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With the advance of nanotechnology, the past couple of years have witnessed the fast development of
quasi two-dimensional (2D) halide perovskites, which exhibit outstanding long-term stability against
moisture and heat, compared with their three-dimensional (3D) counterparts. As one of the most
common structures in 2D halide perovskites, quasi-2D Dion—-Jacobson (DJ) perovskites show multiple-
quantum-well structures with n layers of [BXgl*~ octahedral inorganic sheets sandwiched by two layers
of diammonium spacers, thus exhibiting superior structural stability due to the elimination of van der
Waals gaps. Thanks to the achievement of high power conversion efficiency accompanied by impressive
stability, quasi-2D DJ perovskite solar cells (PSCs) have recently drawn extensive attention in the field.
This review first introduces the fundamental understanding of quasi-2D DJ halide perovskites, including
their superior stability, high exciton binding energy, and compositional flexibility and tunable properties.
We then summarize detailed strategies to prepare high-quality quasi-2D DJ perovskites for PSCs,
Received 31st May 2023, encompassing compositional engineering, solvent engineering, additive addition, and annealing
Accepted 8th September 2023 processes. Moreover, the surface/interface modification and 2D-3D hybrid perovskite heterojunction are
DOI: 10.1039/d3nh00209hn also discussed, for providing strategies to optimize the fabrication of quasi-2D DJ PSCs. Lastly, current
challenges and perspectives toward the future development of quasi-2D DJ perovskites for
rsc.li/nanoscale-horizons photovoltaics are outlined.

1. Introduction

Organic-inorganic halide perovskite nanocrystals have been

applied as light absorption sensitizers for dye-sensitized solar
“School of Materials Science and Engineering, Anhui Polytechnic University, Wuhu, cells since 2009.! From then on, perovskite light absorption
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carrier diffusion length and tunable bandgap.” The past decade
has witnessed a fast-growth period in power conversion efficiency
(PCE) for perovskite solar cells (PSCs), which has been boosted
from only 3.8%" to a certified 25.73%,® making them comparable
to commercial silicon solar cells’. Among the efficient PSCs,
typical three-dimensional (3D) organic-inorganic halide PSCs
are the bellwether that usually breaks the PSC efficiency
record.®'® However, the inferior stability of traditional 3D per-
ovskites hinders them from realizing large-scale applications.

In particular, 3D perovskites have the formula ABXj;, where
the structures comprise corner-shared [BXg]'~ octahedra with
an A" cation that occupies the voids (shown in Fig. 1a)."" In the
structure of ABXj, the A site is CH;NH;" (MA"), NH,CHNH,"
(FA") or Cs*, while the B site is Pb>* or Sn**, and the X site is a
halide anion such as I", Br~ or Cl". MAPbI; perovskites are
sensitive to high temperature and humidity, under which the
perovskites should degrade into CH;NH,, HI and Pbl,."””™** For
FAPDbI; perovskites, the photoactive a-FAPbI; phase easily trans-
forms into an undesired 8-FAPbI; phase.*'® Moreover, even all-
inorganic CsPbl; perovskites with superior thermal stability exhi-
bit phase instability in a humid environment."”*® To address
these issues, bulkier hydrophobic organic cations are introduced
to partly substitute the small and hygroscopic organic cations for
the formation of two-dimensional (2D) perovskites (including
2D or quasi-2D perovskites) with enhanced stability (Fig. 1a).>*>*
The 2D perovskites are conceptually achieved by cutting along
the (100), (110), or (111} crystallographic directions of the 3D
perovskite structures (Fig. 1b).>>?® Among the 2D perovskites,
the (100)-oriented perovskites are mostly employed,'’ since
there are a larger pool of organic cations that can be used to
form the (100)-oriented perovskites. As for (110)-oriented var-
iants, they are intrinsically distorted and unstable, which often
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leads to the formation of self-trapped excitons. The (111)-
oriented perovskites are metal-site deficient and hard to stabi-
lize, so that only a couple of examples of these structures
exist.”” By introducing different types of organic amines,
(100)-oriented layered hybrid perovskites can be mainly divided
into three types, which involve a Ruddlesden-Popper (RP)
phase,”*”' Dion-Jacobson (DJ) phase**™ and an alternating
cation in the interlayer space (ACI) phase®*™® (Fig. 1c). The full
names and abbreviations of organic spacer cations mentioned
in this review are listed in Table 1.

