ions [3,9].

1D 0D

Fig. 1 3D perovskite. (a) Low-dimensional perovskite hybrids. Reprinted with permission from Ref. [3], Copyright 2018, Royal Society
of Chemistry. (b) Morphological low-dimensional perovskites. Reprinted with permission from Ref. [2], Copyright 2019, Elsevier
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Fig. 2 Perovskite crystal structure, showing the position of the A,
B and X ion sites. Reprinted with permission from Ref. [33],
Copyright 2014, Springer Nature

The tolerance factor should be close to 1 for a stable 3D
perovskites structure [31]. Perovskites can adopt a multi-
tude of crystal structures including cubic (for a tolerance
factor between 0.8 and 0.9), orthorhombic, rhombohedral,
and tetragonal based on the size of the constituting ions
[10] as well as the ambient thermal conditions [10,36].

The most heavily researched 3D perovskite structure is
methylammonium lead iodide (MAPbI3), which consists
of a monovalent cation (MA™), a divalent metallic cation
(Pb*") and halogenic anions (I") [10]. Unfortunately,
organic-inorganic perovskites such as MAPbI; mainly
suffer from poor long-term stability when exposed to light,
moisture, and heat as a result of weak chemical bonding
between the structural components, resulting in degrada-
tion to PbX, [18,37]. To avoid this, completely inorganic
perovskites are being investigated that do not degrade as
readily [18]. CsPbXj; is an example of a completely
inorganic 3D perovskite being investigated extensively as
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a result of its promising applications in solar cells and
inherent stability [21,26,38].

2.1.2 2D perovskites

Low-dimensional perovskites such as 2D perovskite are
garnering interest because of their unique optical and
charge transport properties and improved stability [39]. 2D
perovskites are formed by reducing the thickness of 3D
perovskite (morphological engineering) or adding bulky
organic cations to the mixture (molecular engineering)
[2,5,31]. Inherently, molecular 2D perovskites are more
resistant to moisture because of the hydrophobic organic
components and their highly oriented, densely packed
nature, which prevents the formation of hydrates
[2,12,31,40,41]. Furthermore, the organic components
can be engineered to be flexible [5,20]. As such, 2D
perovskites are expected to produce large-scale, stable, and
flexible optoelectronics in the future [5]. However,
performance, particularly efficiency, remains lower than
their 3D counterparts [2,7,42] due to their wider band gap
and intrinsic anisotropic charge transport along the
conductive layers [5,40].

Morphological 2D metal halide perovskites are formed
by reducing the thickness of 3D perovskite to form
nanosheets, nanoplatelets and nanodisks [43—46]. Exam-
ples of morphological 2D perovskites are shown in Fig. 3
[13,44,45].

2D perovskite nanoplatelets have been garnering atten-
tion as a result of their interesting optical and electronic
properties. The excitons are bound more strongly together
in this type of structure because they are confined to a 2D
plane [46]. These types of perovskites have been formed
using chemical vapor deposition (CVD) and solution
processing methods including the solid state crystallization
method [47], exfoliation method [48], hot-injection
crystallization method [13], and non-solvent crystallization
method [46,48]. Ha et al. grew 2D perovskite nanoplatelets
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Fig. 3 (a) TEM image of 2D perovskite nanosheet. Reprinted with permission from Ref. [44], Copyright 2016, American Chemical
Society. (b) Schematic showing the structure of 2D perovskite nanoplatelet. Reprinted with permission from Ref. [13], Copyright 2015,
American Chemical Society. (c) TEM image of 2D perovskite nanodisk. Reprinted with permission from Ref. [45], Copyright 2015,

Royal Society of Chemistry
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(MAPDI3) using CVD and the novel structures showed
higher electron diffusion lengths (200 nm) than their
solution-processed counterparts [49]. Furthermore, solu-
tion-processable 2D perovskite (MAPbBr3) nanoplatelets
resulting in bright LEDs were developed by Ling and
coworkers [39]. The nanoplatelets in this later report were
synthesized using a facile one-pot synthesis method and
resulted in LEDs with quantum yields over 85% [39].
Furthermore, 2D MAPbBr; nanoplatelets with almost
single unit cell thickness, submicron lateral dimensions
and a blue-shifted sharp excitonic absorption feature were
recently created by Tyagi and coworkers [13] using a
simple colloidal synthesis method developed by Schmidt
et al. [50]. This work demonstrated that excitonic features
previously attributed to quantum confinement in MAPbBr3
nanoplatelets are in fact a property of the bulk perovskite
phase [13].

Molecular 2D perovskites on the other hand are formed
by isolating the lead halide octahedral sheets with long-
chain organic cations [21,35]. As a result, molecular 2D
perovskites exhibit higher stability and higher band gaps
and exciton binding energies as a result of the quantum and
dielectric confinement effects that arise from the bulky
organic cations [9,17]. Furthermore, the bulky organic
cations greatly decrease the conductivity in the plane
perpendicular to the inorganic perovskite lattice [5,40].
Molecular level 2D perovskites are separated into two
categories: pure and quasi-2D where the distinction arises
from the number of octahedra sheets sandwiched between
two organic interlayers (n) [2,6]. Pure 2D structures
possess a single layer (with » = 1) while quasi-2D
structures have more layers (where 1 <n < o0) [2,5,6], as
shown in Fig. 4 [21].

Research into molecular 2D perovskite has significantly
increased in recent years due to their inherent stability and
unique optoelectronic properties [2,42]. Solution-proces-
sing methods (e.g., spin-coating) are the most popular
methods to fabricate 2D perovskites because of their
simplicity and effectiveness in growing relatively large
crystals [2,9,51]. Pure 2D perovskites possess the formula
of A",BX,, where A’ is the long hydrophobic alkyl chain,

00000090

B is the divalent metal and X is the halide [21,23]. Many
bulky organic cations have been incorporated into pure 2D
perovskite including butyl-ammonium (BA) [21], penty-
lammonium (PentA) [6], and 2-phenylethylammonium
(PEA) [52,53]. (PEA),Snl, is an example of a pure-2D
perovskite that has been created and has been tested in
devices such as solar cells and photodetectors [20,34].

Quasi-2D perovskite is formed by incorporating another
long organic molecule into a 3D perovskite mixture
[5,21,54]. It has a general formula of A, 1A’,B,X3,41,
where A’ is a large monovalent organic cation, A is a small
cation present in the inorganic framework, B is a divalent
metal cation and X is a halide [2,20,55,56]. The long
organic cation A"* must contain a functional group that can
react ionically with the inorganic and anionic perovskite
lattice but not with the A organic cation [31]. In quasi-2D
perovskite, the layers of BXg octahedra are found
sandwiched between the long organic cation chains
[31,41,55-61], as depicted in Fig. 4 [5]. The long organic
cations serve as a natural encapsulation layer that blocks
the infiltration of water and oxygen into the grain
boundaries thereby increasing the stability of the structure
[7,56]. The Coulombic and hydrophobic forces between
the organic and inorganic layers maintains the integrity of
the structure [62,63]. The alternating inorganic and organic
layers present form a large assembly of quantum wells,
leading to improved overall insulation and long-term
stability [4,31].

