WILEY-VCH

What Matters for the Charge Transport of Two-Dimensional Perovskites?

Yixin Zhang ®°, Mojtaba Abdi-Jalebi ¢, Bryon W. Larson %", Fei Zhang "

Y. X. Zhang, Prof. F. Zhang

School of Chemical Engineering and Technology, Tianjin University, Tianjin, 300072, China.
E-mail: fei_zhang@tju.edu.cn

Y. X. Zhang, Prof. F. Zhang

Collaborative Innovation Center of Chemical Science and Engineering (Tianjin), Tianjin,
300072, China.

Prof. M. A. Jalebi,

Institute for Materials Discovery, University College London, London, WC1E 7JE, UK
Dr. B. W. Larson

Chemistry and Nanoscience Center, National Renewable Energy Laboratory, Golden, CO
80401, USA.

E-mail: Bryon.Larson@nrel.gov

Keywords: 2D perovskites, interlayer cations, structure, charge transport

Compared to three-dimensional (3D) perovskites, two-dimensional (2D) perovskites exhibit
excellent stability, structural diversity, and tunable bandgaps, making them highly promising
for applications in solar cells, light-emitting diodes and photodetectors. However, the trade-off
for worse charge transport is a critical issue that needs to be addressed. This comprehensive
review first discusses the structure of 3D and 2D metal halide perovskites, then summarizes the
significant factors influencing charge transport in detail and provides a brief overview of the
testing methods. Subsequently, various strategies to improve the charge transport are presented,
including tuning A'-site organic spacer cations, A-site cations, B-site metal cations, and X-site
halide ions. Finally, an outlook on the future development of improving the 2D perovskites’

charge transport is discussed.
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1. Introduction

Halide perovskites possess remarkable optical and electrical properties, including a high
absorption coefficient, high carrier mobility, long carrier diffusion length, and excellent defect
tolerance,!*! widely used in the research and application of optoelectronic devices such as
perovskite solar cells (PSCs), light-emitting diodes (LEDs),®! photodetectors (PDs),™ field-
effect transistors (FETs),P®! and lasers.®! Particularly in the field of PSCs, as of 2023, the power
conversion efficiency (PCE) of single-junction cells has surpassed 26%," unprecedented
among all thin-film photovoltaic (PV) technologies.

However, three-dimensional (3D) perovskite instability under environmental conditions
remains a significant obstacle to its commercialization in various application areas.’®! Due to a
soft ionic lattice, the organic cations within the structure, such as methylammonium (MA") and
formamidinium (FA™), interact with the inorganic framework via weak non-covalent bonds,
making them susceptible to detachment from the crystalline structure under the influence of
water.! Moreover, the transformation of additional halogen atoms into acid halides under the
influence of water can also accelerate this decomposition process.’®! To facilitate the
commercialization of perovskite materials, addressing the issue of operational durability is of
utmost importance and should be tackled as soon as possible.[*!l Researchers have employed
various strategies, including compositional engineering,'*? interface engineering,[*®! additive
engineering,i**! and encapsulation techniques,™* to ensure the long-term stable operation of
perovskite devices.’d However, these measures have not fundamentally altered the structure of
3D perovskites, and the instability issues still need to be fundamentally resolved. The optimal
solution for stability issues lies in improving the inherent chemical stability of halide
perovskites themselves. One approach is moving from 3D perovskites to lower dimensional
structures without sacrificing highly desirable optoelectronic properties.

Unlike small A-site cations that can fit inside the corner sharing Pb-X to form 3D
octahedral matrices, larger organic cations force the octahedra apart, creating a two-
dimensional (2D) layered structure.*® The ability to tune many interactions of the organic
cations (through molecular design) with the metal halide lattice opens up so much diversity and
opportunity to impart the intended properties on the 2D material. Compared to 3D perovskites,
the large cations in 2D perovskites can effectively “lock in” the inorganic framework and resist
water and oxygen permeation, imparting higher environmental stability. Additionally, the
introduction of discrete organic layers and the asymmetric lattice structure in 2D perovskites
provide additional degrees of freedom to adjust their intrinsic physical properties, including

optical bandgaps, exciton binding energies, and dielectric constants (gr),!% % 1l enabling more
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options for customizing the performance of devices such as PSCs and LEDs. Nevertheless, 2D
perovskites are not without imperfections. Although greater flexibility in tuning the
optoelectronic properties of 2D perovskites is enabled by increasing the bulk of the A-site cation,
compositional and structural design benefits come with tradeoffs; the carrier transport
performance of 2D perovskites is far inferior to that of 3D perovskites, inherently increasing
the bandgap and diminishing their photoelectric properties.*’® Composition engineering,*8l
interface optimization,™™ and the introduction of external dopants*® have been actively
employed to mitigate these tradeoffs at a device level. What is currently lacking is the
mechanistic understanding of the fundamental structural factors influencing the carrier
transport performance in 2D perovskites.

A comprehensive understanding of the crystal structure features of perovskites and the
relationship between structure and performance is crucial for the future design of novel 2D
perovskite materials to combine the best of stability and performance. To date, comprehensive
reviews are scarce to analyze the structure and performance of 2D perovskites. Most of them
have primarily focused on analyzing interlayer cations.[?” While synthesizing 2D perovskites,
researchers have lacked a clear theoretical foundation regarding the deliberate modulation of
perovskite structures and improving their performance through an intentional composition
selection. To address this issue comprehensively, this review first delves into a more wholistic
analysis of the factors influencing the charge transport properties of 2D perovskites from four
key aspects: (1) Pb-1-Pb bond angle and spin-orbit coupling (SOC), (2) interlayer distance and
the thickness of the inorganic layers, (3) dielectric contrast and dipole moment, the (4)
orientation and phases distribution. It then consolidates and compares the standard transport
testing methods for 2D perovskites, followed by exploring measures to enhance charge
transport properties from a compositional approach. The objective is to uncover the underlying
mechanisms affecting the charge transport performance of 2D perovskites, thereby providing

fundamental insights to enhance the synthesis strategies for these materials.

2. Where Does 2D End and 3D Begin?
2.1. Structure of 3D Perovskite
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Figure 1. Schematic diagram of 2D perovskites with (a) different n values and (b) different
crystal plane orientations. (c) 2D perovskite structure of RP phase, DJ phase, and ACI phase.
(d) Schematic diagram of a QW, where "O" and "I" represent organic and inorganic layers in

2D perovskites.
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The term "perovskite™ originally referred to the mineral form CaTiOs, named by Gustav
Rose in 1839. It comprises a corner-sharing TiOg> octahedra crystal structure, with Ca*
occupying the cubic octahedral cavities in each unit cell. This structure was used by Victor
Goldschmidt in 1926 as a general term for crystal structure groups. The focus of this review is
primarily on metal halide perovskites, whose origins trace back to 1893 with Wells’ research
on CsPbXs,? with greatly re-invigorated interest over the last few decades as optoelectronic
materials.

The crystal structure of 3D halide perovskites is depicted in Figure la, wherein the
structure is considered a 3D perovskite when the value of "n" approaches infinity, and thus a
chemical formula of ABXs. It comprises [BXes]* -units composed of metal and halide ions
connected through corner-sharing octahedra in all directions, forming the 3D inorganic
framework. The smaller monovalent A-site cations (+1 charge) occupy the interstitial pockets
between the octahedra; common cations found at the A-site are Cs*, MA*, or FA*. The B-site
usually accommodates divalent cations such as Pb?* and Sn?*. The X-site represents halide ions,
primarily I", Br, or CI". I" is the most commonly used in PSCs, with small amounts of bromide
or chloride as doping agents to fine-tune the photoelectric properties.?

In 3D perovskites, selecting A, B, and X ions is crucial to forming a highly symmetric and
perfect crystal structure for the inorganic octahedra. Considering that the A-site cations occupy
the interstitial sites between the corner-sharing octahedra, their volume depends on the size of
the inorganic octahedra. Hence, appropriate A-site cations are critical factors for the structural
stability of perovskite. For the B-site and X-site ions, their sizes and electronegativities
determine the size of the octahedral cage and the volume of the octahedral cavity that A-site
cations can occupy. Therefore, selecting A-, B-, and X-site ions are interdependent. When larger
or smaller A-site cations are introduced into the perovskite lattice, the “soft” inorganic
octahedral layers undergo lattice distortions, tilting and twisting to accommaodate the size of the
A-site cations. The tilting and stacking of perovskite octahedra give rise to different phase
structures and transitions. The Goldschmidt tolerance factor (t) can assess whether selecting A,
B, and X ions will form a viable 3D perovskite structure and its corresponding crystal phase.

The formula for the Goldschmidt tolerance factor is as follows:[2%

_ ratryx
"~ V2(rp+ry) (1)

Where ra, s, and rx represent the ionic radii of the A, B, and X ions. Typically, the t within the
range of 0.8 to 1.0 generates a structurally stable perovskite. When the tolerance factor is
approximately 1, the ideal cubic phase (a) perovskite is formed. As the tolerance factor

gradually decreases towards 0.8, the B-X-B bond angles in the perovskite deviate from the ideal
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180°, resulting in octahedral tilting and inducing carrier anisotropy.?* This often leads to the
tetragonal phase (B) and orthorhombic phase (y) perovskites with reduced symmetry.
Furthermore, suppose the A-site cation is excessively small, leading to a significantly decreased
tolerance factor (t much smaller than 1). In that case, severe distortion occurs in the [BXg]*
octahedra, causing the B-X bonds to break. As a result, the material transitions from a corner-

sharing 3D perovskite to a face-sharing non-perovskite structure (8).120% 2%

2.2. Structure of 2D Perovskite

The earliest research on 2D metal halide perovskites was conducted by Maruyama et al.
in 1986.[%81 In contrast to the narrow compositional range of 3D metal halide perovskites (i.e.,
those capable of conforming to t limits), introducing larger organic A'-site cations (organic
spacers) weakens the constraints imposed on forming viable 2D perovskites.

2D perovskites comprise two distinct components: an organic interlayer and an inorganic
octahedral layer. The introduction of interlayer cations brings not only a novel compositional
dimension denoted as A' but also unprecedented structural complexity and, by extension,
tunability of optoelectronic properties. The dimensional reduction process can be envisioned as
cleaving a 3D perovskite along a specific crystalline plane, forming numerous inorganic
nanosheets (refer to Figure 1). These nanosheets are then assembled by intercalating interlayer
cations between them, alternating the arrangement of organic and inorganic layers, and
ultimately constructing a 2D perovskite in a bottom-up manner.?”! Analogous to 3D perovskites,
the octahedra within the same inorganic layer (within the range of inorganic layer thickness) of
most 2D perovskites are interconnected by sharing angles. Interlayer cations separate the
adjacent inorganic octahedral layers, and the inorganic layer interacts with the organic
interlayer through various hydrogen bonding, ionic bonding, or van der Waals forces.

The chemical formula of 2D perovskites is represented as (A")m(A)n-1BnX3zn+1, where m
represents the number of interlayer cations, typically 1 or 2, and n corresponds to the number
of inorganic layers.”?®l The value of n can be controlled by adjusting the stoichiometric ratio
between A' site cations and A site cations. Generally, in 2D perovskites, as the thickness
(number of layers) of the inorganic layer increases, the bandgap and exciton binding energy
(Ep) of the material decreases.’?® When n equals 1, it is commonly considered a pure 2D
perovskite with excessively high Eb, making it unsuitable for use in solar cells. On the other
hand, when 2 < n <5, it is referred to as quasi-2D perovskites, and n > 5, it is referred to as
quasi-3D perovskites. As n approaches infinity, we can consider the dimensionality of the

perovskite to have been restored to the 3D state (Figure 1a). It is important to note that in
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making quasi-2D films through rapid crystallization processes such as spin-coating, obtaining
a film with pure n values is challenging due to different formation energies and
polycrystallinity.

Based on the crystallographic planes used to cleave the 3D perovskite, 2D perovskites can
be categorized into different types: <100>, <110>, and <111> oriented layered perovskites
(Figure 1b). Among these, the <100> orientation dominates the classification. Introducing
most interlayer cations results in <100> oriented structures, making it the most common 2D
perovskite structural motif. Interlayer cations can be categorized as monovalent (+1) or divalent
(+2) based on their charge. The different geometries of these cations have distinct impacts on
the crystal structure of 2D perovskites since ionic bonding may be with a single inorganic sheet
versus two, respectively, across the organic interlayer gap. Therefore, building upon the <100>
orientation, 2D perovskites can be further divided into three types: Ruddlesden-Popper (RP)
phase, Dion-Jacobson (DJ) phase, and Alternating Cations in the Interlayer (ACI) phase, based
on different molecular structures of the organic cations. ! In most cases, the RP and DJ phases
correspond to the previously mentioned A' site cation parameters, m = 2 or 1, respectively. For
the ACI phase, current research primarily focuses on guanidinium (GA¥) as the interlayer cation,
with relatively limited studies on the screening of intercalating cations.*? Therefore, the
discussion mainly focuses on perovskite’s RP and DJ phases.