Generally, the quasi-2D RP and D] phase perovskites can be
expressed as (A'),(A),_1B,Xsn+1, Where A’ represents monova-
lent cations for the RP phase (m = 2) or divalent cations for the
DJ phase (m = 1) and n represents the number of inorganic
layers. While for quasi-2D ACI phase perovskites, the formula is
A’(A),,B,X3,+1, where A’ is a guanidinium (GA") cation. The D]
phase perovskite is focused on in this review. DJ PSCs evolved
recently in 2018 when 3-(aminomethyl)piperidinium (3AMP*")
and 4-(aminomethyl)piperidinium (4AMP*") cation based DJ
PSCs were reported, though an efficiency of only 7.32% was
obtained.*® However, a significant rise in efficiency from 7.32%
to 18.82% for DJ perovskite PSCs was witnessed within a few
years.>” Typically, van der Waals gaps exist in quasi-2D RP
perovskites, while the neighboring inorganic slabs are bridged
by diammonium spacers in quasi-2D D] perovskites without
these gaps.*® Thus, compared to RP perovskites, DJ perovskites
usually show superiority in stability and charge transport.
Moreover, it was reported that a 1D phase forms on exposure
of a DJ perovskite precursor to humidity, and the hydration
process is partly reversible by annealing, which implies the
potential possibility for regaining performance loss in 3D/2D
architectures.*

Though some reviews on the progress of RP perovskites have
been reported, the related advances on DJ PSCs are rarely
reviewed. Herein, we focus on DJ phase perovskites and PSCs.
We first introduce the fundamental understanding of DJ halide
perovskites, covering their superior stability, high exciton bind-
ing energy (E},), as well as compositional flexibility and tunable
properties. Then, detailed strategies for preparing high-quality
quasi-2D DJ perovskite films are summarized, encompassing
compositional engineering, solvent engineering, additives
addition, and annealing processes. In addition, surface/inter-
face modification and the 2D-3D hybrid perovskite heterojunc-
tion are also discussed, which provide promising strategies to
optimize the fabrication technique for DJ PSCs. Finally, we
highlight the existing challenges and summarize perspectives
on the future development of quasi-2D DJ perovskites for
photovoltaics.

2. Fundamental understanding of DJ
halide perovskites
2.1 Superior stability

2D DJ perovskite crystals are multiple-quantum-well (MQW)
structures in which n layers of [BXe]*~ octahedral inorganic
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derivation of three kinds of layered perovskites with an inserted spacer
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(a) Schematics of 2D, quasi-2D and 3D perovskite structures. Reproduced with permission from ref. 23. Copyright 2022 Elsevier. (b) Structure

cation along the (100), (110), and (111) directions of the 3D perovskites.

Reproduced with permission from ref. 26. Copyright 2021 Wiley-VCH. (c) Crystal structures of RP, DJ, and ACI phase quasi-2D perovskites. Reproduced

with permission from ref. 23. Copyright 2022 Elsevier.

slabs are sandwiched by two layers of diammonium spacers.
Specifically, the inorganic layers act as ‘“wells”, whereas the
organic spacers act as “barriers”*°™** (Fig. 2a). Owing to the
inclusion of a single divalent cation, DJ halide perovskites
exhibit a (0, 0) shift with large cations, where one layer is stacked
strictly on top of the others,***%*3 different to 2D RP halide
perovskites (Fig. 2b). However, dividing most structures into DJ
or RP phases is unquantifiable. Recently, a layer shift factor (LSF)
was introduced by Tarasov et al. for univocal classification and
quantitative comparison of layered hybrid halide perovskites.
They revealed that the different LSF values correspond to the
existence of different conformations of interlayer cations, which
correlates with the penetration level of organic cations into
inorganic layers.** In general, the outstanding stability of 2D