The long cations that are used in this type of perovskite
are typically n-butyl-ammonium (n-BA*) and 2-pheny-
lethylammonium (PEA™) [20,21,31,34]. In quasi-2D
perovskite, the interlayer interaction between adjacent
perovskite sheets is mediated by weak van der Waals and
hydrogen bonding between the bulky organic cations [62].
Recently, Ren et al. used MTEA™ (2-(methylthio)ethy-
lammonium) as the bulky A’ cation in a certified 17.8%
PCE quasi-2D perovskite solar cell. As shown in Fig. 5, the
additional sulfur-sulfur interaction between the MTEA
molecules strengthened the stability of the device immen-
sely when compared to a BA" based quasi-2D perovskite
[62]. The solar cell showed incredible moisture tolerance
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Fig. 4 Perovskite lattices with different dimensions, on the left: 3D perovskite (n = c0), in the middle: quasi-2D perovskite (1 < n < 00)
and on the right: pure 2D perovskite (n = 1). Reprinted with permission from Ref. [5], Copyright 2018, Springer Nature
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Fig. 5 Schematic crystal structures of the quasi-2D perovskites (MTEA),(MA), _1Pb,l3,,; and (BA)(MA), Pb,l3,,;. Reprinted with

permission from Ref. [62], Copyright 2020, Springer Nature

(no change in XRD trace after 1512 h under 70% humidity
conditions) [62].

Various examples of organic cations used in quasi-2D
perovskite along with their potential applications and
performance are shown in Table 1. It is important to note
that while 2D are promising in their versatility and various
utility, they have not yet reached over 20% efficiency like
their 3D counterparts [8].

Quasi-2D perovskites have inherently larger inorganic
layer thickness than pure-2D perovskites. The number of
octahedra sheets in between organic layers () controls the
bandgap of the material [37,74-76]. As such, many
approaches have been used in an attempt to control the
number of inorganic layers () from adjusting the ratio of
the A’ to A organic molecules [5] to carefully controlling
the reaction/crystallization conditions (e.g., hot-casting)
[20,41,42,74].

In addition to pure quasi-2D perovskite crystals with
fixed » numbers, there has been investigations into
perovskites with multiple phases and varied » numbers
[77,78]. Recently, using a liquid phase crystallization
method, Liu et al. created a film of (BA),(MA),,_Pb, I3, 4
with n = 2 to approximately n = co, which naturally aligns
in order of » in the direction perpendicular to the substrate,
as seen in Fig. 6 [77]. As shown in Fig. 6, n increases from
2 to oo as the perovskite film progresses away from the
substrate [77]. This band alignment of the perovskite
phases can potentially lead to improved charge extraction
efficiency, because the electrons and holes are driven to
opposite ends of the films [77].

To summarize, 2D perovskite can be obtained by
morphological or molecular engineering [2,5,31]. 2D

perovskites show enhanced stability and flexibility, leading
to the idea that they will be readily produced on a large-
scale soon [5]. Furthermore, the enhanced excitonic
binding energy shown in morphological 2D perovskite
leads to unique properties useful in specific applications,
such as LEDs with high quantum yields [39]. Molecular
2D perovskites, on the other hand, can be pure (n = 1) or
quasi-2D (n = 2 to n = 00), depending on depending on the
number of octahedra sheets sandwiched in between the
organic layers [31,41,54-61,69]. Many organic molecules
have been used in quasi-2D perovskite, leading to
increased stability and performance that is quickly
approaching that of 3D perovskites [70]. Finally, engineer-
ing the number of octahedra sheets (n) in between the
organic interlayers may lead to better charge transport that
can translate directly to enhanced device efficiency [77].

2.1.3 1D perovskites and hybrids

Lowering the dimensionality further to 1D can lead to
even more exciton self-trapping and structural distortion
[1,2,9].

1D nanostructures such as nanowires and nanorods have
demonstrated remarkable optical properties because of
their higher crystallinity, lower recombination rate, and
longer carrier diffusion lengths and lifetimes [6,79-81].
Many experimental methods have been developed to
synthesize 1D perovskite nanowires including vapor phase
methods and solution phase methods [82-84]. For
example, Xing et al. created free-standing, single crystal-
line MAPbI;, MAPbBr; and MAPbI.Cl;_, nanowires
using a two-step vapor phase synthesis method [85]. In
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Table 1 A list of organic cations used in quasi-2D perovskites with their potential optoelectronic applications

organic cation example perovskite device PCE Ref.
n-BA™/n-butyl-ammonium (BA)>,(MA);Pbyl 3 solar cell 12.52 [57]
(BA),(MA), 1Pb,I5, 4 solar cell 17.26 [64]

BALMA,, Sn, 15,4 photodetector - [58]

solar cell [65]

PEA™/2-phenylethylammonium (PEA),(MA), _Pb,I5,, solar cell 15.3 [59]
(PEA),Ge; ,Sn, I solar cell - [66]

(PEA)(MA), 1Pb,Brs, , LED - [67]

PDA*/propane—1,3-diammonium PDAMA, _Pb,l;, . solar cell 13.0 [51]
C(NH,); /guanidinium (C(NH;)3)(CH3NH3),Pb, I3, (n =1, 2, 3) solar cell 7.26 [68]
BDA/1,4-butanediammonium BDAMA,, Pb, X5, solar cell 17.91 [54]
NMA */naphthylmethylammonium (NMA),(FA)Pb,1¢Br LED - [69]
3AMP™"/3-(aminomethyl)piperidinium (BAMP)(MA);Pbyl;3 solar cell 12.04 [56]
C6]'I5CH2NH3+ (C6H5CH2NH3)2(FA)8Pb9128 solar cell 17.40 [70]
PEI*/polyethyleneimine (PED)>(MA), Pb,I3, 11 solar cell 8.77 [71]
ThMA /2-thiophenemethylammonium (ThMA),(MA),_\Pb, 15,4 solar cell 15.42 [72]
ALA™/allylammonium (ALA),(MA),_Pb, I3, solar cell 16.5 [73]
MTEA"/2-(methylthio)ethylammonium (MTEA),(MA)4Pbs1;¢ solar cell 17.8 [62]

hybrid 2D peroé ite film

~358 nm

Fig. 6 Multilayered 2D hybrid perovskite ((BA),(MA), Pb,
I5,,41) film showing the enhanced charge transport because of the n
=2to n= oo layering. The film is approximately 358 nm thick. The
electron transport time is approximately 477 ps and the hole
transfer time is approximately 987 ps. Reprinted with permission
from Ref. [77], Copyright 2017, American Chemical Society

comparison, perovskite nanorods are rarely created using
the vapor phase method and are typically created using
other techniques such as solution phase and hot-injection
methods [50,86]. Using a solution phase method, Yang and
coworkers were able to create stable MAPbBr; nanorod
arrays in ambient conditions [87].

In molecular 1D perovskite hybrids, the metal halide
octahedra BXg form chains by sharing corners, edges or
faces with each other. The metal halide chains are then
united with the surrounding organic cations to form the
single crystal bulk structures. In contrast to morphological
1D perovskites, molecular level 1D perovskite hybrids are
not nanomaterials [88], but large crystals with 1D structure
that are effectively bulk assemblies of metal halide
quantum wires [2]. For instance, a 1D lead halide hybrid

C4N,H4PbBr, that emits efficient bluish white-light has
been created where edge-sharing octahedral chains
[PbBr,? ] are surrounded by C4N,H,4>" organic cations,
as shown in Fig. 7 [89].

Moreover, recently, Jung created zigzag edge-sharing
molecular 1D perovskites ((AMP)PbCl,;, AMP =
CgH gN,) that exhibited efficient white-light emission
with a high color rendering index of 90.21 [90].
Interestingly, these 1D crystals can also be formed of
multiple different metal halide chains [2].