It’s worth noting that the spatial offset of the inorganic layers determines whether it is an
RP or DJ phase 2D perovskite. It was mentioned that "in most cases,” RP corresponds to
monovalent cations. However, some specific monovalent cations can also allow for eclipsed
stacking between adjacent inorganic layers, exhibiting the characteristics of the DJ phase 2D
perovskite.331 Similarly, instances within divalent cations lead to the RP structure in 2D
perovskites.** For these two particular types of 2D perovskites, simply categorizing them into
RP and DJ phases may not be entirely appropriate and could confuse beginners, especially in
the absence of reading the metal oxide perovskite literature (i.e., a significant body of work
before metal halide perovskites).l* The definition that lies between the two effectively resolves
this dilemma. Marder et al. defined four structural types: monocation-DJ, dication-RP, near-DJ,
and near-RP.F®1 These additional structural classifications effectively refine the assignment of
2D perovskite structures to different cations. In conclusion, solely relying on the charge of the
spacer cations is insufficient for accurately determining the structural classification of 2D
perovskites, and differentiation based on the spatial arrangement is essential to discern the
differences between various structures. We emphasize this point since nuanced structural

difference impacts charge transport and optoelectronics.
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2.2.1. RP Phase Perovskite
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Figure 2. Summary of monoammonium organic spacer cations for 2D perovskite. 1,
ethylammonium (EA, n = 1), propan-1-ammonium (PA, n = 2),13"-3 pytan-1-ammonium(BA,
n = 3),[27:37.3%1 pentan-1-ammonium(PeA, n = 4),137:3%.40 hexane-1-ammonium (HA, n = 5),E7
39, 40-41] heptan-1-ammonium (HeA, n = 6),4?! octan-1-ammonium (OA, n = 7),142%%1 nonan-1-
ammonium (NA, n = 8),*?l decan-1-ammonium (DA, n = 9),[4> 4%l dodecan-1-ammonium
(DoA, n = 11),[43 441 1_tetradecanammonium (n = 13),[4 1-hexadecylammonium (n = 15),[*4!
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1-octadecylammonium (n = 17);430 44451 2 “alkyl ammonium with different substituents; 3% 4l
3, 3-carboxypropan-1-aminium (n = 3),3%! 4-carboxybutan-1-aminium (n = 4),F1 7-
carboxyheptan-1-aminium (n = 7);#8 4, 6-iodohexan-1-aminium;“°! 5 2-fluoroethan-1-
aminium;® 6, 2 2-difluoroethan-1-aminium;®° 7, 2,2 2-trifluoroethan-1-aminium;®%-54 g, 2-
cyanoethan-1-aminium;B%! 9, 3-bromopropan-1-aminium;“ 10, 2-(methylthio)ethan-1-
aminium;®2 11, propan-2-aminium;®3 12, 2-methylpropan-1-aminium (n = 1),53% 3-
methylbutan-1-aminium (n = 2);®¥ 13, prop-2-en-1-aminium;®% 14, but-3-en-1-aminium;®®
15, prop-2-yn-1-aminium (n = 1),57 but-3-yn-1-aminium (n = 2);5% 16, 1-methylhydrazin-1-
ium;81 17, 2-ethylhexan-1-aminium;®° 18, heptan-2-aminium;® 19, 3-((1,1,1,3,3,3-

hexafluoro-2-(trifluoromethyl)propan-2-yl)oxy)propan-1-aminium; 20,
cyclopropanaminium;® 21, cyclobutanaminium;® 22, cyclopentanaminium;2 23,
cyclohexanaminium; 2 24, 4,4-difluorocyclohexan-1-aminium; ! 25,

cyclohexylmethanaminium (n = 1),1%41 2-cyclohexylethan-1-aminium (n = 2);1 26, (4-
carboxycyclohexyl)methanaminium;! 27, 2-(cyclohex-1-en-1-yl)ethan-1-aminium;®" 28,
benzenaminium;1 29, N-methylbenzenaminium;&1 30, N,N-dimethylbenzenaminium; 8l 31,
N,N,N-trimethylbenzenaminium;8l 32 1-phenylethan-1-aminium;® 33,  1-(4-
chlorophenyl)ethan-1-aminium; "% 34, 2-(3,5-dibromophenyl)ethan-1-aminium;[1 35, 2-(3,5-
dichlorophenyl)ethan-1-aminium;1 36,  benzylammonium (n =  1),B% 72
phenylethylammonium (n = 2),3%¢ 73 3_phenylpropan-1-aminium (n = 3):;4 37, (4-
(trifluoromethyl)phenyl)methanaminium (X = CF3),[*1 (4-vinylphenyl)methanaminium (X = -
CH=CH,),"! Para-benzylamine replaced by halogens (X = F, ClI, Br, I);[46" 722 761 38 ' meta-
phenylmethanamine replaced by halogens (X = F, Br);[®! 39, Para-phenylethylamine replaced
by halogens (X = F, Cl, Br, -OCHs, -CHj);[46® 734. 771 40 Ortho-replaced phenethylamine by
halogens (X = F, CI, Br);"® 41, 2-(3-fluorophenyl)ethan-1-aminium:l® 42 2-
(perfluorophenyl)ethan-1-aminium;1"®! 43, 3-(perchlorophenoxy)propan-1-aminium;©° 44, 2-
(4-methoxyphenyl)ethan-1-aminium; 3 45 2-phenoxyethan-1-aminium;®4 46, 5-((5-
methoxynaphthalen-1-yl)oxy)pentan-1-aminium;®! 47, (E)-3-phenylprop-2-en-1-aminium;®
48, (E)-2-(4-styrylphenyl)ethan-1-aminium;1 49, (E)-2-(4-(3-fluorostyryl)phenyl)ethan-1-
aminium;81 50, (E)-2-(4-(phenyldiazenyl)phenoxy)ethan-1-aminium (n = 2), (E)-4-(4-
(phenyldiazenyl)phenoxy)butan-1-aminium (n = 4), (E)-6-(4-(phenyldiazenyl)phenoxy)hexan-
1-aminium (n = 6);84 51, 2-(2",3'-dimethyl-[1,1":4',1"-terphenyl]-4-yl)ethan-1-aminium;[®1 52,
2-(5-(2,2'-dimethyl-[1,1'-biphenyl]-4-yl)thiophen-2-yl)ethan-1-aminium;®! 53, naphthalen-1-
aminium;® 54, naphthalen-1-ylmethanaminium;7 55, 1-(2-naphthyl)methanammonium (n =
1),1881 2-(2-naphthyl)ethanammonium (n = 2);[81 56, 2-(naphthalen-1-yloxy)ethan-1-aminium
(n = 2),[891 3-(naphthalen-1-yloxy)propan-1-aminium (n = 3),1 4-(naphthalen-1-yloxy)butan-
1-aminium (n = 4),8% 5-(naphthalen-1-yloxy)pentan-1-aminium (n = 5);% 57, anthracen-9-
ylmethanaminium;®™® 58, 2-(pyren-1-yloxy)ethan-1-aminium (n = 2), 3-(pyren-1-
yloxy)propan-1-aminium (n =3),1 4-(pyren-1-yloxy)butan-1-aminium (n = 4);®1 59, pyren-
1-ylmethanaminium (n = 1),°% 4-(pyren-1-yl)butan-1-aminium (n = 4);°% 60, 2-(perylen-3-
yloxy)ethan-1-aminium;®1 61,  amino(phenyl)methaniminium;®? 62,  amino(4-
fluorophenyl)methaniminium;? 63, selenophen-2-ylmethanaminium;®3 64, amino(thiophen-
9



WILEY-VCH
2-yl)methaniminium;® 65, 2-thienylmethylammonium (n = 1),[25 3% 73 91 5 (o
thienyl)ethanaminium (n = 2);1%¢ 66, 1H-benzo[d]imidazol-3-ium;P8 67, 1-butyl-3-methyl-
1H-imidazol-3-ium; 68, 2-(methylthio)-4,5-dihydro-1H-imidazol-1-ium;® 69, 1-butyl-3-
methyl-1H-imidazol-3-ium;®® 70, 3-iodopyridin-1-ium;®! 71, 2-(pyridin-4-yl)ethan-1-
aminium;® 72 3-(9H-carbazol-9-yl)propan-1-aminium (n = 3),12%0 4-(9H-carbazol-9-
yl)butan-1-aminium (n = 4),1290-201] 5_(9H-carbazol-9-yl)pentan-1-aminium (n = 5);[% 73, 2-
(1,3-dioxo-1,3-dihydro-2H-benzo[f]isoindol-2-yl)ethan-1-aminium;% 74, amino(thieno[3,2-
b]thiophen-2-yl)methaniminium; %! 75 [2,2'-bithiophen]-5-yl(amino)methaniminium;[%! 76,
2-([2,2'-bithiophen]-5-yl)ethan-1-aminium;% 77 2-(3" 4'-dimethyl-[2,2":5',2":5" 2""-
quaterthiophen]-5-yl)ethan-1-aminium:;[*% 78, 2-(4'-methyl-5'-(7-(3-methylthiophen-2-yI)-
4,5,6,7-tetrahydrobenzo[c][1,2,5]thiadiazol-4-yl)-[2,2'-bithiophen]-5-yl)ethan-1-aminium; 04
79, 2-(4'-methyl-5'-(5-(3-methylthiophen-2-yl)selenophen-2-yl)-[2,2'-bithiophen]-5-yl)ethan-
1-aminium;1%] 80, 2-(1,3,6,8-tetraoxo-7-propyl-3,6,7,8-
tetrahydrobenzo[Imn][3,8]phenanthrolin-2(1H)-yl)ethan-1-aminium (n = 1),1%! 4-(1,3,6,8-
tetraoxo-7-propyl-3,6,7,8-tetrahydrobenzo[Imn][3,8]phenanthrolin-2(1H)-yl)butan-1-aminium
(n = 3),11% 6-(1,3,6,8-tetraoxo-7-propyl-3,6,7,8-tetrahydrobenzo[Imn][3,8]phenanthrolin-
2(1H)-yl)hexan-1-aminium (n = 5).[206]

In most cases, the chemical formula of the RP phase perovskite is A'2An-1BnXan+1. The
interlayer cation " A" " is a monoammonium cation arranged staggered between adjacent
inorganic octahedral layers (Figure 2 provides an overview of the prevalent monoammonium
organic spacer cations for RP-type perovskite). The interlayer cations form the interlayer of the
RP phase perovskite (Figure 1c), along with the inorganic layers, creating a quantum well
(QW) structure (Figure 1d). Within the interlayer, there are weak van der Waals forces between
the two layers of interlayer cations. On the outer side of the interlayer, the interlayer cations are
connected to the halide ions through hydrogen bonding and electrostatic interactions facilitated
by the terminal ammonium groups.®® 21971 From a crystal structure perspective, the adjacent
inorganic layers in RP phase perovskites exhibit a relatively sizeable interlayer distance due to
bilayered organic cations within the interlayer; additionally, due to the staggered arrangement
of interlayer cations, the adjacent inorganic layers in the RP phase perovskite exhibit a
staggered configuration. When observed along the stacking axis, the inorganic layers show an
offset of (1/2, 1/2) within the plane.[1%

RP phase perovskite is the most extensively studied class of perovskites, characterized by
the diversity of interlayer cations, which enables constructing a vast perovskite network. Since
2014, a quasi-2D RP phase perovskite utilizing phenylethylammonium as the organic interlayer
cation was employed as the light-absorbing layer in PSCs, achieving an impressive PCE of
4.73%.11%°1 Over the past decade, the PCE based on quasi-2D/3D perovskites has surpassed
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20%.111% This remarkable advancement is a testament to the immense potential of RP phase
PSCs.

2.2.2. DJ Phase Perovskite
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Figure 3. Summary of diammonium organic spacer cations for 2D perovskites. 1, ethane-1,2-

diaminium (n = 2),'% propyldiammonium (n = 3,38 112 pytyldiammonium (n = 4), 8¢ 112a 1120,
1131 pentyldiammonium (n = 5), hexyldiammonium (n = 6),[112 1132 1141 heptyldiammonium (n
= 7),1151 octyldiammonium (n = 8),1*3 nonyldiammonium (n = 9),1%1 decyldiammonium (n =
10),1%81 dodecyldiammonium (n = 12);1161 2, 3-(dimethylamino)-1-propylamine (n = 3),[& 1171
4-dimethylaminobutylamine (n = 4);11178 3 N1-methylpropane-1,3-diaminium;!8l 4,
N1,N1,N1-trimethylethane-1,2-diaminium;!**¥1 5 2-methylpentane-1,5-diaminium;% 6, 2,2'-
oxybis(ethan-1-aminium);*?% 7, (1E,3E,5E)-hexa-1,3,5-triene-1,6-diaminium;*?2 8, 2 2
disulfanediylbis(ethan-1-aminium);% 1231 9, 3-(ammoniomethyl)piperidin-1-ium;[281241 10, 4-
(ammoniomethyl)piperidin-1-ium;[28: 1242 1251 11 - 1_(2-ammonioethyl)piperidin-1-ium;(¢ 12,
cyclohexane-1,4-diaminium;41 13, piperazine-1,4-diium;*?! 14, 4-ammonio-1-
methylpiperidin-1-ium;*?1 15 cyclohexane-1,4-diyldimethanaminium;*4 16,  1-

(cyclohexylmethyl)piperazine-1,4-diium;1%1 17, 1 4-dimethylpiperazine-1,4-diium;121 18, 3-
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(ammoniomethyl)pyridin-1-ium;*?81 19, 4-(ammoniomethyl)pyridin-1-ium;*? 20, benzene-
1,3-diaminium;?°l 21 1 4-phenylenedimethanaminium;2> 31b. 7251 25 = (perfluoro-1,4-
phenylene)dimethanaminium;3 23 benzene-1,4-diaminium;?1 24 N1,N1-
dimethylbenzene-1,4-diaminium;*3 25 4-(2-ammonioethyl)benzenaminium;1*32 26,
naphthalene-1,5-diaminium; % 27, [1,1'-biphenyl]-4,4'-diyldimethanaminium;[*4 1341 28 (2-
fluoro-[1,1'-biphenyl]-4,4'-diyl)dimethanaminium;*34 29, (5-(4-
(ammoniomethyl)phenyl)thiophen-2-yl)methanaminium; 234 30, [1,1'-biphenyl]-4,4'-
diaminium;[*?2?1 31, 2 2'-([1,1'-biphenyl]-4,4'-diyl)bis(ethan-1-aminium);*??°1 32, anthracene-
2,6-diaminium;2?1 33, 2 2'-(anthracene-2,6-diyl)bis(ethan-1-aminium);i*??°1 34, pentacene-
2,9-diyldimethanaminium;*??°1 35 3 3'-dimethoxy-[1,1'-biphenyl]-4,4'-diaminium;*??e 36,
4.4'-methylenedibenzenaminium; 37,  2-(ammoniomethyl)pyridin-1-ium;*3%1 38,  4-
(amino(iminio)methyl)pyridin-1-ium;1*%1 39, 4 4'-(hydrazine-1,2-diyl)bis(pyridin-1-ium);4
40, 4-(2-ammonioethyl)-1H-imidazol-3-ium;[*1 41, 2H,2'H-[2,2'-biimidazole]-1,1'-diium;*%]
42, 1H-benzo[d]imidazole-1,3-diium;®® 43, 3,7-dihydrobenzo[1,2-d:4,5-d"]diimidazole-1,5-
diium;3%1 44, thiophene-2,5-diyldimethanaminium;[?8 45 thieno[3,2-b]thiophene-2,5-
diyldimethanaminium;4% 46, [2,2'-bithiophene]-5,5'-diyldimethanaminium (n = 1),1241 2 2
([2,2'-bithiophene]-5,5'-diyl)bis(ethan-1-aminium) (n = 2);14%1 47, 2,2'-([2,2'-bithiophene]-5,5'-
diylbis(sulfanediyl))bis(ethan-1-aminium);431 48, 2,2'-([2,2":5',2":5",2""-quaterthiophene]-
4,5"-diyl)bis(ethan-1-aminium);44 49, 2,2'-(1,4-dioxo-3,6-di(thiophen-2-yl)pyrrolo[3,4-
c]pyrrole-2,5(1H,4H)-diyl)bis(ethan-1-aminium).[4%!