1630 | Nanoscale Horiz., 2023, 8, 1628-1651

DJ perovskites can be mainly ascribed to their high formation
energy, suppressed ion migration, and high hydrophobicity.
The organic spacer plays a crucial role in stabilizing the
crystal lattice. The ionic and covalent bonds, along with inter-
molecular forces, contribute to the high stability of quasi-2D
perovskites. Thus, a higher energy is required to interrupt the
interaction between large spacer cations in 2D perovskites than
the MA" cations in 3D analogs (Fig. 3a).*> Besides, as studied
by density functional theory (DFT), Sargent et al. clarified that
the formation energy of quasi-2D perovskites decreases as
the n values increase. Additionally, quasi-2D DJ perovskites
with various organic spacers show different formation energies.
For instance, Wei and co-workers reported that (4AEPy)Pbl,
(4AEPy™", 4-(2-aminoethyl)pyridinium) presents a higher formation

This journal is © The Royal Society of Chemistry 2023
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Table 1 The full names and abbreviations of organic spacer cations

Full name Abbreviation
3-(Aminomethyl)piperidinium 3AMP>*
4-(Aminomethyl)piperidinium 4AMP**
4-(2-Aminoethyl)pyridinium 4AEPY*"
1,4-Butanediammonium BDA*"
1,6-Hexamethylenediammonium HDA>"
1,8-Octanediammonium ODA*"
1,3-Propane-diammonium PDA**
1,5-Pentamethylenediammonium PeDA*"
1,4-Phenylenedimethanammonium PDMA>*

Butylammonium BA"

1,4-Benzenedimethanamonium BzDA**
3-(Aminomethyl)pyridinium 3AMPY**
4-(Aminomethyl)pyridinium 4AMPY**
2,2'-Disulfanediylbis(ethan-1-ammonium) DSDEA**
2,3,5,6-Tetrafluoro-1,4-benzenedimethanammonium TFBDA*
2,3,5,6-Tetrafluoro-1,4-phenylenedimethanammonium ~ 4F-PDMA*"
Bithiophene dimethylammonium BThDMA>*
trans-1,4-Cyclohexanediammonium CHDA*
2,5-Thiophenedimethylammonium ThDMA>"
Thieno[3,2-b]thiophene-2,5-diyldimethanaminium TTDMA>"
N,N-Dimethyl-1,3-propanediammonium DMePDA*
p-Xylylene diammonium XDA>*
p-Phenylenediammonium PPD*
p-Xylylenediammonium PXD*"
Phenylenediethylammonium PEDA™"

energy than (BDA)Pbl, (BDA®', 1,4-butanediamonium) and
(HDA)PbL, (HDA*, 1,6-hexamethylenediammonium), which
could benefit the stability of the devices.*®

(a)

Pb?*
(b) Dion-Jacobson
CsBa,Ta;0;0  (3AMP)(MA),Pbyly,
be oc £
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Recent studies have revealed that ion migration (MA", Pb*",
I") plays a significant role in the hysteresis and degradation in
hybrid perovskite materials, and thus influences the long-term
stability of PSCs.””*° An appreciable number of ions should
move along the field direction under an electric or light field,
creating vacancies/excess defects that act as charge recombina-
tion centers in perovskite films. However, the aforementioned
organic spacer ‘barriers” in 2D perovskites can limit the
ion migration to a specific space, which ultimately enhances
the stability and suppresses the hysteretic effect,’*> as demon-
strated in Fig. 3b. Li and co-workers deposited a 1,8-
octanediammonium (ODA**) based quasi-2D DJ perovskite on
a 3D perovskite to construct 2D-3D PSCs. The devices exhibited
decreased hysteresis, which was attributed to the suppressed ion
migration, as well as the enhanced charge transport between
active layer and hole transport layer (HTL).>® Liu and co-workers
synthesized a 2D BDAPb], single crystal and reported a reduced
ion migration for BDAPbI, compared to MAPbI;, which was
mainly ascribed to the strong hydrogen bonds between the
organic cations and inorganic slabs in BDAPbI,. The low defect
density and weak ion migration were reported to contribute to
the superior detection performance of BDAPbI,.>*

The hydrophobicity of large spacer cations such as organic
aromatic or aliphatic alkyl ammonium in layered perovskites
protects the perovskite lattice from moisture (Fig. 3c).>> How-
ever, large organic cations with inferior electrical conductivity