Fig. 7 Structure of 1D perovskite (C4N,H4PbBrs) showing
[PbBr427] octahedra surrounded by C4N2H142+ organic cations
[89]
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2.1.4 0D perovskites and hybrids

Morphological 0D perovskites—0D nanocrystals—often
exhibit enhanced optoelectronic properties in comparison
to their bulk counterparts because of their large surface to
volume ratio, strong quantum confinement, and anisotropic
geometry. They have attracted lots of research attention
largely because of their simple synthesis and enhanced
stability [2]. Numerous methods have been used to create
0D nanocrystals including ligand-assisted reprecipitation
(LARP) [50,91], in situ preparation [92,93] and hot-
injection techniques [24]. Furthermore, recently Liu et al.
used a solution processing method to create FAPbBr;
nanocrystals with linearly polarized photoluminescence,
which could lead to applications in photodetectors, LEDs,
and lasers [94].

Molecular level 0D perovskite hybrids feature isolated
metal halide polyhedrons encased with organic or
inorganic cations. In this case, the bulk crystals demon-
strate the inherent properties of the individual metal halide
polyhedra [2]. The first report of this type of perovskite
hybrid was Cs4PbBrs, which features PbBrg octahedrons
separated by inorganic Cs* cations [95]. Since then, other
types of molecular OD perovskite hybrids have been
investigated featuring large-sized organic cations between
neighboring octahedra, thereby enhancing electronic
confinement [96,97]. Taking advantage of their high
photoluminescence quantum efficiency (PLQE) and emis-
sion color tunability [98], these materials have great
potential as phosphors in down-conversion white LEDs
[2]. They have also been investigated for use in solar cells
[99,100], however the efficiencies were low in comparison
to 3D perovskite because of strong confinement of charge
in the metal halide clusters. These 0D structures also have
potential as efficient capacitors because of the large empty
surface area present inside the crystals. For instance, a
capacitor has been demonstrated with 0D (CH3NH3);Bi,lo
that has three orders of magnitude higher capacitance than
the standard MAPbI; perovskite [101].

2.2 Optoelectronic properties

Implementing technology is at the heart of all materials
research, and perovskite’s inherent promising optoelec-
tronic properties put it in a great position to be a potential
game changer in the development of next generation of
devices. The following section will discuss the unique
optoelectronic properties of halide perovskite materials,
from their tunable bandgaps, impressive carrier mobilities
and high absorption coefficients, to long diffusion lengths
and low exciton binding energies [102—104].

2.2.1 Bandgap engineering

The optical bandgap of a material provides a window into
its electrical potential by shedding some light on certain

properties such as the absorption range and the upper
theoretical limit of the open-circuit voltage [104]. Two
types of bandgaps can be found in semiconductors: direct
and indirect. The distinction is made by plotting the
material’s light absorption energy values against the crystal
momentum and observing the minimum conduction and
maximum valence band values [105]. Ideally, the majority
of incident photons are harvested with minimal loss, and an
equal momentum value is obtained for both maximum and
minimum band values, indicating that the material
possesses a direct bandgap. On the other hand, light may
need to interact with phonons first before absorption,
which is the case with indirect bandgap materials. This will
decrease the chance of harvesting light energy. As a result,
indirect bandgap materials must be thicker (100 pm) than
direct bandgap materials (< 1 um) [10,105,106].

There has been much debate regarding the nature of
bandgaps in lead halide perovskites [39,42,106-112]. A
study conducted by Kandada et al. showed that perovskite
materials possess an indirect bandgap by highlighting the
need for a momentum higher than a photon to trigger a
recombination [39,112]. On the other hand, Sarritzu’s team
tested the bandgaps in hybrid lead halide perovskites
[107]. The results showed an increase in radiative
recombination rates with decreasing temperature. This is
a feature of direct bandgap materials [107,109,110].
Researchers also demonstrated that metal halide perovs-
kites such as MAPbI; may in fact possess direct-indirect
bandgap characteristics in their tetragonal phase as
depicted in Figs. 8(a) and 8(b) [108,111]. A clear
comparison between different perovskite compositions
and their respective bandgaps can be seen in Fig. 9.

3D perovskite bandgaps can be tuned by modifying their

tetragonal phase
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Fig. 8 Highlighting the direct-indirect nature of the perovskite
bandgap with (a) Rashba spin-orbit coupling effect on optical
transition. Reprinted with permission from Ref. [107], Copyright
2018, Wiley. (b) Proposed band diagram for the perovskite’s
tetragonal phase with a slightly shifted conduction band minimum
(CBM) compared to the valence band maximum (VBM),
highlighting the indirect bandgap, while the minimum in
conduction band showing the direct bandgap (CBD). Reprinted
with permission from Ref. [108], Copyright 2017, Springer Nature
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Fig. 9 Bandgaps of different multi-dimensional perovskite materials [113]
composition from the ultraviolet region all the way to the ranges were recorded at different x values for

infrared region [10,114]. A common technique used is the
modification of the halide ion used in synthesis to change
the unit cell size and composition, which in turn alters the
bandgap range from 1.1 to 3.4 eV [10,104,106,115-117].
Considering ABX; structure, for X = CI, the bandgap can
be tuned to 3.4 eV, and that value decreases to 2.3 eV for X
=Brand 1.55 eV for X =1. Thus, there is an increase in the
bandgap when the halide anion X decreases in size as seen
in Fig. 10, which is in agreement with Vegard’s law too
[10,104,119].

Moreover, changing the cation A can have similar
effects on the bandgap, as highlighted in Fig. 11. A study
led by Eperon et al. was conducted on mixed halide
perovskites to measure the change in bandgap range with
the size of the cation A [116]. The perovskites compared
were MAPbI; and formamidinium lead bromide-iodide
(FAPbLBr;_,). Smaller bandgaps and various absorption

FAPbI Br; .. The bandgap value obtained at x = 3 for
example was 1.48 eV compared to 1.57 eV of pure
MAPDI;. On the other hand, the smaller bandgap of
FAPDbI; provided a wider absorption of the spectrum
around 840 nm due to a crystalline structure change from
cubic for x < 0.5 to tetragonal for x > 0.7. The change in
cationic radius resulted in the expansion of the perovskite
lattice, which in turn decreased the bandgap range
[104,116].

Low-dimensional perovskites have been attracting a lot
attention lately due to their unique qualities, and similarly
to 3D perovskite, their bandgaps and absorption ranges are
highly dependent on their geometric size and structures
[121]. When tested at low temperatures, the bandgaps of
low-dimensional perovskites appear as clear singular step-
like peaks on the absorption spectrum [122], and that is due
to the fact that light absorption behaves in a step-like
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Fig. 10 Several perovskite films with varying X-site halide anion and their respective bandgaps and Fermi levels. Reprinted with

permission from Ref. [118], Copyright 2018, Wiley
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manner near the bandgaps [31,123]. Figure 12 shows
several examples of 2D material and their respective
bandgaps.

2D and quasi-2D perovskites are highly tunable and
present unique optoelectronic attributes due to their ionic
bonds in the crystalline lattice and their tunable quantum
well structure by substitution of their organic components
[121]. Several reports have stated that it was possible to
replace the X anionic site or to perform partial substitution
of B halide cations in 2D structures to tune the bandgap as
well [31,122,123,126,127]. Exchanging Cl with Br in the
2D structure was reported to enable tuning of the
absorption range by Lanty et al., whereas Weidman et al.
determined that changing the A cation site has a small
impact on these properties [31,126,127]. In addition, an
increase in layer numbers (n value in the 2D and quasi-2D
structure) decreases the bandgap, which can be attributed
to a weakened quantum confinement effect [31,121,128].
The tunability range of 2D and quasi-2D halide perovskites
has been shown to be close to 1.5 eV in magnitude, going
from approximately 2.2 to 3.7 eV [31,121].