When the organic interlayer cations lead to a situation where the adjacent inorganic layers
exhibit perfect overlap, aka eclipsed octahedra, this structure is called the DJ phase structure.
Typically, this type of structure forms from diammonium cations, although there are cases
where monoammonium cations can also form DJ phase structures.***l Figure 3 provides an
overview of prevalent diammonium organic spacer cations, with a chemical formula of A'An-
1BnX3n+1 in most instances. The interlayer cations " A' " are connected to neighboring inorganic
layers through hydrogen bonding and electrostatic interactions. In contrast to the typical RP
phase featuring monoammonium cations, as shown in Figure 1c, the DJ phase only consists of
a single layer of interlayer cations, lacking the weaker intralayer van der Waals interactions in
RP phases. These van der Waals forces are replaced by stronger chemical bonds, thereby
mitigating quantum confinement effects and significantly enhancing the structural stability

between the organic and inorganic layers.[t7? 146]
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Furthermore, compared to the RP phase, in the crystal structure of DJ phase perovskites,
when viewed along the stacking axis, adjacent inorganic layers can perfectly stack together,
exhibiting an offset of (0, 0) within the inorganic layer plane.**” This arrangement is due to
the tight packing of single-layer interlayer cations with shorter chain lengths between
neighboring inorganic layers. The single-layer interlayer cations significantly reduce the
interlayer distance in the inorganic layers, making them comparable to or even smaller than the
van der Waals radius of the halide atoms.[**®] This leads to stronger electronic coupling and
interlayer interactions between adjacent inorganic layers.[?8¢ 1491 These characteristics
contribute to the enhanced charge transfer of the DJ phase perovskite, thereby fostering the

potential for higher device performance.

2.2.3. ACI Phase Perovskite

ACI phase perovskite is another type of 2D perovskite with the chemical formula of
A'ArBnX3n+1.2%1 Unlike RP and DJ phase 2D perovskites, the choice of A' is limited for the
ACI phase, with only a few cations reported, such as GA*.[*Y Additionally, in the crystal
structure, two interlayer cations (A' and A) alternate between the inorganic layers.[** The
adjacent inorganic layers offset along the A'/A alternating direction while appearing perfectly
stacked along another direction, exhibiting an overall offset of (1/2, 0) within the inorganic
layer plane. It should be noted that only structures meeting these spatial arrangements and
having a clear crystal structure can be referred to as ACI phase 2D perovskites.

The unique structure also results in different physicochemical properties. Compared to RP
phase 2D perovskites, in the ACI phase, smaller interlayer cations and tight stacking between
inorganic layers significantly reduce both the van der Waals gap between interlayer cations and
the distance between inorganic layers.[*53 Specifically, the shorter distance between inorganic
layers and partial overlap of axial halide atomic orbitals enable it to weaken the challenge of
out-of-plane carrier transport while maintaining excellent chemical stability, making it a
promising 2D perovskite material.[*54]

3. Charge Transport in Halide Perovskites
3.1. Charge Transport in 3D Perovskite

In 3D halide perovskites, the [BXs]* octahedra serves as the perovskite's structural
scaffold and the carrier’s transport framework. The bond length (B-X) and bond angle (B-X-B)
between the metal and halide ions determine the orbital hybridization between these two

elements, which in turn influences the energy level structure and optoelectronic properties of
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the photo-generated carriers.[**! In the octahedral [PbXs]* unit, the s-anti-bonding overlap of
Pb 6s and | 5p orbitals determines the valence band maximum (VBM) of the 3D perovskite. In
contrast, the conduction band minimum (CBM) is mainly determined by the Pb 6p and I 5p
orbitals. The better the orbital overlap between the metal and halide ions, the smaller the
corresponding bandgap. Furthermore, the orbital overlap is greatly influenced by the crystal
structure, and thus, the lattice structure of perovskites plays a crucial role in their optoelectronic
performance. An ideal cubic-phase perovskite exhibits superior optoelectronic properties.!*°!
It is worth noting that the A-site cation’s contribution to the band structure is far from the band
edges. Therefore, in 3D perovskite crystals, the electronic structure is primarily governed by
the octahedra formed by the metal and halide ions. However, the A-site cation remains an
essential factor influencing the optoelectronic properties of perovskites. It indirectly affects the
bandgap by controlling the degree of distortion in the B-X-B octahedra and introducing a small
amount of crystallographic plane anisotropy.?4

As previously stated, the structure and chemical composition of 3D perovskites
significantly influence their optoelectronic performance. The introduction of the tolerance
factor also greatly aids in determining the suitable chemical composition for stabilizing the
perovskite structure and predicting the resulting crystalline phases. A diminutive A-site cation
forms the d-phase, weakening the coupling of the s—p orbital between B and X, resulting in a
larger bandgap. Conversely, introducing a larger A-site cation causes the 3D perovskite to
undergo molecular-level dimensional reduction, forming 2D perovskites when t exceeds 1.
Even for a broad range of 3D-forming compositions and, by extension, nuanced 3D structural

variety, carrier transport dynamics also span a wide range.[*>"]

3.2. Charge Transport in 2D Perovskite

Compared to 3D perovskite, 2D perovskite exhibits inferior charge transport performance
as anisotropy of the inorganic framework forms. There are several reasons for this phenomenon.
Firstly, due to the structural symmetry, there is nearly zero dispersion along the direction
perpendicular to the inorganic layers in 2D perovskite materials, indicating weak coupling.[5!
The motion of electrons in the direction perpendicular to the perovskite crystal plane is
restricted, resulting in a localized narrow band. Additionally, electronic structure distortions
arising from the electron-phonon interaction in the Jahn-Teller effect further narrow the
localized energy bands.[*>*! Consequently, 2D perovskites exhibit a wider bandgap compared
to their 3D counterparts. Secondly, the unique physicochemical properties of organic spacer

cation ligands significantly influence the photoelectric performance of 2D perovskites.
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Hydrophobic organic spacer cations can separate the conducting inorganic layers, forming a
QW structure (Figure 1).22 27311 The inorganic layers and organic spacers act as potential
wells and barriers, respectively. Organic spacers disrupt the orbital hybridization between
adjacent inorganic layers, confining the photo-generated charge carriers within the inorganic
layers and severely impeding the external charge transport.[**®! Moreover, the ¢ of the organic
spacer cations in 2D perovskites is much smaller than that of the inorganic octahedral layers,
resulting in dielectric solid confinement effects. The organic spacers provide poor charge
screening for excitons, enhancing the Coulomb interaction between photo-generated electrons
and holes. The pronounced quantum confinement and dielectric confinement effects contribute
to a higher Ep in 2D perovskites, forming excitons rather than free electrons and holes, resulting
in limited charge transport capability and lower PCE.[1"2 314 Thirdly, introducing organic spacer
cations leads to changes in the stacking of inorganic octahedral layers and distortion of the bond
angles and lengths between metals and halides. These changes significantly impact the orbital
overlap between metal and halide ions, ultimately influencing the bandgap. Fourthly, 2D
perovskite films by solution methods often consist of a mixture of multiple QWSs with a random
distribution of well widths (n-values) and respective orientations. This leads to lower charge
carrier mobility and diffusion length from a bulk material perspective.[’3¢ 1078 Consequently,
while 2D perovskites exhibit good stability, these mixed QWSs pose challenges in attaining
superior photoelectric performance.

While it is true that 2D perovskite lags behind 3D perovskite in terms of charge transport
performance, the charge transport in 2D perovskite is also inextricably linked to its crystal
structure. The orbitals of the metal and halide atoms in the inorganic layers determine the band
edges of 2D perovskites. At the same time, the A’ site interlayer cations and A-site cations do
not directly contribute to the band structure.[?8>- 124l |n semiconductor materials, the VBM and
CBM play a crucial role in determining the electronic structure and properties of the material.
The shape of the band structure and the distance between the band edges are essential indicators
for light absorption, emission capability, and charge carrier mobility. Perovskites exhibit soft
lattice characteristics, wherein atomic positions within the lattice fluctuate, leading to bond
angles and length variations within the inorganic framework. Changes in the CBM and VBM
reflect these structural fluctuations. Therefore, understanding and managing the energy
positions of the VBM and CBM are crucial for designing and optimizing the charge transport
performance of 2D perovskite materials. This article will explore the factors influencing the

charge transport performance of 2D perovskite from the following perspectives (Figure 4).
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Figure 4. Summary of Factors Influencing Charge Transport Performance in 2D Perovskites

3.2.1. The Angle of the Pb-1-Pb Bond and the Spin-Orbit Coupling

For 2D perovskites, the VBM primarily arises from the antibonding overlap of the metal
and halide orbitals. At the same time, the orbitals of the metal mainly contribute to the CBM at
the B site.'*4d Table 1 and Figure 5 depict the relationship between the average in-plane Pb-
I-Pb bond angle and bandgap of 2D perovskites with monoammonium and diammonium spacer
cations (n = 1). Although the bond angle range corresponding to the same bandgap is relatively
large, the overall trend of the bandgap variation between the two phases decreases with the
increase of the average in-plane Pb-1-Pb bond angle. The relatively subtle correlation highlights
the diversity and complexity of factors influencing the bandgap. However, from the Pb-1-Pb
bond angle’s perspective, the bandgap variation trend can be explained by the enhanced
linearity of the B-X-B bond angle in the more symmetric crystal structure of 2D perovskites.
This results in increased overlap between the metallic and halogen s-p orbitals. Consequently,
there is a more significant dispersion of the VBM, causing an upward shift of the conduction
band, ultimately contributing to a reduced bandgap. When the crystal structure starts to distort,
the aforementioned orbital overlap weakens, resulting in a decrease in valence bandwidth and
an increase in the band gap. Hence, the crystal structure of 2D perovskites, particularly the Pb-
I-Pb bond angle, is a crucial factor influencing its bandgap. Furthermore, heavy metals at the B
site in 2D perovskites introduce SOC, significantly impacting the electronic structure.[** SOC

can modify the band structure of electrons, leading to band splitting and the formation of new
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band structures, such as spin-split bands and band gaps, which influence the optoelectronic
properties of the material. In summary, the configuration and composition of the inorganic
octahedra in 2D perovskites continue to play a crucial role in fundamental optoelectronic

properties such as bandgap, charge carrier mobility, and light absorption.
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Table 1. Summary of the structural and optical properties of 2D perovskites with monoammonium and diammonium spacer cations (n = 1)

Monoammonium

Average in-
Spacer cation Compound Space group Bandgap (eV) plane Pb-I-Pb
)
1155a] ~ N [CH3(CHa):NH;]2Pbl, P21/c 2.29 148.16
21162] ANH; [CH;CH(CH3)CH2NH;],Pbly P21/c 2.28 156.50
3149] Ho - NHa [HO(CH,),NH3],Pbl, P21/c 2.16 159.10
4141 HO™ ™ g [HO(CH2)3:NH3],Pbly P21/c 2.14 163.68
5149] |~ NHs [I(CH,)NH;],Pbly P21/c 2.37 147.25
6149 N [I(CH1);NH;]2Pbly P21/c 2.29 148.76
7149] PP [I(CH1)sNH;]2Pbl, P21/c 2.28 147.02
gl63l A e [CH3(CH,)sNH;3].Pbly Pbca 227 155.08
9l163] A [CH3(CH,)sNH;],Pbly Pbca 2.29 155.65
1011631 A [CH3(CH,)sNH;],Pbly Pbca 2.29 155.65
12142 Ao [CH3(CH,)sNH;]2Pbl, Pbca 2.27 156.06
13142 A [CH3(CH,);NH;],Pbl, Pbca 2.28 156.06
14142 A [CH3(CH,)oNH;]2Pbl, Pbca 2.39 149.60
1501421 A [CH3(CHa)10NH;3]2Pbls P21/c 2.39 149.98
16049 A e [I(CH2)sNH;],Pbly Pbca 2.22 160.98
170590 N [CH3(CH,);CH(C,Hs)CH,NH;3],Pbly P21/c 2.31 153.98
180597 PG [CH3(CH2)4CH(CH3)NH;]2Pbly P21/c 2.28 153.87
1911641 OT,HA/\NHB* [HOOC(CH,);sNH;],Pbl, Pbca 2.16 159.12
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20481 ”°WOKW““3‘ (COOH(CH2);NH3),Pbly P21/c 2.29 147.48
21163] > g [F2CsHoNH;]oPbly Cme2l 2.38 151.35
291651 O\ANH ) [CoHo(CH,):NH;1],Pbly P-1 2.25 149.81
3
23[165] @J\NHJ [C6H5CH(CH3)NH3]2PbI4 P21/c 2.3 155.43
24170] dwm* [CIC6H4CH(CH;)NH;3],Pbly Pl 2.38 153.17
Cl
251166] @ NHy* [C/H1oN],Pbly Phca 2.27 157.80
2.25 158.35
26136, 166] g““3 [FCsHsCHoNH;3]:Pbly P21/n
F 2.24 158.80
. 231 154.49
27136 166] e CIC¢HsCH>NH;]2Pbl P21
C|/©/\ [C1C6HsCH,NH; |.Pbls 2.34 154.05
. 2.33 153.05
28136, 166] N BrCsHsCH,NH;],Pbl P21
Brg [BrCeHsCHNH; LPbL 233 154.02
290361 /E)ANH; [1C6HsCH,NH;].Pbly P21/c 2.22 156.11
NH3+
300167] @N [BrCeH4(CH,),NH;]2Pbl, C2/c 2.31 152.15
Br
3111671681 QV " CICsH4(CH,),NH;],Pbl C2/ 251 15248
o [CICAHA(CH2)NH; |.PbL ¢ 232 153.64
NH3+
32[168] /@N [FC6H4(CH2)2NH3]2PbI4 P2l/c 2.23 152.94
F
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330169) ©w [CsH1BrNT:Pbl P21 234 144.54
= a N
3471 QN [CsH10BrN]2Pbl, P21/ 232 158.2
I