VB
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Fig. 2 (a) Structures of lead halide perovskites exhibiting dimensional tunability and serving as natural quantum well systems for the 2D structure.
Reproduced with permission from ref. 42. Copyright 2019 Elsevier. (b) Comparison of the DJ and RP phases of oxide and halide perovskites. Reproduced

with permission from ref. 33. Copyright 2018 American Chemical Society.
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Fig. 3 (a) The relevance of formation energy, stability and n values of quasi-2D perovskites. Reproduced with permission from ref. 45. Copyright 2016
American Chemical Society. (b) Suppressed ion migration by organic spacer “barriers” in 2D perovskites. Reproduced with permission from ref. 51 and 52.
Copyright 2017, 2018 American Chemical Society. (c) Incorporated long organic cations in perovskite crystal functioning as a blocking layer against
moisture and oxygen. Reproduced with permission from ref. 55. Copyright 2018 Wiley-VCH.

isolate the conductive inorganic layers, leading to quantum con-
finement effects. Therefore, the length of spacers is expected to be
not too long to guarantee the electrical performance. For instance,
Lee et al. found that the quantum confinement no longer domi-
nated in quasi-2D perovskites after replacing the large monoam-
monium organic cation butylammonium (BA") with the small
diammonium organic cation 1,3-propane-diammonium (PDA*"),
since this reduced the distance between inorganic frameworks
and led to considerable enhancement in charge transport. The
efficiency of encapsulated PDA-based quasi-2D PSCs still retained
90% of the original efficiency after 1000 h.** Furthermore, quasi-
2D perovskites based on organic cations such as BDA*"*® 1,5-
pentamethylenediammonium (PeDA>"),>” 3AMP**,*° 1,4-phenyl-
enedimethanammonium (PDMA>"),*® etc., were also investigated,
which showed impressive moisture stability and/or thermal stability.

2.2 High exciton binding energy

The hybrid structure causes quantum confinement within inor-
ganic layers and exhibits a quantum well (QW) structure.*> The
organic dielectric spacers and inorganic slabs in 2D perovskites
serve as “barriers” and “wells”, respectively. The exciton confine-
ment of 2D perovskites will be intensified by the organic spacer
barrier, ultimately leading to a high E,.>*°° Theoretically, the E;, of
inorganic semiconductor quantum wells in a low-dimensional

perovskite is calculated using the following equations:®">

) \2
E.=—) E 1
b (a — 1) b,3D 6]

Evap = (é) 2 (r:;)x) Ry (2)

where Ey, ;p is the exciton energy of the bulk system, o is the
dimensionality of the system, my, is the free electron mass, ¢, is the

1632 | Nanoscale Horiz., 2023, 8,1628-1651

dielectric constant of the inorganic layer, and R, is the Rydberg
constant. The m., (reduced exciton mass) can be obtained from:

11\
Mex = (7 + 7) (3)
me My
where m. is the mass of the electron and my, is the mass of the
hole. Moreover, owing to the difference in the dielectric constant
between the organic barrier and inorganic layer, the dielectric

confinement should be taken into account, which yields the
following expression:*

R}’
2
a—3
N
(v+)
where N=1, 2, 3, ... The value of o was elaborated to study the 1 s

exciton bound state energy variation as a function of QW thick-
ness in multilayered perovskites:**

Ep = (4)

0=3— ,ye*Lw/leB (5)
where ag is the Bohr radius and L, is the QW thickness. y is an
empirical factor that is introduced to better account for the
dielectric confinement effect.

In quasi-2D perovskites, the dielectric constants of organic
cations are smaller than those of inorganic slabs, which further
increases the Ep. The E, is 5-60 meV for 3D perovskites, while
that for 2D perovskites is much higher, approximately 100-
500 meV.** The higher E,, values of 2D perovskites make them
suitable for photonic applications as efficient lasers,®>°® light-
emitting diodes,®”®® and photodetectors.®®”® However, a high
E}, value for 2D perovskites will hinder their practical exploita-
tion in light harvesters. Due to the fact that the quantum and
dielectric confinement increase while dimensions of the per-
ovskite crystal decrease, the 2D perovskites exhibit suboptimal

This journal is © The Royal Society of Chemistry 2023
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optoelectronic behavior compared to their 3D counterparts.
According to eqn (1)-(5), the E;, value can be regulated through
tuning the composition, as well as the n values.