Molecular substitution is also a bandgap tuning
technique used for 1D and 0D halide perovskites. In the
case of nanowires specifically, their diameter is a defining
factor in terms of bandgap energy and absorption
wavelength [129], whereas exchanging Cl, Br and I halide

cations at the X site proved that wide range tuning was
possible for both 1D and 0D perovskites, providing good
absorbance over the visible spectrum and near the infrared
region [130]. Tuning the A site is another option, with FA-
based 0D perovskites showing higher absorption and wider
bandgaps in comparison to MA-based 0D perovskites
[130]. In the case of CsPbl; quantum dots, their cubic
phase provides extensive absorption and a bandgap around
1.73 eV [2,130,131]. Their main disadvantage is their
instability at room temperature where their cubic structure
transforms to orthorhombic. This was mitigated by partial
substitution of I with Br, but the impact on bandgap was
unfavorable as the new material caused extensive recom-
bination at the interface of the hole transport layer and the
perovskite film, leading to a reduction in performance
[2,132,133].

2.2.2  Carrier dynamics

The high-charge carrier mobilities and low recombination
rates were observed early on in metal halide perovskite
research [134]. Further reduction of unwanted recombina-
tion has been a driving force in advancement of perovskite
devices. There are three main modes of recombination in
perovskites: trap-assisted, bimolecular, and Auger, and
they are shown in Fig. 13.
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Fig. 13 Diagram showing recombination mechanisms in halide
perovskite. Seen from left to right: bimolecular, a radiative process
where an electron from the conduction band (CB) and hole from
the valance band (VB) combine to produce a photon. Trap-assisted
recombination, a monomolecular, non-radiative process where a
carrier moves to a defect induced localized energy level between
the VB and CB. Auger recombination, a non-radiative process
where a carrier transmits its energy to a carrier of the same type

allowing it to recombine. Reprinted with permission from
Ref. [135], Copyright 2018, Woodhead Publishing

Bimolecular recombination is present in any direct
bandgap semiconductor and is preferred to the other forms
of recombination because it is radiative. This is favorable
as it contributes to and increases photon density within the
material, resulting in a higher operating voltage for
perovskite devices [10,136]. Bimolecular recombination
rates in 3D perovskites are orders of magnitudes smaller
than predictions from Langevin theory [137,138]. The

probability of radiative recombination, and thus the rate,
can be increased by the confinement of electrons and holes,
a factor strongly influenced by the dimension of the
perovskite structure [105]. The other two types of
recombination are non-radiative and are generally con-
sidered loss mechanisms.

Trap-assisted recombination is a form of non-radiative
recombination facilitated by a trap site such as an impurity
or a crystal defect [137]. Trap state density has been found
to be higher at the surface of 3D perovskite crystals than in
the bulk [137,139,140]. This trend is thought to continue in
molecular 2D perovskites and nanocrystals [141,142],
although Freppon et al. has observed nanocrystals that
appear to have no trap assisted recombination [143]. Trap
states can lead to losses but not all trap states are created
equal. Shallow traps states are preferential formed in lead
halide perovskites [144]. These trap states exist near the
conduction or valance band and are less detrimental to
performance than deeper trap states. Carriers trapped in
shallow states can be easily freed by a small amount of
energy, while deep trap states facilitate easier recombina-
tion and thus greater losses [10,106,145].

The other form of non-radiative recombination is the
Auger recombination, which becomes the dominate mode
of recombination at very high carrier concentrations.
Making this type of recombination much more common
in perovskite LEDs than other devices like solar cells
[138,143]. As such, this process is application based and
only indirectly related to dimensionality.

How the electrons and holes move within a semiconductor
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will have a significant impact on how they recombine. In
materials with high dielectric constants, such as in Si and
GaAs, excitons with low binding energies around 10 meV
are formed [10,146]. With the available thermal energy of
~26 meV at room temperature, these excitons can be easily
dissociated to generate free charge carriers in high
efficiency devices. Studies have shown that 3D perovskites
also have a similarly high dielectric constant [10,139,146]
and it correlates well with reports of exciton binding
energy for these materials being below 26 meV [147,148].
This suggests that at room temperature excitons in 3D
perovskite dissociate into electrons and holes, behaving
like more conventional semiconductors. Although some
have proposed that the excess electrons and holes form
large polarons. A polaron occurs when an electron or hole
is trapped by charges in the crystal lattice and that trapped
charge deforms the surrounding lattice. This deformation
extends across multiple unit cells in the case of a large
polaron, making it behave like an electron or hole but with
a larger effective mass and reduced scattering [149,150].
While 3D perovskites may have low exciton binding
energies, this is not always the case for lowdimensional
perovskites, with 2D and low-dimensional perovskites
displaying binding energies in the hundreds of meVs [151—
153]. This increase in binding energy could be due to the
increased confinement of electron-hole pairs. The organic
ligands incorporated into low-dimensional perovskites
have low dielectric constants, and relatively weak van-
der-Waals interactions, and these effects work to further
confine the excitons [9,17,152]. Liu et al. compared a
variety of characteristics along the interior of the crystal
and its edges [77]. The results showed that the organic
cationic compounds of low-dimensional perovskites
behave like insulators, stationed between inorganic con-
ducting layers. The confinement of the carriers led to
longer charge carrier lifetime, higher photocurrent, and
increased carrier mobility within the crystals [153,154].
Shorter average carrier lifetimes are indicative of more
non-radiative recombination [155,156]. An extension of
carrier lifetime suggests that carriers are recombining at
trap sites. This may be due to passivation of surface trap
sites by the organic ligands [141,142]. Another factor
increasing lifetime is the restriction of carrier movement.
As the dimensionality of the perovskite decreases there
will be fewer free-excitons and more self-trapped excitons
[2]. These self-trapping excitons become trapped by other
charges in the lattice and warp the lattice around them. This
description is similar to the large polaron described earlier,
but unlike the extensive lattice distortion carriers may
impact on 3D perovskite, the distortion caused by excitons
on low-dimensional perovskite does not extend far beyond
the structural site. This makes the self-trapping exciton
analogs a small polaron, a carrier which is less mobile than
a free exciton or large polaron. The reduction in mobility
caused by this self-trapping is accompanied by an increase
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in carrier lifetime [149].

Low-dimensional perovskites synthesized without
organic ligands possess different carrier properties. Yang
and Han compared perovskite nanoplatelets with and
without organic ligands, showing that ligand free nano-
platelets had reduced carrier lifetimes. This is attributed to
the lack of surface passivation and a reduction in long
lived, self-trapping carriers [157]. Devices built with
ligand free perovskite nanoplatelets demonstrated a large
amount of electron-hole separation, suggesting lower
exciton binding energies than low-dimensional perovskites
with organic components [158].

The properties of the organic component incorporated
into low-dimensional perovskite has a substantial effect on
the material’s transport properties. There have been studies
working on incorporating functional organic molecules
into low-dimensional perovskites to alter the properties of
the material [159-161]. Gélvez-Rueda et al. were able to
improve charge separation in perovskite nanoplatelets by
replacing non-functionalized organic ligands with perylene
diimide, which is an electron acceptor [161]. The ability to
tailor perovskites of different dimensions makes them
applicable for use in a variety of devices.