350170 » o [CoH1,ON],PbL P-1 223 151.94

3618 Oww [C10H-0(CH2):NH;]:Pbl Ce 232 156.00

37189) ow”“s‘ [C10H,0(CHz)3NH;],Pbl P21/ 2.42 146.87

38180) N [C1sH1sNOTPbl4 Pea2l 233 152.93

39180] M [C1sH22NOTPbl P21/e 234 147.93

40189 %‘O Oy [C16HsO(CH2):NH;]:Pbl Ce 232 154.69

41189 OO‘O O [C16HsO(CH2):NH;]:Pbl C2e 227 154.58

4201 Q“ [C1sHo(CH2):NH;5],Pbl4 P21/ 236 149.26

4308 o,o‘o s [C20H1:0(CH2),NH;]:Pbl, P21/e 235 155.23

441171 ES//uNHs [C4H3SCHoNH;],PbLy Pheca 22 153.47

4501721 7 W [C22H20N3S4],Pbl, P-1 23 151.27

| ' el HNE T [NH3(CH2)sNH;]Pbl, C2/e 22 147.18
Diammonium pIED HN DI [NH;(CH,)sNH;]Pbl, P21/e 2.8 14831
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3(116] HNE I [NH3(CH,)sNH;]Pbls P2l/c 237 147.62
4015) Hn T T [NH3(CH,)sNH;]Pbly Ce 2.29 153.75
56 +H3NHHH3+ [H3N(CHa)12NH;3]Pbl, P2i/c 236 148.30
*H,N
6149) S~s\\\ [H3N(CH,)2SS(CH2):NH5]Pbl, P2l/c 2.17 162.22
NH3+
*HaN
7073] [NH3CH>CsH 10CH>NH;]PbLy P2i/c 231 153.14
NH;*
*HyN
gl2sb] [CsH1;NCH,NH;3]Pbls P2l/c 2.23 165.15
NH3*
Ha
N
gL2sb] (8 [CsH 1 NCH:NH;]Pbly Pe 238 154.38
NH;*
1001271 —N@>NH3+ [C6H16N2]Pbl4 P21/c 2.17 158.37
11074 Q\H—\ [CsH oN(CH,),NH;3]Pbl, P2l/c 2.17 170.63
NH3+
L2175] +H3N«©VNH3+ [NH:CHaCeH4CH,NH;]Pbl, P2l/c 23 150.88
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NH*
1311341 +H3N [HsNCH,CH3FCsH4CH,NH;]Pbl, Pcca 2.12 159.51
F
F
*H3N F
141130] : N [NH3CH,C6F4CH,NH;],Pbly P21/ 2.28 144.42
F 3
F
H
N\
150281 | [CsH4NCH,NH;]Pbl, Pc (Pn) 2.17 149.15
NH;*
SNH*
16l176] | P NHa* [C5H4NH(CH2)NH3]PbI4 Pbca 2.14 167.76
NH3*
170131] © [(CH3),NHCH4NH;]Pbl4 P21/c 2.17 171.85
NH?
180641 +HN@EE@””+ [C10N4H 2]Pbl P2e ; 180.00
NH3+
19016l OO [H3sNC1oHsNH;3]PbLs P21/c 2.29 150.67
NH3*
H H
N N
20013 ¢ j@[ > [CsHgN,]PbI C2/m 2.04 180.00
N N
H H
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H
210138] E — J [CeHsN4]PbL4 C2/e 2.11 173.69
N N
H
N
W5
200137] HN [C3H4N2(CH2),NH;3]Pbl, P21/c 2.04 167.27
NHz*
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Figure 5. Trend diagram of bond angle and bandgap change of 2D perovskites with (a)
monoammonium and (b) diammonium spacer cations.

3.2.2. The Interlayer Distance and the Thickness of the Inorganic Layers

Unlike 3D perovskites, introducing interlayer cations adds the structural parameter of
interlayer spacing to perovskite materials. In addition to dynamic lattice distortions causing
fluctuations in the CB and VB energies,*"" the interlayer spacing is also an important parameter
affecting the electronic band structure of 2D perovskites. As analyzed earlier, the magnitude of
the interlayer spacing largely depends on the type of interlayer cations. In most cases, compared
to the RP phase 2D perovskite, the DJ phase significantly reduces interlayer spacing due to
single-layer diammonium cations. The strengthening interlayer electronic coupling between
inorganic layers helps mitigate the impact of quantum confinement effects, reduce the bandgap
of 2D perovskites, enhance charge carrier migration efficiency, and improve their
optoelectronic properties.[*"8]

In addition to the distance between layers, the inorganic layer/slab thickness (value of n)
also plays a crucial role in the optoelectronic properties of 2D perovskites. In 2D perovskites,
the interlayer cations influence the lattice structure of perovskites through hydrogen bonding
and electrostatic interactions with the halide atoms in the inorganic layers, ultimately impacting
the optoelectronic properties. Increasing the thickness of the inorganic layers significantly
weakens the influence of interlayer cations.[!”® Furthermore, the quantum confinement and
dielectric confinement effects in 2D perovskites result in excessively large exciton binding
energies, which are disadvantageous for generating photoexcited charge carriers. However,
increasing the thickness of the inorganic layers helps alleviate these adverse effects. Therefore,

the thickness of the inorganic layers plays a crucial role in mitigating the detrimental effects of
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quantum and dielectric confinement, improving the generation of photoexcited charge carriers,

and ultimately enhancing the optoelectronic performance of 2D perovskites.

3.2.3. Dielectric Contrast and Dipole Moment

Efficient carrier transport is crucial for improving the optoelectronic performance of 2D
perovskites. In 2D perovskites, interlayer cations are not limited to regulating carrier transport
efficiency solely by affecting interlayer distance. Modulating E, can also be achieved by
altering the dielectric constant of the spacer cations.[*&]

Eb is crucial for evaluating semiconductor materials' optical and photophysical properties.
Compared to 3D perovskites, the enhanced Ep in 2D perovskites originates from the material's
pronounced quantum and dielectric confinement effects.[*8! The spatial range of the exciton
wavefunction in the out-of-plane direction is constrained by quantum confinement,!*#?l [eading
to enhanced electron-hole interactions within the exciton. A higher En not only suppresses the
optical generation efficiency of charge carriers but also limits the exciton diffusion length,7®
1831 ynfavorable for charge transport efficiency in devices.

The significant difference in & between the inorganic and organic spacer layers in 2D
perovskites leads to a large En. On the one hand, the impact of this heterogeneous dielectric
environment can be mitigated by increasing the thickness of the QWSs.[*841 On the other hand,
by selecting interlayer cations with a higher &, the dielectric mismatch between the inorganic
and organic layers can be reduced, decreasing the E, and facilitating the generation of
photoexcited charge carriers.'?®l Additionally, organic interlayer cations with higher & can
form ionic dipoles in the perovskite material, providing additional energy pathways that
promote charge transfer. The formation of these ionic dipoles enhances the convenience of
charge transfer, reducing charge scattering and losses. Table 2 summarizes the dielectric
constants of different spacer cations.

Regarding the difference in dipole moments between interlayer cations, a more significant
dipole moment can effectively enhance the interaction between the interlayer and the inorganic
layer, reduce the exciton binding energy, and promote charge dissociation in 2D perovskites.®
76,1851 Fyrthermore, the magnitude of the dipole moment can also influence the work function
and energy levels of perovskites, which can be utilized to modulate the performance of

devices.[188]
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Table 2. Summary of the dielectric constants of space cations in different compounds. ‘ep’ represents the dielectric constant of the interlayer.

Compound Spacer cation €b Ref.

33 [187]

(PEA),Pbl4 >34 i8]
(PEA),PbBr4 3.81 (189]
(PEA),Snl4 ©/\/NH3+ 1.648 [190]
(PEA):(MA)Pbsl; 32"13947 ﬁ:;
(PEA):(MA)m-1Pbmlzm+1(m = 1-2) 2.34 (192]
(PEA)2(MA)4Pbsli6 3.314 (193]

NH3*
(F-PEA):Snl4 /@/\/ Lel6 190)
F
+
S NH 3 [190]
(TEA)2Snl4 | y 1.645

(EA),Pbls HO/\/ NH3* 37.7 [187, 194]
(AP)Pbl4 HO™ "N Hs* 28 [187a]
~4 [195]
(BA)2Pbl4 7] [196]
(BA):PbBr4 2.1 [197]
(BA)2(MA)Pbal; <" NH 3" 1.753 [191]
(BA)2(MA)3Pbalis 2.23 [188]
(BA)2(MA)4Pbslis 1.9 [198]
(BA)2(MA)m-1Pbmlsm+1 (m =2-5) 2.1 [199]
(HA)Pbl4 ZONNTNH 3" 2.1 [197, 200]
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(I-HA)Pbl, ISR ~4 fo1)
2.1 [1s8]
29 [196¢]
+

(DARFOL: NHj 22 [202]
2.4 203]

H

N
(BM)zpme ©: N/> 3.28 [189]

H
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3.2.4. The Orientation and Phases Distribution in Thin Films

In addition to the impacts above, organic cation design influences the perovskite thin film
material's orientation, phase purity, and phase distribution. The spacer cations’ size, shape, and
charge characteristics can affect lattice distortion and matching, influencing the stability and
formation of specific phases, crystallite growth size, and phase distribution in a polycrystalline
film. Therefore, the appropriate selection and control of spacer cations can promote the
formation of desired phases, prevent the occurrence of impurities, and improve phase purity.
The phase composition of 2D perovskites plays a significant role in the decay kinetics of charge
carriers. Random phase distribution increases energy disorder and charge recombination losses,
resulting in faster decay Kkinetics. In contrast, a uniform and long-range ordered phase
distribution facilitates the dissociation of excitons and dramatically reduces energy losses
between different phases.?%

The anisotropic transport of photoexcited charge carriers within the film influences the
ideal orientation required for a functional perovskite device. In 2D perovskites, due to quantum
and dielectric confinement effects, the transport of electrons and holes mainly occurs within the
inorganic layers, resulting in lower charge transfer efficiency across layers through organic
spacers.['2%: 2051 gince achieving efficient carrier transport is crucial for enhancing
optoelectronic performance, obtaining vertically (relative to electrodes) oriented 2D perovskite
films plays a vital role. The spacer cations’ size and shape directly impact the crystals’ stacking
arrangement. Larger spacer cations can increase the intercrystalline space, promoting a cubic
stacking of the film and thereby leading to better orientation and crystalline properties.
Furthermore, spacer cations with specific shapes can also regulate crystal orientation through
spatial confinement and steric effects.[?%! Therefore, by optimizing the selection of spacer
cations, improved crystal orientation and crystalline properties can be achieved, ultimately
enhancing the materials’ optoelectronic and device performance.

Near the end of this section, it is essential to emphasize that despite the separate discussion
of numerous influencing factors earlier, the transport mechanism of 2D perovskites remains
highly complex. Generally, shorter interlayer distances imply better charge transport
performance,?°’l but exceptions exist.[!?®l  Undeniably, the transport performance of 2D
perovskites is influenced by multiple factors simultaneously. To further differentiate “good” vs.
“bad” transport properties, it is crucial also to consider whether the carrier transport properties
were measured by methods used for a single crystal or a polycrystalline material, as well as
whether the direction of transport was measured concerning structural anisotropy. When

considering the modulation of 2D perovskite performance, it is essential not to focus solely on
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a single parameter, as this may lead to overlooking other essential factors and unexpected
outcomes.

In summary, this section discusses the effects of the structure and interlayer spacing,
inorganic layer thickness, differences in dielectric properties between different layers, film
orientation, and phase distribution on the electronic structure and optical properties of 2D
perovskites. The metal-halide-metal bond angle within the inorganic layers and the interlayer
spacing influence the electronic structure and interlayer charge transport in 2D perovskites.
Nevertheless, organic spacer cations can interact with halide atoms in the inorganic layers,
altering the crystal structure of 2D perovskites and indirectly affecting the material’s optical
properties. The inorganic layer thickness can be controlled by varying the stoichiometric ratio
between A' and A-site cations. Changing the thickness influences the quantum and dielectric
confinement effects in 2D perovskites, thereby affecting the Ep. Therefore, the design of the
composition and selection of inorganic layer thickness in 2D perovskites provide feasible
approaches to optimize the optoelectronic performance of the device. Further details regarding

these aspects will be elaborated in subsequent sections.