Xu and co-workers found that a (BDA)PbI, perovskite has a
much lower E}, value (x~142 meV) than a (BA),Pbl, perovskite
(~435 meV). It was explained that the short ligand length
between inorganic frameworks in DJ phase perovskites contri-
butes to a stronger interlayer interaction of excitons than that
of RP phase perovskites (Fig. 4a).”* Additionally, a flat energy
landscape generally exists in D] perovskites, which is due to
their narrow thickness distribution of QWs, and thus contri-
butes to fast charge separation and extraction.”> Huang and co-
workers investigated various DJ phase perovskites with PDA>",
BDA”", PeDA”*, and HDA** organic ammonium cations, respec-
tively, discovering that the QW barrier thickness was affected by
the chain length of bulky organic spacers. They also found that
the QW thickness played a vital role in crystal orientation and
QW distribution of DJ phase perovskites. Compared to those
perovskites with PeDA and HDA organic spacers, PDA and BDA
based quasi-2D perovskites exhibit better orientation and more
uniform QW distribution, resulting in a longer carrier diffusion
length and higher charge mobility (Fig. 4b).”

A high Ej, value makes the photogenerated carriers generate
in the form of excitons instead of free electrons/holes in
quasi-2D perovskites. Therefore, the key point for achieving
high PCEs for quasi-2D PSCs is to aim at the physicochemical
distinction between organic spacers and inorganic frameworks.
Tailoring organic cations and regulating n values are
effective strategies to inhibit the dielectric and quantum con-
finement effects.

Ruddlesden popper Dion Jacobson
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2.3 Superior compositional flexibility and tunable properties

Quasi-2D DJ perovskites exhibit the structure (A")(A),_1B,Xzp+1,
where the n value is the inorganic framework layers in the
perovskite crystal structure. Investigation has manifested that
the properties of quasi-2D DJ perovskites are greatly related to
n values (Fig. 5a-d).>>*®”* Generally, the bandgaps of quasi-2D
DJ perovskites reduce when the n values increase. The for-
mation energy of quasi-2D DJ perovskites decreases as the n
value increases, indicating that low-dimensional perovskites
exhibit better stability compared to their high-dimensional
counterparts. The increase in n value for DJ perovskites results
in a redshift in absorbance and PL spectra (Fig. 5e). Also, the n
values have significant effects on the morphology and structure
of the perovskite films. Etgar et al. discovered that BzDA-based
(BzDA2+, 1,4-benzenedimethanamonium) DJ quasi-2D perovs-
kites show nonoriented platelet crystals when n = 1, whereas
those with higher n values exhibit dense and defined crystals.”®
Liang and co-workers reported that confined structures (show-
ing excitonic absorption peaks) were obtained in PDMA-based
perovskites with small n values, while nonconfined structures
were acquired in analogues with large n values. The quantum
confinement effect was suppressed for the nonconfined struc-
tures, which as a result led to efficient charge splitting and
charge transport (Fig. 5f and g).”®

Additionally, the selection of large organic cations, halogen
anions, and metal cations also have significant impacts on the
optoelectronic properties of D] perovskites. Kanatzidis et al
reported the first examples of 2D DJ hybrid perovskites with
3AMP>" and 4AMP** organic cations. They found that owing to
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(a) Structure diagram of RP and DJ phase quasi-2D perovskites and a schematic illustration of the exciton coupling effect of the MQW structure

for ligands with different lengths. Reproduced with permission from ref. 71. Copyright 2020 Wiley-VCH. (b) The QW structure of DJ perovskite films
based on different organic diammoniums. Reproduced with permission from ref. 73. Copyright 2019 Wiley-VCH.
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Fig. 5 (a) Optical images and (b) summary of bandgaps of 3AMP and 4AMP based quasi-2D perovskite crystals with different n values. Reproduced with

permission from ref. 33. Copyright 2018 American Chemical Society. (c) SEM images and (d) photographs of perovskite films based on different
(PDMA)FA,,_1Pb,l3,+1 compositions (n = 1-4). Reproduced with permission from ref. 58. Copyright 2019 American Chemical Society. (e) PL data and
photographs of BzDA based perovskite films with various n values. Reproduced with permission from ref. 75. Copyright 2019 American Chemical Society.
(f) Optical absorption and (g) TA spectra of perovskite films based on PDMAZ* organic cations. Reproduced with permission from ref. 76. Copyright 2019

Wiley-VCH.