2.2.3 Ton migration

Ion migration in metal halide perovskites is a topic of
interest due to its photoactive nature and for the roll it may
play in phenomena such as switchable photovoltaics
[162,163], a photo-induced giant electric constant [164],
photo-induced poling effect [165], self-healing [166,167],
photo-induced phase separation [168] as well as a
degradation process which impacts devices in the long-
term [169,170]. Like the movement of carriers, the
movement of ions within perovskites is affected by the
dimensionality of the material. lon migration can refer to
the movement of ions intrinsic to the perovskite (e.g., Pb**,
MA®, I', Br) within the perovskite structure as well as
extrinsic ions (e.g., Li*, Na") from other layers of a device
moving through the perovskite [171]. This movement can
be prompted by electric fields throughout a device, or
localized electric fields created by trapped carriers
[169,172]. The migration of ions in perovskites is thought
to be mediated by vacancy point defects in the material
[169,173], where the migrating ion hops from its lattice
position to a nearby vacant one. A material with fewer
defects will experience less ion migration. Thermally
activated defects that are intrinsic to the crystal’s chemical
makeup can be expected in a crystal above 0 K, but
additional defects can be introduced in the fabrication of
perovskites. The production method of the material will
impact the defect density of the perovskite. For example,
3D perovskites with small grain sizes experience an
increase in ion migration [174]. This can be explained by
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channels for ion migration forming along grain boundaries
due to the increased defect density in these areas and
having decreased grain size corresponds to an increase in
grain boundaries [152,169,175].

This is different from what occurs in low-dimensional
perovskites that incorporate organic ligands. Due to the
passivation of surface defects by the organic component
ion migration is less favorable on these surfaces [175].
This is one reason 2D perovskites experience less ion
migration than 3D perovskite. Cho et al. compared 2D and
quasi-2D perovskites of different dimensionality and
showed that reduction in dimensionality reduces ion
migration [173]. The suppression of migration by organic
ligands can also be seen with perovskite nanocrystals.
Some ligand-free nanocrystals exhibit ion migration
between crystals, while nanocrystals with organic ligands
showed no signs of ion migration [152,172]. However, the
effects of surface passivation on ion migration are not
unique to organic ligands: Lamberti et al. used laser
ablation synthesis to produce ligand-free perovskite nano
crystals that did not exhibit ion migration [176]. This
shows that the reduction in ion migration with dimension-
ality depends on the production methods used to create the
low-dimensional perovskite structures.

3 Applications
3.1 Photodetectors

Photodetectors convert incident light into current or
voltage outputs [4,177-179]. They are one of the more
commonly used semiconductor devices, used in many
applications such as biomedical imaging, environmental
monitoring, spectroscopy, fiber-optic communication, and
astronomy [4,178,180]. However, typical inorganic photo-
detectors are relatively expensive requiring high tempera-
ture and pressure to be produced and must be operated at
low temperatures to detect low levels of light [34,181].
Furthermore, they are mechanically rigid [179,180], and
do not meet the demand of large-area applications [180]
and wearable electronics [179]. Organic photodetectors, on
the other hand, offer advantages with respect to cost,
weight and flexibility [180] however suffer from poor
charge-carrier mobilities [34]. It is evident that novel
device materials and architectures are needed to drive
technological advancements in the realm of photodetectors
[4].

Using direct bandgap metal halide perovskites in
photodetectors provides the benefits of both organic and
inorganic semiconductors: solution processability, low-
temperature synthesis, bandgap tunability, long charge
carrier diffusion lengths, and high absorption coefficients
[4,177,179] (up to ~10° em™ in the UV-visible range)
[34,182]. Moreover, photodetectors employing halide
perovskites exhibit high sensitivity and fast response

because of their unprecedented low recombination rates
[179,183,184]. Furthermore, the material set and dimen-
sionality of the perovskite can be customized to make
application-specific photodetectors with desirable perfor-
mance metrics [4]. Metal halide perovskites are ideal for
low-cost, high-performance photodetection [34,179] and
have thus gained significant attention in recent years [2—
4,6,179].

Photodetectors are typically evaluated using several
important figures of merit such as high responsivity (R),
external quantum efficiency (EQE), specific detectivity
(D*), and gain (G) [179,180] narrow spectral selectivity,
and short response time [180,181]. Responsivity (R)
represents the amount of current generated per unit of
power illumination at a specific wavelength radiation and
is defined in Eq. (2).
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where /g, is the photocurrent, Iy, is the dark current and
P, is the incident light intensity [185,186].

The external quantum efficiency (EQE) is the ratio of the
number of charge carriers collected to the number of
incident photons and is defined in Eq. (3).
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where R is the responsivity, / is Planck’s constant, ¢ is the
speed of light, e is the electron charge, and A is the
wavelength of incident light [185,186,191].

The specific detectivity (D*) is an important figure of

merit for photodetectors expressed in cm-Hz%* W™
(Jones) [11] and is defined in Eq. (4).
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where A is the active area of the photodetector, B is the
operation bandwidth, NEP is the noise equivalent power,
Inoise 18 the noise current [186,191].

Gain (G) is another important parameter of photodetec-
tors, which represents the number of carriers that can be
produced in an external circuit per incident light illumina-
tion. It is described by the following formula:
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where 7y, is the lifetime of the holes, 7, is the transportation
time of carriers to electrodes, d is the device thickness, u is
the carrier mobility, and V is the applied bias [185].

Response time reflects the response speed to incident
light. It is characterized by a rise time (the time to rise from
10% to 90% of the maximum photocurrent) and decay time
(time to decay from 90% to 10% of the maximum
photocurrent) [179].
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According to the spatial layout of the perovskite and
electrodes, vertical and lateral structure perovskite photo-
detectors can be created [177,180]. A lateral-structure
photodetector, such as a photoconductor or phototransistor,
has a slower response than a vertical-structure photo-
detector but can achieve EQEs over 100% and conse-
quently high gain [177,180]. 3D perovskite has been used
extensively to fabricate photoconductor devices
[4,57,182,184—-187]. A perovskite photoconductor has an
absorbing layer between two transverse metal electrodes
[179]. In a perovskite photoconductor, the photosensitive
layer produces a carrier bias when illuminated, which is
separated at a set voltage and extracted at the electrodes
[179]. Perovskite photoconductors are easy to produce and
have great potential in flexible electronic devices [179]. In
fact, the first perovskite photoconductor was created by Hu
et al. by depositing a MAPbI; film on a flexible substrate
using a one-step solution processing method [188]. This
photoconductor was good for a broadband wavelength,
with a responsivity of 3.49 A/W under UV light and
0.0367 A/W under visible light [188]. Lateral perovskite
photodetectors have simultaneous high detection capabil-
ity and signal magnification capabilities [180]. Zeng et al.
recently recorded high performance for all figures of merit
by employing a confined growth strategy to create a 3D
perovskite (CsPbBr3) photoconductor. The finished device
demonstrated a responsivity of 216 A/W and ultrashort
response time (<5 ps), better than all the CsPbBr;
photoconductors, along with a record detectivity of 7.55 x
10" Jones [187]. More recently, Hasan et al. used a blade
coating technique to create highly oriented mm-sized
crystal grains in a stable lateral photoconductor [57]. This
photoconductor exhibited an order of magnitude improve-
ment in responsivity over previously reported 3D per-
ovskite polycrystalline thin films with channel lengths over
100 pm [57].

The photodiode is an example of a vertical-structure
photodetector that can obtain a fast response [177,179,180]
and high detectivity because of the small electrode spacing
with a short carrier transit length, as shown in Fig. 14
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[177,180]. The difference between lateral-structure photo-
detectors and vertical-structure photodetectors is shown in
Fig. 14 [189].