3.3. Characterization of Highly Anisotropic Carrier Transport

As introduced above, the process of charge conduction primarily relies on the inorganic
lattice of the perovskite, even though the organic cations also have an impact,*” especially
with structural and carrier transport anisotropy in 2D perovskites. This complexity in the design
of and influence on charge transport behavior distinguishes 2D perovskite materials from
traditional organic and inorganic semiconductors. Many experimental techniques have been
used to study carrier transport in perovskites, but not all techniques measure the exact
contributing figure of merit to “mobility.” Some methods rely on devices built around the
material; contacts are applied directly to a single crystal, and pulsed contactless methods are
used to sample photo-induced carrier dynamics directly. In the same vein that multiple “probe-
style” techniques exist, there is a great deal of time- and length-scale dependence on the
extracted carrier transport properties. For example, many contact-based measurements rely on
long-range transport (up to microns or millimeters and seconds to minutes timescale) across the
entire material (multiple grains and interfacial boundaries, etc.). In contrast, contactless
spectroscopies may only probe carrier dynamics at the femto-time and nano-length scales. To
focus on the composition-structure-carrier transport relationship at the fundamental and
mechanical level, this discussion focuses on n = 1 composition and a select group of contact

and non-contact techniques for which carrier anisotropy have been evaluated. Figure 6 shows
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the measurement principle of the Space Charge Limited Current (SCLC) Technique,?°! Time-
Resolved Terahertz Spectroscopy (TRTS),% Time-Resolved Microwave Conductivity
(TRMC) Method,[*"® 2991 Optical Pump-THz Probe Spectroscopy (OPTPS).2 Due to
mechanism variations, the testing methods for different mobilities can dramatically yield
different mobility data for the same material (Table 3). Taking the comparison between steady-
state and transient testing methods as an example, the transient methods often yield mobility
values several times higher than the steady-state method due to the relaxation of charge
carriers.Y The differences in measured mobility caused by different methods can pose
significant challenges in summarizing the underlying trends, a point that will be reiterated in
the outlook section.

Mirroring the structural anisotropy in 2D perovskites, the anisotropic conductivity and
carrier mobility vary along different crystallographic directions. When measured along the
plane of the inorganic sheet, the conductivity and mobility are much better than that measured
perpendicular to the sheets. Although x-ray diffraction methods can assist in indexing the phase
orientations of a perovskite sample (i.e., knowing how to orient the structural anisotropy relative
to the measurement direction), there can be significant challenges for measuring charge
transport with contacted methods in non-oriented single crystals and films, especially when
contacts and application of large bias voltages are required. Due to the dual nature of perovskite
materials as electronic and ionic conductors, the movement of ions within the perovskite
strongly influences the current-voltage characteristics of single-charge carrier devices.?*?!
Therefore, when considering techniques such as SCLC, the impact of ions on charge transport
must be considered, which adds complexity to the analysis. Figure 6a shows the contact
orientation relative to the perovskite layering structure to probe in and out-of-plane
conductivities.?*®l TRTS can selectively monitor photo-generated charge carriers and
concurrently measure their mobility. Besides, it can be achieved by varying the material’s
different tilt angles relative to the terahertz field to measure in-plane/out-of-plane mobility
(Figure 6b).3%1 TRMC is suitable for studying charge carrier dynamics in perovskite films.
Mobility in different directions can be measured by orienting the film parallel or perpendicular
to the electric field of the microwaves (Figure 6c¢). The advantage of OPTPS lies in its
heightened sensitivity to free charge carriers, diminishing the impact of charge trapping and

excitons on mobility measurements, thereby endowing it with superior accuracy.?*4]

30



WILEY-VCH

° Au Au Normal Angle 1 THz pul In-plane
) " @ " Q [} b 4 A ! t 4
Ih A AAA A4 vVvVvvvvwew
AL OONE AL
gl 1,1, 1. 0.1, vyrewvwvvvwve
Au Q@ = 9 Tilted Angle
T 2 4 o2 a4 o - Out-of-plane
§ PPIPPPYP | YOS o
:‘l:z 2 'l \«i 9 ] 2 Ts ‘n'-"" .
| PPy A
@ " 3 a @ 4 9 Q »"‘ ‘Y“"r
PIPPPPYP L
Au Q = O Q
y 8
(d) _
BS1 Mirror
Laser 3 DS1

PD

PM
Polytef ZnTe wp
BS2 oc1 ZnTe —
0 N

¢ awe

BBO
0c2

]

Sample

Figure 6. (a) Two device structures used for SCLC testing, the gap-type and the sandwich
structures, correspondingly associated with in-plane/out-of-plane mobility measurements. (b)
During TRTS testing, by tilting the device and aligning it with the THz pulse at a certain angle,
in-plane/out-of-plane charge mobility is measured respectively. (c) In TRMC, two distinct
testing modes correspond to the measurement of in-plane/out-of-plane charge mobility when
2D perovskite grows parallel to the substrate, where the microwave field distribution is depicted
in red, the sample device in blue, and the photoexcitation in green. (d) A simplified optical
schematic of the OPTPS testing system. BS: beam splitter, DS: delay stage, OC: optical chopper,
PM: parabolic mirror, QWP: quarter wave plate, WP: Wollaston prism, PD: photodetector,
BBO: Beta-Barium Borate crystal.
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Table 3. Various methods for testing charge carrier mobility are applied in perovskite materials, where 'e' and 'h' represent electron and hole mobilities,
respectively, and 'i' and 'o’ denote in-plane and out-of-plane mobilities, respectively.

Composition Architecture Technique (cnl\ff E/lllltzl) Ref.
SCLC up=2.89 x 1073 (215]
TRTS he= 125 216

Films w=7.5
35 [217]
MAPbDI; OPTPS 73 797
Ue,i=1.16 (218]
Single crystal SCLC =410 (219]
Ue = pp = 67.2 220]
) SCLC 1.3 (221]

Films
OPTPS 27 +2 (222]
FAPbI;
Single crystal SCLC ho=35+7 -
ingle crysta ) 57
Lo =4.7x 103 [225]
SCLC pi=8.2x 1072

(BA),Pbl, Films o= 1.4 x 10 2

OPTPS pi = 0.54
TRMC 1o = (1 ~40) x 10 [227]

—(1 - 5
TRMC to = (1 ~2000) x 10 2271
) ui=0.04~0.2
(PEA),Pbl4 Films

TRTS 5.8 [228]
OPTPS Hin = 1 [179]
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1o = (1 ~ 3000) x 10°S

(F-PEA),Pbly Films TRMC 227]
Wi = 0.02 ~ 0.04
BDAPbI4 Single crystal SCLC wh =17 (2291
SCLC to=2.7 x 10
HA,Pbl4
OPTPS pi =1.49
SCLC Lo =2.2 x 104
OA,Pbl4
OPTPS wi=1.1
SCLC 0=8.3 x 107
DA,PbL, Films s (226
OPTPS 1 =0.89
SCLC Lo =6.1x107
DDA,Pbl4
OPTPS W= 0.82
SCLC o =72 % 10
ODA,Pbl4
OPTPS Wi = 0.45
(DSDEA)MA4Pbsl 1 Films SCLC =137 %107 215]
(HDA)MA Pbsl1 Films SCLC th = 2.09 x 10 215]
te =5.64 x 1072 [230]
=531 x 102
SCLC Me = (4.44 ~ 6.68) x 1072 o
BA>(MA);3Pbalis Films tn = (0.66 ~ 5.09) x 1072
Pe = pp=1.2x 1074 (2071
TRTS Ho < 0.01 [232]
pi=1.88
, Ho=32x 107
BA:;MA,Pbslio Single crystal SCLC = 9.6 % 107 [233]
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(BA)2(MA)sPbsl; Films SCLC Ho = 6.6 [225]
=153
. . Ho=1.35
(is0-BA)2(MA)3Pbal 3 Films TRTS (232]
pi=0.38
Ho=12x1073 233]
PEAMA,LPbslig Single crystal SCLC Wi = 4.4 %1072
8.23x 1073 [234]
Single crystal SCLC 3.61 x 1072 (234]
(PEA);MA:Pb4l 3 , OPTPS 6 [179]
Films
SCLC =776 x 10 2 235]
Fil TRM (227]
(PEA):MA4Pbsl s T ¢ ’
Single crystal SCLC 8.56 x 1073 (234]
(PEA);MAp1Pbulani(n = 2 ~ 3) Films OPTPS wi=6~11 [179]
PEA;MAPb:I; Single crystal SCLC 4.59x 1073 (234]
(F—PEA)zMA4Pb5116 Films TRMC 9 (227]
(PDA)MA3Pb4I]3 Films SCLC He = Uh = 3.8x 10 [207]
— —5
ALA:MA:Pbsl ;o Single crystal SCLC Ho = 1.3>10 23]
Wi=2.4x 1072
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4. Strategies to Improve the Charge of Transport

The previous description of factors influencing transport performance reveals that each
component of 2D perovskite plays a significant role in transport charge. Specifically, by
selecting different A'-site organic spacer cations, A-site cations, B-site metal cations, and X-
site halide ions, it is possible to effectively tune the bandgap of 2D perovskite, thereby
influencing the light absorption range and ultimately improving the charge transport properties.

4.1. A'-Site Organic Spacer Cations

The impact of organic spacer cations on the crystal and electronic structure of 2D
perovskites is significant and should not be overlooked. So far, the vast majority of research
devoted to structure-property relationships in 2D perovskites has focused on correlating band
gap with octahedral tilt and disorder factors,[**4d in addition to Pb-I bond lengths and especially
through-space distances between | atoms in the out-of-plane direction.?%! Besides, the quantum
well barrier width reduction, also known as interlayer spacing between metal-halide sheets, has
been proposed theoretically and demonstrated experimentally to improve charge
extraction.[1?4c]

The influence of spacer cations on 2D perovskites mainly stems from differences in
geometric shape, structural rigidity, conjugation properties, and ¢&r. These differences
correspond to the inorganic layer structure, interlayer spacing, interactions, and quantum
confinement and dielectric confinement effects in 2D perovskites. All these factors have
implications on the generation, transport, and extraction efficiency of charges in photovoltaic
devices, thereby playing a crucial role in the optoelectronic performance of these devices. In
the following discussion, we will discuss the impact of the spacer cations molecular design on

the charge transport properties.

4.1.1. Functional Groups and Heteroatoms

The variety of functional groups contributes to the diversity of interlayer cations in 2D
perovskites, as different functional groups exert distinct influences on the structure and
performance of these materials. Specific functional groups can modulate the interlayer spacing
in 2D perovskites, enhancing interlayer charge transfer. They can also form unique
intramolecular interactions with the interlayer cations, affecting the crystalline structure of the
perovskite. In addition to different types of functional groups, the position of the functional
group (ammonium moiety) within the interlayer cation significantly impacts the photoelectric

properties of the perovskite. The diverse spatial effects resulting from different positions of the
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ammonium moiety give rise to varying interactions between the interlayer cations and the
inorganic layers, consequently influencing the crystal structure of the perovskite. The
heteroatoms in the interlayer cations often strengthen intermolecular interactions, thereby

improving the photoelectric performance of 2D perovskites.

Figure 7. (a, b) The single-crystal structures and optimized atomic structures of (PEA)2Pbl4
and (F-PEA)2Pblsa. Reproduced with permission.l*”® Copyright 2019, American Chemical
Society. (c) Effect of halogen substituents on cation arrangement within the spacer. Reproduced
with permission.l*%1 Copyright 2020, American Chemical Society. (d) Schematic crystal
structures of four organic spacer cations and the corresponding perovskites. (e) Schematic
diagram of calculated CSD and variation of average Pb-1-Pb bond angle and layer spacing with
CSD. Reproduced under terms of the CC-BY license.%! Copyright 2022, Xiaoming Zhao et
al., published by Springer Nature.

Due to the exclusion of the inorganic layer’s influence on the intrinsic properties of 2D
perovskite, 2D perovskites with n = 1 are often employed for mechanistic studies on the impact
of spacer cations on the transport performance of perovskites. Zhang et al. introduced fluorine
atoms as substituents at the para position of phenethylammonium (PEA*).[18] Compared to
(PEA)2PbI4, (F-PEA)2PDbI4 exhibited faster charge transfer, longer carrier lifetimes, and lower

trap density. In (F-PEA)2PDbls, the phenyl rings in the interlayer were stacked face-on, whereas
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in (PEA)2Pbls, the phenyl rings were face-to-edge stacked (Figure 7a, b). The distinct stacking
modes led to a shorter distance between interlayer cations, resulting in positional differences in
the inorganic layers. In PEA, the ammonium moieties on both ends of the organic layer were
offset due to the face-to-edge stacking. As a result, the Pb centers in the adjacent inorganic
layers also staggered. In contrast, the terminal ammonium moieties overlapped approximately
in the vertical direction for F-PEA, leading to almost overlapping lead atoms in the adjacent
inorganic layers. This configuration in F-PEA facilitated better interlayer electronic coupling,
thus improving carrier transport.

Schmitt et al. investigated the influence of halogen substituents in intercalated cations on
the crystal structure of corresponding perovskites.[*®®! The results indicated that introducing
halide ions reduced the crystal symmetry, with the extent of the changes depending on the
differences in interactions between the intercalated cations. As shown in Figure 7c, in
(BzA)2Pbls, the benzylammonium cations oriented themselves perpendicular to each other,
forming edge-to-face C-H:---m interactions. (4-FBzA)2Pbls exhibited a similar edge-to-face
arrangement as (BzA)2Pbls, but with different orientations in the interlayer. However, for (4-
CIBzA)2Pbls and (4-BrBzA)2Pbls, the intercalated cations did not align perpendicularly to
accommodate Cl/Br—r interactions, resulting in the loss of centrosymmetric crystal structures
in the corresponding perovskites. Compared to the previous two cases, these structural
differences were influenced by the size and electronegativity of the halogen substituents. In
addition to the changes in crystal symmetry, the different orientations of halogens in the
intercalated cations also caused subtle variations in the positions and orientations of the
ammonium groups, leading to distortions in the inorganic layer framework. Compared to the
previous two cases, the latter exhibited greater in-plane distortion, resulting in larger band gaps
and poor charge carrier transport performance.