the different position of the functional group for the organic
cations 3AMP>" and 4AMP**, the perovskites showed diverse
optical and electronic properties, which resulted in a smaller
bandgap and enhanced charge transport for 3AMP compared with
4AMP (Fig. 6a and b).* They also investigated the CH,NH;" group
position of the 4-(aminomethyl)pyridinium (4AMPY>") and 3-(ami-
nomethyl)pyridinium (3AMPY*") organic cations, discovering that
the rigidity of the cation was increased while the dielectric mis-
match was decreased for aromatic spacers, as compared to the
aliphatic cation AMP*". This showed a significant influence on the
structural and optical properties of the perovskites (Fig. 6¢c-€).”* It
was demonstrated that different chain lengths of bulky organic
ammonium spacers allowed the control of QW distribution.”
Substitution of MA with Cs in DJ perovskites for enhanced stability
has been investigated by several groups.”””® Li and co-workers
reported that a 5% Cs doped DJ quasi-2D perovskite presented
better crystallographic orientation and a higher carrier lifetime in
contrast to intrinsic ones (Fig. 6f-h).”® Furthermore, replacement
of Pb with Sn allows a suitable bandgap, a high carrier mobility,

1634 | Nanoscale Horiz., 2023, 8, 1628-1651

and a low Ey, for quasi-2D DJ perovskites. Research studies on Sn or
Sn/Pb based DJ phase perovskites with 3AMP,” 4-(aminomethyl)-
pyridinium (4AP*),*° and BDA®' organic spacers have also been
reported recently.

3. Methods for improving the quality
of DJ perovskite films
3.1 Compositional engineering

The molecular composition of D] perovskites has an important
impact on film formation. Thus, compositional engineering is a
facile and feasible approach to effectively regulate the film
quality of DJ perovskites through regulating n values, organic
spacer A-sites and B-site cations.

As previously mentioned, increasing the stacking number of
inorganic slabs in quasi-2D perovskites is an effective method to
weaken the dielectric confinement effect and broaden electronic
bands, which can ultimately decrease E}, and allow adjusting of

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 (a) Schematic diagram of axial and equatorial Pb—1-Pb angles for 3AMP and 4AMP based DJ perovskites. (b) Structures of (3AMP)(MA)Pb,l; and
(4AMP)(MA)Pb,l;. Reproduced with permission from ref. 33. Copyright 2018 American Chemical Society. (c) Distance between organic cations and
inorganic frameworks for (3AMPY)(MA)Pb.,l5. (d) Structures of (3AMPY)(MA)Pb,l; and (4AMPY)(MA)PDb,l5. (e) J-V results of 3AMPY, 4AMPY and 3AMP based
DJ PSCs. Reproduced with permission from ref. 74. Copyright 2019 American Chemical Society. (f) Energy band alignment and (g) XRD patterns
of (PDA)Cs,(MA)3_,Pbyliz films. (h) Stabilized PCE and Js. values of the champion (PDA)Csp 05(MA), 95Pbylis device. Reproduced with permission from

ref. 78. Copyright 2022 Elsevier.

the optoelectronic properties. In general, the average thickness
of inorganic slabs is decided by the layer numbers, which is
expressed by the n value. Thus, the n value is an important factor
that determines the optoelectrical properties of DJ phase quasi-
2D perovskites, which as a result influences the absorption and
conductivity/mobility, as well as the stability. Generally, as the
n values increase, the electronic bands broaden, and thus result
in weakened quantum confinement and a smaller bandgap.”**>
Changes in the color of DJ perovskites with various n values can
be observed, which usually appear yellow for n = 1, red for n = 2,
dark brown for n = 3, 4, and finally black when n = 00.?®”> The
absorption spectra of DJ perovskites typically display an exitonic
peak for a typical 2D phase, which gradually disappears as the
n value increases. In addition, apparent Stokes shifts can be
observed in the PL spectra for DJ perovskites with n > 2.>%7%7°
According to the research of Blancon et al., these peak shifts
were explained by the presence of “edge states” that feature in
layered 2D perovskite materials.*> Furthermore, DJ perovskite
films with different n values normally present diverse surface
morphology. Liang and co-workers discovered that PDMA-based
DJ perovskite films showed varied surface morphology from a
rough surface with disordered rod-shape crystal grains, to a plain
and dense surface, and to a surface with random and excessive
large grains, as the n values increased.”® So far, highly-efficient
DJ phase PSCs have been typically reported with n > 3.°%°7%*
The close interlayer distance in DJ phase quasi-2D perovs-
kites enables weak exciton confinement and efficient charge
separation/transfer. Up to now, many research studies have
focused on the design of a bulky molecular structure, so as to
enhance the interlayer coupling and optimize the optoelectronic
properties.*>*® DJ perovskites with different spacer cations for
PSC fabrication and their impacts on photovoltaic performance
are displayed in Table 2. The previous study primarily focused