Vertical-structure photodetectors can be further subca-
tegorized into regular (n-i-p) and inverted (p-i-n) types. In
these types of photodetectors, the active layer (perovskite)
is sandwiched between a hole-transporting layer (HTL)
and an electron-transporting layer (ETL). Incorporating
these extra layers increases the possibility for defects at the
interface, which increases the recombination of charge
carriers. As such, much effort has been made into reducing
the traps at the interface through interfacial and band
alignment engineering [6,8,180].

Regular n-i-p perovskite photodetectors consist of a
transparent n-type layer atop a light harvesting layer
(perovskite) followed by a p-type contact layer [180]. As
mentioned above, these photodetectors can exhibit high
detectivity. By engineering the ETL and HTL, Fang and
Huang reported a low noise 3D perovskite (MAPbX3,
where X = Cl, I or Br) photodetector that can respond to
weak light at around 0.6 pW/cm? [185].

Inverted p-i-n perovskite photodetectors typically con-
sist of a highly doped transparent p-type layer above an
absorbing layer (perovskite), followed by a highly doped
n-type layer [180]. Recently, Dou et al. created an inverted
3D perovskite (MAPbI;_,Cl,) photodetector with a
detectivity approaching 10'* Jones between 350 and 750
nm at 100 mV [186]. The performance metrics of
photodetectors with different dimensionalities are shown
in Table 2.

More recently, there has been research into single-crystal
perovskite vertical photodetectors [180,192]. Single-
crystal based devices are anticipated to have superior
performance [182,192] and improved stability [6] resulting
from the lack of grain boundaries. Fang et al. created
highly narrowband mixed perovskite single-crystal photo-
detectors (MAPbBr;_,Cl, and MAPbI;_,Br,) by tuning
the halide composition, changing the absorption edge
continuously from blue to red [182]. In addition, Geng
et al. reported a rise time as fast as 520 ns, comparable to

light

source .
drain

photoactive
medium

substrate /

(b)

Fig. 14 Diagram demonstrating difference between (a) vertical-structure and (b) lateral-structure photodetectors. Vertical-structure
photodetectors possess a transparent incident light window at the bottom. In contrast, lateral-structure photodetectors have an incident
light window on top. Reprinted with permission from Ref. [189], Copyright 2013, Wiley
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single crystal germanium photodetectors, by integrating a
single-crystal 3D perovskite with a Si wafer [184].
Moreover, Cheng et al. used a novel two-step temperature
method to make high-quality (defect density of ~7.9 x 10°
cm >, comparable with the best quality crystals of metal
halide perovskites reported) UV photodetectors with high
performance using MAPbCl; single crystals [192].

2D perovskite materials have garnered interest in
photodetectors because of their strong size effects and
sizable band gaps [179]. Liu et al. created 2D perovskite
(MAPDI3) nanocrystals with unit cell thickness (~1.3 nm)
for use in photodetectors by combining a solution
processing method with a vapor-phase conversion method
[197]. The photodetector showed a responsivity of 22 A/W
and fast rise and decay times of less than 20 and 40 ms,
respectively [197]. The development of 2D perovskite
photodetectors has been hindered by the inability to grow
large area and shape-controlled single crystals [4]. Using a
new crystallization method, Liu and colleagues grew well-
defined inch-sized (PEA),Pbl,; 2D perovskite single
crystals [53]. In this work, the quality of the crystals was
defined by their nucleation and growth. The single crystals
were preferentially grown at the interface of the solution
and air, combining the well-known inverse temperature
crystallization method with surface tension control. Using
this method, a photo responsivity of 139.6 A/W, an EQE of
37719.6%, a detectivity of 1.89 x 10'° Jones and a fast
response speed (Tiise = 21 8, Tgecay = 37 us) was achieved.
Furthermore, the low defect density resulted in an ultralow
noise current, translating into high detectivity. This work
represented progress into the development of filterless,
color-selective and narrowband photodetection [4,53].
Recently, Qian et al. replaced the Pb with Sn in 2D
perovskite and created a flexible (PEA),Snl, perovskite
photoconductor using a one-step solution processing
method [20]. This extremely durable device achieved
good responsivity (16 A/W) and detectivity (1.92 x 10"
Jones under 470 nm illumination) and effectively mimics
the short-term plasticity of biological synapses [20].
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Although both 3D and 2D perovskite photodetectors
have attracted significant attention, 1D perovskite photo-
detectors may offer significant advantages over their thin-
film counterparts [183]. The inherent reduced density of
grain boundaries permits smoother charge flow, potentially
leading to increased performance [179,183]. Furthermore,
1D perovskites such as nanowires exhibit strong flexibility,
enabling the realization of flexible photodetectors on
polymer substrates. There is also evidence that these 1D
nanowires perform comparably or even better than their
large single crystal counterparts because of their low defect
levels [183]. First, using a simple slip-coating method,
Horvath et al. produced MAPbI; nanowires with lengths
up to 10 pm that exhibited responsivities up to 5 mA/W,
comparable with the 2D devices at the time [83].

1D perovskite nanowires possess a small volume to
surface area ratio, which leads to enhanced degradation by
moisture and light [180,183]. Surface passivation may be
needed to maintain the performance of these 1D photo-
detectors over time. To that end, Gao et al. used a one-step
self-assembly method to synthesize a CH;NH;Pbl; array
of nanowires and treated it by soaking it in oleic acid (OA),
which remarkably enhanced the electrical characteristics as
well as the device stability. The devices exhibited
submilisecond response time, as well as a detectivity of 2
x 10" Jones, five-times better than Si-based commercial
photodetectors (4 x 10'? Jones). Finally, after one-month
storage in air, the photocurrent degrades to 94% for the OA
passivated device, in comparison to 28% for the untreated
control [183].

The excitons in 0D perovskites are confined in all three
dimensions, which leads to unique optoelectronic proper-
ties because their energy band can be tuned by changing
their size and shape [179]. Furthermore, their large surface
area-to-volume ratio promotes light detection, which is
favorable for photodetection [179]. 0D perovskite nano-
crystals with interesting optoelectronic properties (e.g.,
CsPbBr3) are frequently combined with other materials to
create heterojunction photodetectors [179,200,202]. For

(b)

(a) Architectural device schematic showing the structure of the bulk heterojunction photodetector. The bottoms substrate

consists of an Si gate, an SiO, gate dielectric, and Au source/drain electrodes. The active layer is a heterojunction of perovskite
nanocrystals and PC;1BM). The inset depicts the chemical structure of PC7;BM. (b) HRTEM image of the CsPbBr3 nanocrystals, scale 50
nm. Reprinted with permission from Ref. [200], Copyright 2017, ACS Publications
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example, Li et al. created an efficient bulk heterojunction
photodetector by incorporating PC,;BM ([6,6]-phenyl C;
butyric acid methyl ester) with CsPbBr; nanocrystals as
seen in Fig. 15(a). The photodetector is obtained via simple
spin-coating therefore this work provides a framework to
make high performance photodetectors that combine
perovskite and organic matter [200]. Figure 15(b) shows
the high-resolution transmission electron microscopy
(HRTEM) image of the CsPbBr; nanocrystals, which
have a highly crystalline and cubic structure and an
average size of approximately 13 nm [200].

Jang et al. also reported using a novel ultrasound-
synthesis method to make high-sensitivity photodetectors
using perovskite nanocrystals with a wide range of
compositions [203]. In this work, the photodetectors are
created by homogeneously spin coating the uniform
nanocrystals on thermally oxidized large-area SiO, sub-
strates. In general, there is still urgent work needed into
low toxicity and high stability perovskites, large-scale
photodetector arrays on flexible substrates, and integration
of photodetector materials with other electronic compo-
nents [4]. Table 2 summarizes the different dimensional-
ities of the perovskites mentioned above, along with the
relevant figures of merit describing each device.