Zhao et al. conducted a study to investigate the effects of different functional groups on
intercalated cations.[*® (OH-PA).Pbls and (CN-EA)2Pbls formed dimers within the interlayer
region, while COOH-PA* did not form dimers due to its larger size and instead exhibited a
"molecular zipper" arrangement (Figure 7d). As previously discussed, the electronic band
structure and charge transport properties of 2D perovskites were closely related to the Pb-1-Pb
bond angles and interlayer distances within the inorganic framework. The formation of dimers
originated from the strong intermolecular interactions between the interlayer cations’ non-
amine and amine ends, resulting in unique in-plane coupling. The non-amine end pulled the
amine end out of the inorganic layers, effectively reducing the interaction between the amine

end and equatorial iodides and minimizing distortion in the Pb-I-Pb bond angles. This
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phenomenon ultimately led to improved optoelectronic performance. Furthermore, the Charge
Separation Descriptor (CSD) was utilized to quantify the degree of separation between the
Bader charge centers of the ammonium cations and the inorganic plane. There was a strong
correlation between CSD and the structure and performance of the 2D perovskite (Figure 7e).
The highest CSD corresponded to the least distorted Pb-1-Pb bond angles and the smallest
interlayer distance. The largest Pb-1-Pb bond angles and the smallest interlayer distance
contributed to reduced bandgap and enhanced charge carrier mobility. Hence, a higher CSD

value indicated better photoelectric performance of the 2D perovskite.
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Figure 8. (a) Effect of functional group position of spaced cations on crystal structure and
average equatorial Pb-I-Pb angle. (b) Line graph of I---I distance and bandgap energy as a
function of the value of n. Reproduced with permission.[?®! Copyright 2018, American
Chemical Society. (c) Effect of S-S interactions in spaced cations on film growth. (d) GIWAXS
patterns of 2D perovskite films. Reproduced under terms of the CC-BY license.[®?l Copyright
2020, Hui Ren et al., published by Springer Nature.
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Interlayer cations also influence quasi-2D perovskites (1 < n <5). Mao et al. investigated
the impact of the functional group’s position on the interlayer cations on the structure and
performance of 2D perovskites.l?®! The crystal structure diagram of the perovskite revealed
that 3-(aminomethyl)piperidinium (3AMP) cations primarily form hydrogen bonds with the
terminal | atoms of the inorganic layers. In contrast, 4-(aminomethyl)piperidinium (4AMP)
cations form hydrogen bonds with the bridging | atoms (Figure 8a). Since the variation in
bridging I atoms was the primary cause of distortion within the inorganic octahedral layers, the
4AMP perovskite exhibited a more distorted octahedral lattice and smaller equatorial Pb-1-Pb
bond angles. Furthermore, the different interaction sites between interlayer cations and the
inorganic layers resulted in variations in the arrangement of cations within the interlayer, likely
contributing to forming a smaller interlayer distance in the 3AMP perovskite (Figure 8b).
Karabag et al. investigated the influence of different substituents at various positions on the
benzene ring on the lattice of 2D perovskites.[?>”l Ortho-substituents and para-substituents
elongated the inorganic layer’s Pb-I bonds and partially broke Pb-1 bonds. In the case of meta-
substitution, the distribution of Pb-1 bonds was the most uniform, leading to optimal
polarization migration and conductivity.

The impact of heteroatoms in interlayer cations should not be overlooked. Ren et al.
synthesized 2D perovskites using 2-(methylthio)ethylammonium (MTEAY) and BA™ as
interlayer cations.® It could be observed that, compared to BA*, in the interlayer, there were
additional S-S interactions between the two layers of MTEA™ alongside van der Waals forces
(Figure 8c). The MTEA-based perovskite film exhibited sharper and more distinct Bragg peaks
(Figure 8d), and the inorganic sheet growth in the film was perpendicular to the substrate, a
characteristic that aided in the formation of continuous charge transport pathways and enhanced
carrier mobility perpendicular to the plane of the substrate. The superior vertical orientation
could be attributed to the additional S-S interactions in MTEA, which contributed to stabilizing
and tightening the perovskite framework, thereby enabling the vertical growth of the film.

4.1.2. Aromatic and Other Unsaturated Structures

Quantum and dielectric confinement effects significantly impact the optoelectronic
properties of 2D perovskites. Intercalated cations with aromatic groups exhibit a higher e,
reducing the dielectric mismatch between the inorganic and organic layers. This mitigates the
influence of dielectric confinement, leading to a decrease in the electronic bandgap and Ey of
2D perovskites. Additionally, intercalated cations with aromatic groups often possess higher

structural rigidity, which alters the lattice stiffness of 2D perovskites. This change can affect
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the vibrational frequency and modes of the lattice, thereby impacting the interaction between
electrons and lattice vibrations. Electron-phonon coupling influences the bands’ shape and
energy level distribution, thereby altering the energy gap between the conduction and valence
bands. Moreover, electron-phonon coupling also affects energy transfer and scattering

processes between electrons and phonons, further influencing the transport properties of charge

carriers.
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Figure 9. (a) Absorption spectroscopy is used to compare the effects of aromatic rings on 2D
perovskites. Reproduced with permission.[*28] Copyright 2019, American Chemical Society. (b)
The root mean square fluctuations for Pb, I, and organic spacers at 300 K, the contribution of
each component to VBM and CBM, and the NAC plot were used to determine non-radiative
recombination. Reproduced with permission.[*24 Copyright 2020, Royal Society of Chemistry.
(c) Comparison of Pb-I1-Pb bond angles of three perovskites and effects of hydrogen bonding
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between different types of iodine atoms in amino and inorganic layers. Reproduced with
permission.['*4dl Copyright 2023, Elsevier. (d) The variation trend of perovskite electron band
structure concerning increasing cation conjugation. Reproduced with permission.[t?%"]
Copyright 2021, John Wiley and Sons.

Li et al. conducted a comparative analysis of the photoelectric performance disparities
between  (BAMP)(MA)3Pbsliz  and  (BAMPY)(MA)3Pbsliz  (3AMPY = 3-
(aminomethyl)pyridinium), hereafter referred to as SAMP and 3AMPY, respectively.[*28 While
the high-energy band slopes in the ultraviolet absorption spectra appeared similar, excitonic
peaks resulted in distinct slopes at lower energy levels. Notably, 3AMPY exhibited a smaller
En compared to 3AMP, thereby favoring the effective separation and collection of electron-hole
pairs in the device. This lower Ep could be attributed to the higher & of the aromatic intercalating
cations, as opposed to alkylammonium cations. The existence of delocalized n electron clouds
on the aromatic rings reduced the dielectric mismatch between the inorganic and organic layers,
consequently weakening the corresponding dielectric confinement effect in the QWSs structure
of the 2D perovskite.

In addition to the influence of &, aromatic intercalated cations also increase the crystal
rigidity of 2D perovskites and reduce the electron-phonon coupling to achieve enhanced charge
carrier mobility. Ghosh et al. investigated the root mean square fluctuations (RMSF) of
different intercalated cations (Figure 9b).*?%l |t could be observed that BA-based 2D
perovskite exhibited the most significant structural volatility in terms of Pb, | atoms, and
intercalated cations, while PEA-based was significantly more stable. This was because the n-n
interactions between aromatic rings in PEA-based significantly enhanced the structural rigidity
of the organic layer, thereby restraining their thermal motion and minimizing the thermal
motion of | atoms in the inorganic layer. The histogram of instantaneous non-adiabatic coupling
constants (NAC) was used to reflect the degree of nonradiative recombination in 2D perovskites.
NAC could quantify the scattering strength of the recombined charges, and higher NAC values
corresponded to more nonradiative recombination. The strength of NAC depended on the
degree of wavefunction overlap. A more substantial wavefunction overlap led to higher phonon
velocity and larger NAC values. In the case of 2D perovskites, where the VBM and CBM were
confined within the inorganic framework, thermal fluctuations at the Pb and I sites directly
influenced the fluctuation of wavefunction overlap. Therefore, the higher structural fluctuations
at the Pb-1 sites in (BA)2Pbls resulted in a frequent occurrence of higher NAC values.
Furthermore, in (3AMP)Pbls, the more delocalized charge density at the band edges indicated

a weaker overlap between the VBM and CBM. Specifically, the shorter axial distance to the |
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atoms created a unique pathway for charge delocalization from the VBM, weakening the
wavefunction overlap and resulting in smaller NAC values and reduced nonradiative
recombination.

Liu et al. compared 2D perovskites with different alkyl chains, alkyl rings, and aromatic
group intercalated cations, each possessing low, medium, and high rigidity, respectively.[*14al
Among them, the (CyDMA)Pbls and (PhDMA)Pbl4 with stronger rigid cations exhibited better
structural stability and reduced inorganic layer distortion (Figure 9c). This could be attributed
to the appropriate rigidity of the intercalated cations, which support the inorganic layer
framework and mitigate distortion. Furthermore, the moderately rigid (CyDMA)PbI4
demonstrated greater flexibility in adjusting its structure to accommodate the inorganic
framework, resulting in minor lattice strain, reduced Pb-I-Pb bond angle distortion, and a
smaller bandgap. In addition to the rigidity of the intercalated cations, the Pb-I-Pb bond angle
was also influenced by hydrogen bonding sites. In these 2D perovskites, three hydrogen bonds
were formed between the amino group and the inorganic layer. Two of these bonds were
between H and terminal | atoms, while the third was between H and bridging | atoms. The
second hydrogen bond was formed in the moderately and highly rigid CyDMAZ?* and PhDMA?*
cations with bridging I adjacent to terminal 1. In contrast, HDA2* formed a hydrogen bond with
the bridging I in the opposite direction. This led to a more pronounced distortion of the [Pblg]*
octahedra and greater Pb-1-Pb bond angle distortion.

The choice of intercalated cations significantly influences the electronic band structure of
perovskite materials. Typically, when non-conjugated alkyl compounds are employed as
intercalated cations, their frontier molecular orbitals (MOs) lie away from CBM and VBM of
the perovskite inorganic layer, forming a type | heterojunction interface between the interlayer
and inorganic layer. Charge separation/recombination and transfer processes occur exclusively
within the inorganic layer framework. In contrast, utilizing intercalated cations with aromatic
or other unsaturated structures possessing w-conjugation results in an evolution of the energy
level alignment between the interlayer MOs and the band edges of the inorganic layer,
depending on the degree of m-conjugation of the intercalated cations. Dai et al. investigated
how the polarizability or conjugation length of the intercalated cations influences the
hybridization of wave functions and electron coupling between the interlayer MOs and the band
edges of the inorganic layer.[*?2°1 The band structures, computed using HSE+SOC calculations,
revealed that as the degree of conjugation increases, HOMO/LUMO of the interlayer lying
progressively lower/ higher in energy than the VBM/CBM of the inorganic layer and
approaching closer to them (Figure 9d). In contrast, the highly conjugated PenDM displayed
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HOMO and LUMO levels positioned above and below the VBM and CBM of the perovskite
inorganic layer, resulting in a smaller bandgap.

In summary, dielectric confinement and structural design freedom are constrained by
properties typically associated with conjugated ring organic cations. Additionally, the ability to
induce intentional organic and inorganic lattice band mixing may be a worthwhile tradeoff for
lowering the bandgap of 2D perovskites while also improving anisotropic carrier transport.

4.1.3. Carbon Chain Length and Branched Chains

From a molecular design perspective, the carbon chain length of the spacer cation and the
presence of branched chains can alter its spatial effects, thereby influencing the interlayer
spacing of the inorganic layers in 2D perovskites and the orientation and phase distribution of
the thin films. The primary result of increasing carbon chain length is increased distance
between inorganic sheets. This allows for the modulation of the material’s electronic band

structure and alters its charge transport properties and carrier generation yield.
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Figure 10. (a) Parallel and vertical orientation in 2D perovskite films. Reproduced with
permission.i** Copyright 2018, American Chemical Society. (b) Van der Waals forces and
film mass with organic spacer cation chain length trend plot and phase distribution in 2D
perovskite films. Reproduced with permission.” Copyright 2021, Elsevier. (c) Spaced cations
with different chain lengths correspond to the crystal structure of 2D perovskites. Reproduced
with permission.[?®® Copyright 2017, American Chemical Society. (d) Schematic illustration
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of crystal orientation, dimensionality, and phase distribution of 2D perovskite films.
Reproduced with permission.!?3®1 Copyright 2020, American Chemical Society. (e) Effect of
spacer cation chain length on Pb-Pb bond length quadratic elongation ({(A)) and bond angle
variance () of Pb-1-Pb bonds. Reproduced under terms of the CC-BY license.[?*®! Copyright
2023, Xudong Yang et al., published by John Wiley and Sons. (f) Schematic variation of the
average equatorial angles and the interlayer spacing for branched and straight-chain amines
with the value of n. Reproduced under terms of the CC-BY license.[* Copyright 2020, Justin
M. Hoffman et al., published by Royal Society of Chemistry.

In 2018, Li et al. investigated the impact of interlayer cations with different carbon chain
lengths on the orientation of perovskite thin films.[!*°! Figure 10a illustrates two orientations
within the 2D perovskite thin films: parallel and vertical. The overall transport performance of
the device was determined by the charge transport within the inorganic layer due to the
insulation property of the spacing cation layer. Therefore, perovskite thin films grown vertically
to the substrate are more favorable for enhancing the optoelectronic properties of the devices.
The orientation of the 2D perovskite thin films in the same series is primarily influenced by the
chain length of the spacing cations. Increasing the carbon chain length of the spacing cations
within a certain range leads to gradual improvements in the film’s orientation and crystallinity,
with a preference for the inorganic layer to arrange vertically relative to the substrate. This plays
a crucial role in enhancing the optoelectronic performance of 2D perovskites by allowing
effective charge transfer through the conductive inorganic layer without hindrance from the
insulating organic layer.

The chain length of interlayer cations also impacts the crystalline quality of 2D perovskite
films, thus influencing the optoelectronic performance of devices. Wu et al. demonstrated
through DFT calculations that an increase in chain length enhances the van der Waals forces
between interlayer cations, significantly promoting the aggregation of perovskite precursors
and improving the crystalline quality of the 2D RP perovskite films (Figure 10b).7 This also
accelerated the growth of 3D-like components, promoted phase separation, and led to the
overall thickening of the perovskite film. Among this series of 2D perovskites, the AA-based
(pentylamine) 2D perovskite demonstrated the best crystal orientation. This was attributed to
AA-based having the most suitable molecular interactions and optimal precursor aggregation,
facilitating the reduction of parallel orientations, thus enabling more efficient charge transfer
across different n-value components. Additionally, compared to perovskites with BA*, HA,
and PA" as interlayer cations, the AA-based perovskite film exhibited a higher &. This

improvement in crystal orientation led to a more favorable alignment of dipoles along the
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vertical direction, resulting in an increased macroscopic &r Of the perovskite film. The increase
in & reduced the dielectric confinement of the 2D RP perovskite and facilitated the generation
of free charge carriers, thereby enhancing the optoelectronic performance of the perovskite.