This journal is © The Royal Society of Chemistry 2023

on dielectric constant, flexibility, and the functional group of
organic spacers, which have been supposed to play an important
role in affecting the kinetics and phase distribution.®””*® Due to
their simple chain structure, DJ phase perovskites with aliphatic
alkyl ammonium were reported first. Huang et al. synthesized DJ
perovskite films with different bulky organic chain lengths,
finding that PDA and BDA based quasi-2D perovskites showed
better orientation and more uniform QW distribution than those
with PeDA and HDA organic spacers (Fig. 7a).”> Moreover, the
longer exciton lifetime of PDA and BDA based films compared to
others allowed a smooth bandgap transition. Consequently, DJ
quasi-2D PSCs based on PDA and BDA showed high efficiencies
of 14.16% and 16.38%, respectively. Lee et al.** and Li et al.>®
discovered that DJ quasi-2D PSCs exhibited higher efficiency and
stability than RP phase analogs. It is speculated that disulfide
bonds could capture an electron and form a stable two-center
three-electron bond, which serves as a relay station for electron
transfer reactions.®® Accordingly, 2,2'-disulfanediylbis(ethan-1-
ammonium) (DSDEA>") with an S-S unit was used as an organic
cation in DJ quasi-2D perovskites, which was found to favor the
crystallinity, oriented growth, and charge transport of perovskite
films, as compared to the perovskite with HDA®>" used as the
organic spacer (Fig. 7b-d).%¢