3.2 Solar cells

Perovskite solar cells (PSCs) have been quite the hot topic
in the field of renewable energy in the last decade, and that
is due to their proficiency in converting the sun’s energy
into clean electricity and the progress achieved in such a
short time, from 3.8% efficiency in 2009 [40] to 25.2% ten
years later [73,204]. In solar cells, this process is known as
photovoltaic conversion, where photons having high
enough energy travel from the valence band to the
conduction band after photoexcitation. The minimal
photon energy required is noted as E,, which can be
found using the following equation:

he
g =hv= o ©6)
where E,, represents the energy, 4 is Planck’s constant, v is
the frequency, ¢ is the speed of light, and A is the
wavelength [205].

While E, determines the highest potential value for the
extraction of a photocurrent, the bandgap is also a
determining factor to attain the highest possible PCE and
short-circuit photocurrent (Js.) by the device when exposed
to sunlight. In other terms, considering the Shockley—

E

Table 2 Perovskite photodetectors, their dimensionalities, and relevant figures of merit

perovskite/dimensionality device RI(A-W EQE/% D*/Jones response time (rise/fall time) Ref.

MAPbI;/3D photoconductor 3.49 1190 - <0.1s [188]

photoconductor 164.2 ~2 x 10* - - [57]

photodiode 271 - 3.4 x 108 - [190]

photoconductor 219 4.1 % 10* 3.1 x 10 - [191]

MAPbCI3/3D photoconductor 3.73 1115 >9 x 10" 130 ns [192]

MAPbLBr;_I,/3D photoconductor 0.055 - - <20 ps [193]

MAPDX;, (where X= CI, I photodiode 0.21 93 7.4 x 10" <500 ns [185]
or Br)/3D

MAPbI;_,CL/3D photodiode - 80 8 x 10" ~ 600 ns [186]

MAPbBr,/3D* photodiode - 3 2 x 101 - [182]

MAPbBr;/3D photodiode 0.0136 - 5.9 x 10'° 520 ns / 2435 ns [184]

CsPbBr3/3D photoconductor 216 17.64 7.55 x 10" <5us [187]

(PEA),Pbl,/2D photoconductor 139.6 37719.6 1.89 x 10" 21 us/ 37 pus [53]

(PEA),Snl, photoconductor ~16 - 1.92 x 10" 0.63s/3.6s [20]

CsPbBr;y/2D** photoconductor 10.85 3390 3.06 x 10" 44 us /390 ps [194]

MAPbI;/2D photodiode 0.036 - - 320 ms / 330 ms [195]

photoconductor 4.95 - 2 x 10" <0.1 ms [183]

photoconductor 0.0052 - - 500 ps [196]

photoconductor 22 - - <20 ms /<40 ms [197]

MAPDIL/1D photoconductor 4.95 - 2 x 101 <0.1 ms [183]

photoconductor 0.005 0.4 - < 0.5 ms [83]

MAPDL/1D photodiode 1.32 - 2.5 x 102 0.3 ms [198]

CsPbBr;/0D photoconductor 0.02092 16.69 4.56 x 10® 0.2 ms/ 1.2 ms [199]

photodiode 1.72 530 1.76 x 107 ~0.09 ms / ~ 0.1 ms [200]

CsPbBr;/0D*** photoconductor - - - 24 ms /29 ms [201]

Notes: * This device exhibited highly narrowband detection capabilities. ** This device was integrated into a heterojunction with polymerphenyl-C61-butyric acid

methyl ester (PCBM). *** This device exhibited a good on/off current ratio of 10°.
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Queisser limit [206], a single junction photovoltaic device
with an optimal bandgap of 1.34 eV can reach a maximum
theoretical value of 33% in terms of total power extracted
from the solar spectrum [205,206].

PSCs are characterized using the standardized method of
illumination with the AM1.5G spectrum at 1000 W/m?
intensity. The current values are recorded as a function of
applied voltage, and current—voltage (J—V) curves are
drawn, as depicted in Fig. 16.

Voltage sweeps can be done in the forward and reverse
directions. Three parameters are noted from the findings:
the short-circuit current obtained at zero applied potential,
the open-circuit voltage (V) needed to push the current to
zero, and the fill factor (FF) [205,208]. These variables are
used to determine the solar to power conversion efficiency
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of a PV device. By measuring the applied potential (V)
against the current density (J), the PCE of PV device can
be obtained using the following equation:

PCE — Jma;.Vmax — JSCZ.OCFF’ (7)

where J,ax and V., are the maximum current and voltage
values respectively, and P;, is the input power. Therefore,
the PCE of a PV device can be increased by changing these
variables. The capture of more photons and the reduction
of the recombination losses will lead to an increase in Jg,
[205,206,208,209].

Nowadays, it is widely agreed on that PSCs function
similarly to p-i-n and n-i-p solar cells as shown in Fig. 17.
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Fig. 16 J-V characteristic curves of PSC using different (a) scanning speeds and (b) illumination intensities [207]

opaque electrode
(e.g., metals or carbon)
HTM
(e.g., Spiro-meOTAD)

perovskite
(e.g., MAPbI;)

ETM (e.g., TiO,)
transparent electrode
(e.g., ITO or FTO)
transparent substrate
(e.g., glass or PET)

sunlight

opaque electrode
(e.g., metals or carbon)

ETM (e.g., PCBM)

perovskite
(e.g., MAPbI;)
HTM
(e.g., NiO or PEDOT)
transparent electrode
(e.g., ITO or FTO)

transparent substrate
(e.g., glass or PET)

sunlight

Fig. 17 p-i-n and n-i-p architectures used in the production of perovskite solar cells. Reprinted with permission from Ref. [10],

Copyright 2020, Springer Nature
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Perovskite, an intrinsic light absorber, is placed in both
architectures between two selective contacts, ETL and
HTL [6,8,180,209]. Two electrodes are placed on each end
as well to allow the current flow. Higher PCE, approxi-
mately 22.1%, have been reported for devices with n-i-p
structures [210]. There are different materials to choose
from for the HTL and ETL, highlighted in Fig. 18. Even
though the choice and treatment of these layers can help
limit recombination losses [10,211], the selection process
is mainly based on the appropriate conduction and valence
band energy levels, and the bandgaps and Fermi-levels of
the transport layers [212]. For this reason, the most
common substances in an n-i-p structure have been Spiro-
OMeTAD (p-type) as HTL and TiO, (n-type) as ETL
[209,213,214], whereas PEDOT:PSS (p-type) and full-
erene derivatives, specifically PCBM (n-type), have been
constantly chosen as HTL and ETL respectively in the
inverted p-i-n devices [209,215-218].