Paritmongkol et al. discovered that within the interlayer of 2D perovskites, a specific
interaction existed between different organic interlayer cations.!?*!l This interaction induced
stress within the layers, which can be transmitted to the inorganic layer through the carbon
chains of the interlayer molecules, resulting in distortion of the inorganic octahedra. As the
length of the organic interlayer increases, the stress was absorbed more by the longer carbon
chains, leading to a reduction in stress transmitted to the [Pbls]* octahedra. Gan et al. found
that when the organic interlayer cation is benzylamine or its derivatives, the crystal structure of
the 2D perovskite undergoes a reorganization with increasing chain length of the interlayer
cation, resulting in additional quantum confinement (Figure 10c).[?%1 In 2D perovskites with
short-chain interlayer cations, the inorganic layer was predominantly composed of corner-
sharing octahedra. However, for 2D perovskites with long-chain interlayer cations, the
inorganic layer contained corner-sharing and face-sharing octahedra. Face-sharing octahedra
induced additional constraint effects, leading to significant changes in the band structure.

The length of the carbon chain in the spacer cations affects the orientation properties of
the perovskite films and their phase distribution. In 2020, Li et al. examined the impact of chain
length on the crystal orientation and phase distribution of 2D tin-based perovskite films.[?% As
depicted in Figure 10d, with increasing carbon chain length of the spacer cations, the
distribution of high n-value phases shifted from the top to the bottom of the film, which
hindered exciton dissociation and increased energy losses between different phases.

Zeng et al. investigated the influence of interlayer cations with different chain lengths on
lattice distortion in perovskite crystals, where the carbon chain length of the interlayer cations
ranged from butylammonium (BA®) to octylammonium (OA*).4 In Figure 10e, the 2D
perovskite with hexylaminium (HA") as the interlayer cation exhibited the smallest average Pb-
Pb bond elongation rate (<\>) and Pb-1-Pb bond angle variance (c?), indicating the minor lattice
distortion. This could be attributed to the staggered arrangement of interlayer cations exerting
shear forces on the octahedral Pb-1 framework within the interlayer, which leads to varying
degrees of lattice distortion in the inorganic layer. However, HA™ with an appropriate chain
length weakened these shear forces, suppressing lattice distortion. Hoffman et al. compared the
structural and performance differences of 2D perovskites with straight-chain alkylammonium
cations and branched alkylammonium cations as spacer cations (Figure 10f).>*l Compared to

branched alkylammonium cations, the 2D perovskite structure prepared with straight-chain
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alkylammonium cations exhibited greater distortion at higher n values. Spacer cations with
branched chains had larger equatorial Pb-1-Pb bond angles. This can be attributed to introducing
branches that provide larger steric hindrance, making it more difficult for the spacer cations to
distort the inorganic layers. Less distortion in the inorganic layer framework contributed to
better optoelectronic performance. Additionally, introducing branching in the organic cations
increased the spacing distance between inorganic layers to accommodate larger organic cation
sterics.

In summary, the vast molecular design space of the organic cation (sterics, heteroatom
incorporation, valency, degree of conjugation, etc.) enables a profound degree of tailoring 2D
perovskite optoelectronic properties. Due to the diverse range of interlayer cation species,
elucidating their complex influence mechanisms on 2D perovskites is crucial. Taking the chain
length analyzed in this section as an example, for alkyl chain-type interlayer cations, an
appropriate increase in chain length helps improve the crystallinity and orientation of the film,
alleviating the stress of organic layers on the inorganic framework. However, the increase in
chain length typically leads to an increase in the interlayer spacing of the inorganic layers,
inhibiting the out-of-plane charge transport of 2D perovskites. Therefore, to clarify this
complex mechanism, future researchers should investigate all the nuances the organic layer
length and impacts on the inorganic layer can have, with the specific goal of understanding

carrier transport effects.

4.2. B-Site Metal Cations

Pb exhibits the broadest range of applications in perovskite materials compared to Sn and
Ge. This can be attributed to the larger atomic radius of lead, which facilitates superior lattice
matching and stability, thereby minimizing lattice defects and distortions. Furthermore, tin and
germanium possess relatively poorer stability in their oxidized states than lead, making them
prone to oxidation reactions that compromise the long-term stability of perovskite materials.
Nevertheless, the environmental and health hazards of lead cannot be overlooked. Hence,
research on lead-free or mixed-metal perovskite materials requires increased effort to balance

performance and environmental considerations.
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Figure 11. (a) 3D perovskite crystal structure diagram of mixed metal ions, band gap, and
resistivity as a function of metal composition. Reproduced with permission.!?*2l Copyright 2014,
American Chemical Society. (b) Line graph of bandgap energy variation and projected density
of states (PDOS) of (HA)PbxSni—«ls and (BZA)2PbxSni«ls (x = 0, 0.25, 0.5, 0.75, 1).
Reproduced with permission.[*] Copyright 2016, American Chemical Society. (c) Band gap
energies with increasing values of x in (PEA)2Ge1-xSnxl4. (d) The calculated band structure and
DOS of (PEA).Gels (up) and (PEA).GeosSnosla (down). Reproduced with permission.243l
Copyright 2018, American Chemical Society. (e) The band structures and PDOS of
BA2Mo5Sno sl4 (M = Ge/Pb). Reproduced with permission.?*41 Copyright 2022, Elsevier.

Mixing metal ions at the B site in perovskites can alter their band structure. It can be
observed that introducing Sn into 3D Pb-based perovskites led to a reduced bandgap (Figure
11a).1%421 This change also provided a new avenue for 2D perovskites. Mao et al. incorporated
a certain proportion of Sn metal ions into 2D perovskite films with varying interlayer
cations.[*3" In the (HA)Pbl, and (BZA)2Pbl4 systems, the addition of Sn led to a reduction in
the bandgap (Figure 11b). However, this behavior deviated from the expected smooth
dependence on Vegard’s law. This strange phenomenon could be attributed to the antagonistic
effect of SOC, which arose from the alloying of heavier Pb atoms with lighter Sn atom’s

structural deformations induced by phase transitions.
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To further investigate the influence of metal Sn on 2D perovskites, Cheng et al.
synthesized 2D halide perovskites with mixed metal atoms (Ge and Sn), with Sn content
ranging from 0% to 50%.1%1 |t could be observed that the bandgap of the (PEA)2Ge1 xSnxla
system decreased gradually, following Vegard’s law, as the Sn content increased (Figure 11c).
Compared to (PEA).Gels, (PEA)2GeosSnosls exhibited greater dispersion at the top of the
valence band and the bottom of the conduction band, indicating a smaller bandgap and
improved carrier transport (Figure 11d). The LDOS exhibited the contribution of Sn, where in
(PEA),Gels, the Ge?* cations primarily contributed to the bottom of the conduction band. In
contrast, I" mainly contributes to the top of the valence band. The incorporation of Sn introduced
new Sn?*-derived valence and conduction bands, thereby significantly impacting the band
structure of the perovskite.

Wang et al. studied the electronic band structures of 2D perovskites with mixed metal
ions.?*] In the case of Ge-Sn mixed perovskites, the VBM was mainly composed of Ge 4p, Sn
5s, and | 5p orbitals, while the CBM was mainly composed of Ge 4p and Sn 5p orbitals, with a
minor contribution from | 5p orbitals (Figure 11e). Similar phenomena were observed in mixed
Sn-Pb perovskites. The metal cations and halide anions contributed to the VBM and CBM,
while the organic cations did not, which is consistent with typical 2D perovskites.

In summary, the electronic structure of perovskites can be adjusted by changing the
composition of metal cations, thereby improving their optoelectronic performance. Furthermore,
research on metal cations may be combined with studies on organic cations that exhibit orbital
hybridization between organic and inorganic layers. It could be a route to offset the SOC effects
of Pb-Sn compositions by compensating with structural offsets induced by the organic cation
design and additionally, using highly conjugated and potentially electron-rich or electron-poor
cations to push organic layer energies more into the same region as the VBM and CBM of the

inorganic layers warrants further exploration by researchers.

4.3. X-Site Halide lons

49



WILEY-VCH

@ () (€ —
L |r—aaxis 9. x=4 Exciton in 2D
Pl —a&— c-axis 2.0
= L 8.7500 z =36
g L 8.5000 < s ! g X
G L8.2500 £ /’V/_/ Rt 2D W
] = B (2
3 o § el i
2 L7.7500 g s ///\/
e o e s & ;
0 2 B: C6:| 8 10 u";.o 25 3.0 35 4.0 CI Br w I
10-x 7 'x Energy (eV) ; 3
CB -*
. E ¥ 1340 Pb (6p) &y increasing
2 S % *
Q Pb-1— 2D .| '
& 1300  PbBr-{ Ecy increasing
T : :
2 1 2.80 : :
8 Pb (6s) + 1 (5p) i
: 260 Pb (65) +Br (4p) t2Dincreasing
0 2 4 6 8 10 VB a 3
Br,,,Cl. : 1
— 4 N ‘—~~_/ \ T~ = ,-\4 < / Ne :;\' /| D 1 ’\4 LN / LT\ |
S 3 \/ T > 3 AN e \ 1 > 3l k/// \
J N/ TS T\ | 2
- \ -2 L 1 s> 2t
&) o 2
— o 5
5 i Ui
0 < R | L Ob—~—_1 1 = 0f i L
— =t e — | — i _>‘ii_ <\:,,T,>/ | _~T1

r ZU X ZTR SYT AOY I'B YC ZD EA AOY T B YC Z D EA
Figure 12. (a) Lattice changes and band gap trends of EA4PbsBrio-xClx (x =0, 2, 4, 6, 8, 9.5,
and 10). Reproduced with permission.l?*! Copyright 2017, American Chemical Society. (b)
Optical absorption spectra of (CeH1:NHz)2[PbBrasxlx] films and schematic energy levels of
orbitals in compounds. Reproduced with permission.[?¢ Copyright 2017, Elsevier. (c) Effect
of halogens on the &, Eb, and exciton lifetime of 2D perovskites. Reproduced with
permission.[*87°1 Copyright 2020, American Chemical Society. (d) DFT calculations of band
structures, from left to right: (3APr)Pbls, (3APr)PbBrs, and (3APr)PbCls. Reproduced with
permission.?*”l Copyright 2019, American Chemical Society.

Halogens play a crucial role in perovskite materials. Specifically, Br-and I contribute to
higher optical absorption coefficients and stability, although they have slower diffusion rates.
On the other hand, CI exhibits excellent charge transfer properties but lower light absorption
capacity. Furthermore, the ionic radii differences across the halide series significantly impact
perovskite materials through structural changes; altering their composition affects the tolerance
factor, leading to tetrahedral distortions that further influence the electronic structure of 2D
perovskites.

Single crystal x-ray diffraction studies have and continue to elucidate the complex
relationship between halide ions, the crystal structure, and the properties of 2D perovskites,

with continuous research focused on halide mixing. Mao et al. investigated the impact of halide
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composition on 2D perovskites by synthesizing EAsPbsBrio-<Clx, where EA™ served as both the
spacer and A-site cation.!?*] The difference in the lattice parameters, specifically the a- and c-
axes, increased as the CI” content increased. More specifically, an increase in the ClI content led
to greater lattice distortion and an increase in the bandgap of EA4PbsBrio-xClx. The larger ionic
radius of Br~ could explain this phenomenon compared to CI-, which enlarged the cavities in
the inorganic layers. These larger cavities could better accommodate the bulky EA™ cations,
reducing octahedral distortions and ultimately affecting the bandgap size. Moreover, compared
to the narrow blue light emission observed in EA4Pb3Brio, the distortion of the inorganic
framework also enabled EA4PbsClio to exhibit broad white light emission. This could be
understood through an amplified process of self-trapped excitons (STES). The highly distorted
Pb-X framework facilitated the generation of additional transient photoexcited STE states
arising from solid electron-phonon coupling.

Boukheddaden et al. explored the impact of I and Br content on 2D perovskites.[?*®! The
bandgap of different compositions of 2D perovskites decreased as the I~ content increased
(Figure 12b). In typical 2D perovskite crystals, the valence band is composed of a hybridization
of Pb 6s orbitals with Br 4p or | 5p orbitals. The extent of orbital hybridization between metals
and halogens largely influenced the electronic band structure of 2D perovskites. The decrease
in the bandgap could be explained by the higher energy level of the I 5p orbital compared to
the Br 4p orbital. As the content of I increased, the perovskite’s valence band structure changed,
with the hybridization of Pb 6s orbitals with | 5p and Br 4p orbitals. Furthermore, variations in
halogen content also altered the strength of hydrogen bonding interactions with the organic
layers. Hydrogen bonds that formed between organic ammonium cations and Br~ were shorter,
indicating stronger hydrogen bonding interactions. This difference led to greater octahedral
distortion, resulting in STE that shifts the photoluminescence effect towards white light
emission.

Chakraborty et al. investigated the influence of different halogen compositions on Ep. The
high-frequency & of the inorganic well layer (ew) and the organic barrier (eb) significantly
affected the exciton binding energy (Eex?P) in 2D perovskites.[*8”°] Any changes in the halogen
composition could alter sw, thus further impacting Eex?®. Li et al. studied the effect of three
halogens on the electronic band structure of 2D perovskites.!?*”) The trend in bandgap followed
Eg(l) < Eg(Br) < E4(Cl), indicating that the change from iodide to chloride reduces the VBM
while the CBM remains nearly unchanged, resulting in an increased bandgap (Figure 12d).
This was because halogen variation within the inorganic framework leads to different tolerances

for the same spaced cations. The Pb-I bond length was the longest among Pb-X, creating the
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most significant space to accommodate the cations. Additionally, iodide had the lowest
electronegativity and highest polarizability among the halides, resulting in weaker hydrogen
bonding with N-H and less electrostatic repulsions.

In summary, halide ionic radii, polarizability, electronegativity (and subsequent strength
of H-bonding), and orbital mixing with the B-site metal all contribute to the design of 2D
perovskites. I” with a larger radius, higher polarizability, and lower electronegativity, has more
significant advantages in adjusting the material's band structure and reducing the bandgap.
Furthermore, regarding the X-site component, previous studies have mainly focused on
controlling the influence of halides on excitons and band structures. There is an urgent need for
a thorough discussion of the charge transfer mechanisms influenced by halides. Specifically,
intentional comparisons are carried out for the same A-site and B-site compositions but with

different X-site compositions, and carrier dynamics have been measured.