3D halide perovskites are constantly studied as there has
been considerable progress in terms of PCE throughout the
years [219]. A lot of work has been done tuning the 3D
lattice and changing the major components to achieve the
best practical efficiency for a single-junction cell
[10,213,220-224]. In particular, MAPbI; has been
researched extensively as a prime 3D candidate for solar
cells. Zhang et al. developed a solvent coordination and
anti-solvent extraction method that helps shorten conver-
sion time in 3D MAPbI; formation from 1 h to around 10
min, all while suppressing large grain formation to achieve
good porous films and device reaching 15.6% PCE [225].
A different work used methylammonium acetate (MAACc)
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to retard the perovskite formation reaction rather than
enhance it. This approach allowed the formation of
uniform perovskite films with controlled morphology due
to the anionic exchange between Ac™ and I', and achieved
18.09% efficiency when used in a PV device [226].
Another morphology control technique was employed by
Zhou et al. to improve thin film quality. Using water to
induce intermediate phase formation, grain size and film
morphology were manipulated under heat assisted spin
coating processing (HASP). 19.12% PCE was reached in
an inverted PSC, while a single junction 1.2 c¢cm? area
device was able to maintain 15.47% efficiency with
negligible hysteresis [227]. A 20% PCE device was
reported by Liu et al. using a mixture of low boiling
point solvents. The solution consists of MAPbI; precursor
in a mixture of ethanol and tetrahydrofuran [221]. The
same precursor solution was used in another report where
an inverted solar cell was made using copper thiocyanate
(CuSCN) thin film as HTL. Post treating HTL with
potassium thiocyanate (KSCN) boosted the short J,. value
from 16.71 to 19.2 mA/cm?, which in turn increased the
cell’s efficiency from 11.9% to 14.9% [223]. A novel
deposition technique was developed by Ye et al. labeled
soft-cover deposition (SCD) method. It was used to
produce a pinhole free uniform 3D MAPbI; thin film in
ambient air, with a large crystal size over a 51 cm? area.
17.6% efficiency was reached in a 1 cm? with small
hysteresis [228]. Different precursor solutions have been
tested as well, with reports showing that 12.18% PCE can
be achieved using (FAPbI3)g gs(MAPbBI3)g 15 films, along
with a good stability and J. value of 23.14 mA/cm?, V. of
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Fig. 18 Different materials used currently in the formation of perovskite solar cell devices [209]
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1.03 V and FF of 51% [224], while a value of 18% PCE
was seen using MAPb(I, gBr(,); film co-processed with
DMSO/MABE solution [222]. On the other hand, Hao et al.
tested a lead-free 3D perovskite lattice, MASnl;. Homo-
genous nucleation and an adjustable growth rate were
achieved using DMSO and NMF solvents, along with high
current density of 21 mA/cm?®. A low PCE of 5.79% was
reached which was attributed to the lower PV performance
of lead-free alternatives, specifically low light harvesting
in long wavelength region and charge recombination at the
perovskite interface [229].

On the other hand, low-dimensional perovskites,
especially 2D, have garnered a fair amount of attention
lately due to their inherent stability and in some cases,
showing clear advantages in terms of optoelectronic
properties over their 3D counterparts, such as higher
charge carrier effectiveness [230,231]. One of the best
results reached using 2D perovskites was achieved by
Zheng et al. by adding ammonium salts to FAPbI;.
(C6H5CH2NH3)2(FA)ng9128 was formed and showed a
high PCE of 17.4%, while maintaining its stability for
500 h under 80% humid conditions [70]. On the other
hand, incorporating hexamethyldiamine (HDA-0.05M)
into a benzylammonium 2D lattice (BZA),(MA),Pbsl;
improved the conductivity, efficiency as well as the surface
roughness. The lattice tested did not give the best results
however, with its PCE reaching 3.33% [232]. A better
result was obtained testing 2D (CMA),(MA);Pbyl;5 based
solar cell which recorded a PCE of 10.66%, FF of 62.39%,
Jge of 16.99 mA/em? and V. of 1 V [232]. Perovskite
nanowires [2,233-235] and quantum dots [2,236-238]
have not been researched as much as 2D sheets, but still
some interesting results have been reported. Recently, a
research conducted on 1D MAPbI; nanowires by Cheng
et al. showed the efficiency reached about 18.83% after
doping the perovskite with N-diphenylaniline (N-DPBI).
The electron extraction ability and the active area coverage
were also improved in the process. However, they reported
that pinholes and voids were still present even after
treatment and impeded performance [233]. Other reports
showed that 12.96%, 9.66% and 10.46% PCE were
achieved with lead-free alternatives, namely CsSnls,
CsSnCl; and CsSnBr; respectively [86]. In the case of
perovskite quantum dots, a record high PCE of 6.54% in
2011 made them a hot topic for research in the field, as they
have shown tunable bandgaps and sensitive across a broad
absorption spectrum [239,240]. Their instability under
high temperature conditions however remains an issue,
with partial substitution somewhat helping to solve the
problem at the expense of the bandgap as discussed earlier
[133,241]. Sanehira et al. have attempted to solve this issue
and recorded a 10% PCE value by purifying the perovskite
with methyl acetate anti-solvent. Additional FAI coating
treatment boosted the PCE to 13.43% [237].

Although 3D materials have shown the highest effi-
ciencies thus far, all perovskite structures have shown

improvements over time and will surely continue to
improve. Some additional halide perovskite compositions
of different dimensionality are listed in Table 3.

4 Conclusions and perspective

To summarize, metal halide perovskites are currently one
of the most researched materials due to their favorable
electrical and structural properties. From long diffusion
lengths to wide absorption ranges and tunable bandgaps,
these materials have shown that they can be ideal
candidates for the next generation of optoelectronic
applications. Their most interesting feature is the ability
to tune their unique optical and electrical properties by
changing their dimensionality and shape while using the
same basic precursors. Their tunability provides a plethora
of possible combinations and adjustments still uncovered
for future applications. Each dimension has its unique
structural and electrical properties, and through extensive
research, and constant development in the last decade, 3D
perovskite solar cells reached more than 25% power
conversion efficiency in a relatively short time. Even
though 3D perovskites have shown the most promise in
terms of electrical proficiency, low-dimensional perovs-
kites have proven to be much more stable over time, and
more environmentally friendly. The development of
perovskites is far from over, and dimensional engineering
might be one of the main promising approaches going
forward. Here are some key areas that need further
investigation before metal halide perovskites can be fully
adopted by the industry:

1) We still do not have enough knowledge of the
fundamentals behind the kinetics and dynamics of metal
halide perovskites, let alone their different dimensional
properties. Further research into the rudimental properties
of each dimension will facilitate and properly guide future
work toward the production of better materials and
applications.

2) 3D perovskite materials have shown great promise in
terms of photoelectrical capabilities in different applica-
tions. However, with their inherent stability and toxicity
issues, especially with lead-based perovskites, it is vital to
find environmentally friendly, stable alternatives. By
altering the chemical composition using different com-
pounds, novel halide perovskites can be obtained having
favorable reaction to different stimulants such as heat,
oxygen, and moisture.

3) On the other hand, low-dimensional perovskites have
had the edge in terms of stability and coverage area in
comparison to 3D, however they have not been able to
reach similar heights when it comes to electrical
capabilities. Uncovering the core principles relating their
unique shapes to the optoelectronic properties can lead to a
better understanding of how to maximize their potential
and reach higher efficiencies similar to 3D materials.
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4) Recently, 2D and 3D perovskites have been combined
to increase stability, while maintaining an acceptable
efficiency. Such synergistic combinations have not been
researched as much when it comes to 1D and 0D materials.
Their electrical capabilities may prove to be a crucial
addition to either 2D or 3D/2D hybrids, in order to
maximize the electrical output while maintaining a high
stability over time.

5) Lastly, consistent production of higher quality thin
films for all dimensions that maintain their electrical
properties after scale-up is a major issue that has yet to be
fully addressed in photodetectors and solar cells. There
have been clear improvements in this area throughout the
years, however, the technique is far from being stream-
lined, which will impact the adoption of these materials by
the industry. Therefore, further research in high quality
large-area growth methods is crucial going forward.
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