4.4. A-Site Cations

The previous section mentioned the influence of interlayer cations in quasi-2D perovskites.
This section will illustrate the differences brought about by varying the thickness of inorganic
layers (values of n) and A-site cations. The thickness of the potential barrier determines the
carrier transport between inorganic layers in perovskite structures. However, insulating organic
spacers leads to a higher energy barrier in 2D perovskites, resulting in poor carrier transport
between the inorganic layers. By adjusting the content of A-site cations, it is possible to increase
values of n, thereby minimizing the influence of interlayer barriers. Moreover, increasing the
thickness of the inorganic layers effectively suppresses quantum confinement effects in 2D
perovskites, reducing exciton binding energies and facilitating carrier generation and

transport.[24€

4.4.1. Content of A-Site Cations (Inorganic Layer Thickness)
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Pb-1-Pb angle as a function of perovskite layer thickness (n) for different spaced cationic 2D
perovskite. Reproduced with permission.?**1 Copyright 2021, American Chemical Society. (c)
Comparative band energy diagram of perovskite. Reproduced with permission.! Copyright

2019, American Chemical Society. (d) Schematic representation of the change in the crystal
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structure of chalcocite with increasing PEA content. (e) The change of Effective charge-carrier
mobility (pp) and monomolecular recombination rate (ki) with increasing PEA content.
Reproduced under terms of the CC-BY license.l”®! Copyright 2016, Rebecca L. Milot et al.,
published by American Chemical Society.

Li et al. investigated the impact of inorganic layer thickness on the band structure of 2D
perovskites.!19] It was evident that the perovskite bandgap decreases significantly with
increasing inorganic layer thickness. As the value of "n" increased, the sub-bands gradually
expanded, widening the energy band range. This led to a reduction in quantum confinement and
a decrease in the bandgap. (Figure 13a). Vasileiadou et al. compared the structures and
properties of RP and DJ phase perovskites with different values of n and found that as n
increases, the trend of the equatorial Pb-1-Pb bond angle, directly related to the electronic band
structure, was towards an increase in both types of 2D perovskites.?**1 Furthermore, they
observed a decrease in the bandgap to a certain extent (Figure 13b). This indicates that
increasing the value of n can weaken the influence of interlayer organic spacers on the structure
of 2D perovskites. Similar findings were also reported by Spanopoulos et al.**¢ The bandgap
gradually decreases with the increase in n (Figure 13c). Moreover, as n increases, the exciton
peak gradually disappears. This phenomenon can be attributed to the diminishing quantum
confinement effects and enhanced vertical diffusion of electrons and holes with increasing
layers. As a result, the energy level structure of excitons becomes less defined. For ACI-phase
perovskites, augmenting the value of n also contributes to diminishing their bandgap, enhancing
charge collection efficiency, and ameliorating charge carrier transport properties. 2>

Does continuously increasing the number of inorganic layers improve the optoelectronic
performance of 2D perovskites? Milot et al. investigated the influence of the value of n on the
carrier mobility, charge dynamics, and diffusion length of thin films of 2D perovskites
(PEA2MA\-1Pbnlzn+1), where the value of n was determined by the content of the organic cation
PEA* (Figure 13e).l27® It could be observed that the overall trend of carrier mobility was to
decrease with increasing PEA™ content. However, the variation in charge carrier mobility was
not linear, and films containing 40% PEA" exhibited the lowest mobility. This phenomenon is
closely related to the process of single-molecule recombination (Figure 13f). The single-
molecule recombination rate is related to the presence of defects in the material, and a small
amount of PEA" can effectively passivate the defects in the perovskite, improving the film
quality and reducing the single-molecule recombination rate. However, as the PEA" content
increases, the quantum confinement effect increases due to dimensional reduction, increasing

Eb and the probability of exciton formation. This provides an additional pathway for single-
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molecule recombination. The change in film orientation during the rise in PEA" content also
affects carrier mobility. As the value of n decreases, the perovskite film transitions from a
random to a parallel orientation, significantly limiting carrier transport.

In summary, while increasing the content of A-site cations to enhance the benefits of
increased layer thickness is significant, it is also essential to consider the trade-offs between
perovskite orientation, defects, quantum confinement, and stability issues. The issue of uneven
phase distribution should also be considered, as discussed in the interlayer (A'-site) cations

section.

4.4.2. Types of A-Site Cations
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Figure 14. (a) Top view of 2D perovskite crystal structure with different compositions. (b) band
structure of (3AMP)(MA)Pb,Br7 and (3AMP)(FA)Pb2Br7. Reproduced with permission.[*24]
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Copyright 2020, American Chemical Society. (c) Possible formation of structures introducing
larger A-site cations into 3D perovskite. Reproduced with permission.[?*tl Copyright 2020,
American Chemical Society. (d) Schematic crystal structure and the histograms of Pb—I-Pb
angles of 2D perovskites. (e) GIWAXS patterns of (3AMP)(MA)sPbsliz (left) and
(3AMP)(MA.75F Ao 25)3Pbal1s (right) films. Reproduced with permission.[?521 Copyright 2019,
John Wiley and Sons.

As a reminder, A-site cations are differentiated from A'-site cations as cations that fulfill
the tolerance factor 0.8 <t < 1.0, such that A cations produce 3D structures and A" cations
produce lower dimensional structures. Guo et al. compared the structural and performance
differences in DJ phase 2D perovskites resulting from different A-site cations.[*24a Within the
same series of 2D perovskites, the average Pb-Br-Pb angle gradually increased with increasing
content of FA cations (Figure 14a). This phenomenon could be attributed to the larger volume
of FA cations in the octahedral cavities, inhibiting octahedral distortion. It was evident that FA-
based perovskites exhibited a more dispersed valence band than MA-based perovskites (Figure
14b). This was a result of the enlarged Pb-Br-Pb bond angles, which led to increased overlap
between the Pb s- and Br p-orbitals, thereby enhancing the interaction between bonding and
anti-bonding orbitals, broadening the valence band and elevating the energy level of the VBM.
The regulation of A-site cations has also been studied in ACI-phase perovskites. Compared to
MA-based and Cs-based ACI-phase perovskites, the introduction of FA* results in a different
crystal structure.?> As discussed earlier, perovskites' electronic band structure and charge
transport are closely related to their structure. Therefore, the performance modulation of ACI-
phase perovskites can also be achieved through the compositional design of A-site cations.

In contrast to the limited choice of A-site cations in 3D perovskites, 2D perovskites exhibit
higher tolerance towards A-site cations. Hautzinger et al. investigated the role of A-site cations
by selecting seven different A-site cations to synthesize 2D perovskites (Figure 14c).[254
Compared to FA™ and MA", larger cations such as EA" and DMA™ and the smallest cation, Cs+,
exhibited a significant increase in bandgap. This could be attributed to the larger A-site cations
compressing the inorganic layer, leading to distortion. In contrast, the smaller Cs* could not
fully support the octahedral cavities in the inorganic layer, causing the octahedra to tilt.
Comprehensive analysis suggested that appropriately sized FA™ and MA™ seemed to be the
"ideal" A-site cations within the lead iodide perovskite cage. Perovskites with appropriately
sized MA* and FA™ had longer carrier lifetimes, lower defect densities, and fewer non-radiative
recombination than other A-site cations. This was due to the stretching of the Pb-I bonds and

distortion of the Pb-1 network when the larger cations were introduced into the octahedral
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cavities, which enhanced electron-phonon coupling and made the perovskite more prone to non-
radiative recombination.

A-site cations impact the skeleton structure of perovskite and influence the crystallinity of
thin films. Zhou et al. investigated the effect of incorporating FA* on the crystallization
kinetics.1?>4 The results demonstrated that incorporating FA* helped reduce the non-radiative
recombination centers in the thin films, forming highly oriented and high-quality films.
Furthermore, Gao et al. first explored the advantages of 2D perovskites mixed with three A-
site cations (MA*, FA*, Cs*).l*9! Compared to traditional materials based solely on MA?*, the
2D perovskite films with the mixture of these three cations exhibited smoother and denser
surface morphology, larger grain size, and fewer grain boundaries. These characteristics
favored reducing defect sites, suppressing non-radiative recombination, and extending carrier
lifetime. To investigate the influence of FA* content on 2D perovskites more comprehensively,
Ke et al. introduced five different levels of FA* content (ranging from 0% to 30%).[521 At FA*
content of 25%, the corresponding 2D perovskite exhibited the narrowest bandgap and the
largest Pb-1-Pb bond angle. Additionally, the 2D perovskite film with a 25% FA™ content
demonstrates excellent <011> orientation and vertical growth on the substrate (Figure 14e),
significantly enhancing carrier transport properties.

In summary, although 2D perovskites offer a more comprehensive range of choices for A-
site cations, moderately sized MA™ and FA™ remain the preferred options. Specifically, the FA
cation contributes to film crystallization and reduces non-radiative recombination, among other
advantages. However, in mixed A-site cation 2D perovskites, the improvement in transport
performance is not directly proportional to the FA" content. Determining the optimal FA*

content remains a crucial step in optimizing charge transport.

5. Charge Transport in Halide Perovskites

The insufficient transport properties of 2D perovskite in the direction perpendicular to the
inorganic layers pose a significant challenge in this field. To address this issue, a solid
theoretical foundation is essential. This article systematically summarizes the influencing
factors and standard test methods of charge transport in 2D perovskites, demonstrating the role
of compositional tuning in enhancing the transport properties of 2D perovskites. Therefore, this
article also serves as a reference for establishing the fundamental theory of factors affecting the
transport properties of 2D perovskite for future researchers. Despite these merits, efforts toward
some intractable challenges remain to be emphasized as follows:

Thin films’ Phase purity. In practice, for 2D perovskites with n > 3, the films often consist
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of MQWs with varying n values. The 2D films with mixed n values may limit their efficiency
for different optoelectronic uses and also cloud the ability to fundamentally understand the
origins of observed carrier transport properties in thin films, especially in light of the diversity
of physical and chemical characteristics that can be accessed in 2D perovskite structures. This
will lead to another issue of customizing materials and structure design. Creating synthetic tools
and strategies to isolate pure-phase 2D perovskite structures and analyze the distribution of
various n values will advance the progress of 3D/2D perovskites and enhance the
comprehension of their optoelectronic characteristics for potential applications in other
optoelectronic domains. Until precise control over mixed n numbers can be proven in perovskite
single crystals or thin film samples, more mechanistic studies should be carried out with

simplified n = 1 compositions.

Charge transport in 2D perovskites. The crystalline growth mode has been demonstrated
to have a particular influence on the transport of 2D perovskites. Hence, it is imperative to
develop a unified crystal growth method and devise an in-situ detection technique for single-
crystal growth while simultaneously measuring charge carrier transport. These direct
measurements and their correlations should be combined with existing single-crystal databases
to gather single-crystal data and identify robust “rules” that describe structure-property
relationships with charge transport. Similarly, challenges exist in the characterization of
transport properties of polycrystalline thin films; different testing methods significantly impact
the transport characterization of thin films. Even for the same thin films, obtaining consistent
experimental results is challenging due to experimental conditions and device structure
variations.?® This uncertainty in summarizing the factors influencing the transport properties
of perovskite materials makes it challenging to derive general trends from different transport
testing methods, so broader surveys of sole source samples with sole source measurements
would benefit the field. Establishing a standardized testing method and unified criteria to
address this issue is crucial to facilitate comparisons between different studies. With access to
more extensive and higher quality structural datasets as well as standardized collections of high-
quality transport characterization techniques in databases, artificial intelligence and machine
learning approaches should expedite the complex parameter and variable space involved with
understanding the design principles that will unlock exceptional performance and material
stability in 2D and 2D/3D perovskites.

Only after addressing the shortcomings above in the field of 2D perovskites and obtaining

guiding synthetic principles can we further consolidate and expand their application value.
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In photovoltaic applications, 2D perovskites can serve not only as absorbing layers
themselves but also as capping layers on top of 3D perovskite absorbing layers or mixing
directly with 3D perovskites to form a composite absorbing layer (forming 2D/3D
heterojunctions).?° The latter serves as a strategy to mitigate the insufficient charge transport
in 2D perovskites (distinct from the regulation of 2D perovskite itself discussed in this review),
aiming to combine the excellent stability of 2D perovskites with the outstanding optoelectronic
properties of 3D perovskites.[?>”] Furthermore, combining the charge transport optimization of
2D perovskites discussed in this review with the 2D/3D heterojunction strategy would enhance
its effectiveness (prolonging carrier lifetimes, minimizing charge recombination, and
optimizing charge extraction).[25]

Apart from their use in the photovoltaic field, the inherent multiple QW structure of 2D
perovskites promotes the formation of excitons and reduces the likelihood of exciton
dissociation, making them effective luminescent materials.?*®! Additionally, the 2D/3D
heterojunction can also be applied to LEDs. The formation of heterojunctions enhances energy
cascading, induces energy transfer from the wide-bandgap region to the narrow-bandgap region,
suppresses free charge diffusion, enhances radiative recombination, and ultimately improves
the external quantum efficiency.[?®° The tunable optical bandgap and self-trapping states in
photodetectors make 2D perovskites highly promising for narrow-band light detection.[?6%
Moreover, the presence of interlayer cations gives 2D perovskites anisotropic in-plane/out-of-
plane conductivity. The minimal conductivity along the out-of-plane direction effectively
suppresses dark currents and improves the on-off ratio, enhancing device performance.[?6?

In conclusion, the numerous excellent properties of 2D perovskites provide them with
enormous potential in various application fields. Their inherent stability advantages open up
possibilities for practical device applications. Subsequent research should focus on optimizing

2D perovskites to fully exploit their advantages in multiple fields.
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properties of 2D perovskites from four key aspects. It then consolidates and compares the

standard transport testing methods for 2D perovskites, followed by exploring measures to
enhance charge transport properties from a compositional approach.
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