Besides aliphatic chains, aliphatic rings have also been
applied in the organic cation. Kanatzidis et al. studied DJ
perovskites with 3AMP>" and 4AMP** organic cations, finding
that the position of the -CH,NH;" group indeed had an impact
on the crystal structure by forming different hydrogen-bonding
modes that resulted in the distortion of the Pb-I-Pb angle.
Compared to DJ perovskites with 4AMP>* organic cations, the
3AMP>" based films exhibited a narrower bandgap as well as
enhanced charge transport on account of their less distorted
structure.®® However, unlike the aliphatic cation, the delocalized
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Table 2 Summary of quasi-2D DJ perovskites and their solar cell performance
Organic cations D] perovskite (DJP) n  Bandgap (eV) Device configuration PCE (%)
PDA** (PDA)(MA),,_1Pb,I5,.** 2 196 ITO/PEDOT:PSS/DJP/Cgo/BCP/Ag 3.8
3 — 9.0
4 1.63 13.0
(PDA)(MA),,_1Pb, 15,1 1 246 FTO/TiO,/DJP/spiro-OMeTAD/Au 0.3
2 1.77 1.27
3 1.69 9.1
4  1.63 13.3
(PDA)(MA),Pb;l;,%° 3 — ITO/PEDOT:PSS/DJP/PCBM/BCP/Cu 11.27
(PDA)(FA),,_1Pb, I3+, 2 1.94 ITO/SnO,/DJP/spiro-OMeTAD/Ag 2.45
3 1.81 8.45
4 175 13.8
BDA* BDAPbL,*® 5 237 FTO/TiO,/DJP/spiro-OMeTAD/Ag 1.08
BDAPbIL,”® 1 237 FTO/TiO,/DJP/spiro-OMeTAD/Au 1.10
(BDA)(MA),Pb;I,6'° 5 — ITO/PEDOT:PSS/DJP/PCBM/LiF/Ag 17.91
(BDA)(MA)4Pb.;Il6 5  — ITO/PEDOT:PSS/DJP/PCBM/LiF/Au 16.38
(BDA)(Cso.1FA,. 9)4Pb L 5 — FTO/cp-TiO,/mp-TiO,/DJP/Spiro-OMeTAD/Au  18.2
(BDA)(FA),Sn;l;, " 3 134 ITO/PEDOT:PSS/DJP/PCBM/Ag 6.43
(BDA)(MA),PbsX; ' 5 159 ITO/PTAA/DJP/PCBM/BCP/Ag 14.53
(BDA)(FA),Pbsl;_,Br, ' 5 159 ITO/SnO,/DJP/spiro-OMeTAD/Au 16.75
(BDA)o 5(PEA,)o. 2MA4Pb5X15“’4 1 1.63 ITO/PEDOT:PSS/DJP/PCBM/BCP/Au 17.21
(B A](MAO 07FA,. 93]4Pb L™ 5 — ITO/SnO,/Perovskite/Spiro-OMeTAD/Au 19.55
(BDA)(MA)Pb;sX,6°° 5  1.63 ITO/PTAA/DJP/Cg0/BCP/Ag 17.61
PeDA>" (PeDA)(MA),PbsX;6"> 5 1.65 ITO/PEDOT:PSS/PVK/PC60B/LiF/Al 12.95
(PeDA)(MA),PbsX;¢°” R — ITO/PTAA/DJP/Cg0/BCP/Ag 18.41
HDA* HDAPbI,”® 1 244 FTO/TiO,/DJP/spiro-OMeTAD/Ag 0.59
(HDA)(MA),Pbsl;¢"> 5  — ITO/PEDOT:PSS/PVK/PC60B/LiF/Al 10.55
PDMA* (PDMA)(FA),,_1Pb, I3, 1 242 FTO/TiO,/DJP/spiro-OMeTAD/Au 0.91
2 — 2.91
3 — 6.46
4 151 7.11
(PDMA)(MA);Pbgl;4”® 6 — ITO/PEDOT:PSS/DJP/PCBM/Bphen/Ag 10.86
(PDMA)(Cs.0sMAy. 1;FA0 8)oPb1o(Ip.03Bro07)31”> 10 — FTO/TiO,/DJP/spiro-OMeTAD/Au 15.60
(PDMA)(MA),Pb,I,;'%¢ 4 — FTO/TiO,/DJP/spiro-OMeTAD/Au 15.81
4F-PDMA>" (4F-PDMA)(MA);Pb,I, ;" 4 1.40 ITO/PEDOT:PSS/DJP/PCBM/BCP/Ag 17.37
3AMP** (3AMP)(MA);Pb,I;5*° " 4 157 FTO/PEDOT:PSS/DJP/C,/BCP/Ag 7.02
(3AMP)(MA, s5FA 15)3Pb,l;; 4 153 9.30
(3AMP)(MA0_75FA0,25)3Pb41132° 4 1.48 12.04
(3AMP)(MA, ,5FA 5)3PbsI;5'%® 4 — ITO/NiO,/PTAA/DJP/PCBM/BCP/Ag 18.67
(3AMP)(MA, ,5FA,. 25)3Pb4113 4 — ITO/PTAA/PFN-Br/DJP/PCBM/BCP/Ag 16.25
(3AMP)(MA),,_1Pb,I3,.,** 3 1.92 FTO/PEDOT:PSS/DJP/Cy0/BCP/Ag 2.02
4 187 7.32
4AMP** (4AMP)(MA),,_1Pb 15, 3 1.99 FTO/PEDOT:PSS/DJP/Cgo/BCP/Ag 3.67
4 1.89 4.24
(4AMP)(FA);Sn,I5'"° 4 147 FTO/TiO,/Zr0,/DJP/Carbon 4.22
(4AMP)(MA),Pb1;," " 3 — ITO/PEDOT:PSS/DJPe/PCBM/BCP/Al 18.3
SAMPYii (BAMPY)(MA)ng4I13’Z 4  1.85 FTO/PEDOT:PSS/DJP/C40/BCP/Ag 9.20
4AMPY (4AMPY)(MA);Pb,1, 5’ 4 1.89 5.69
ODA** ODAPbI,” 1 — FTO/TiO,/DJP/spiro-OMeTAD/Ag 2.55
CHDA? (CHDA)(MA);Pb,1,;'"? 4 — FTO/Sn0,/DJP/spiro-OMeTAD/Au 15.01
ThDMA?* (ThDMA)(MA),Pbs1;6'* 5  1.60 ITO/PEDOT:PSS/DJP/PCBM/BCP/Ag 15.75
TTDMA>* (TTDMA)(MA);Pb,1,5* 4 — ITO/PEDOT:PSS/DJP/PCBM/BCP/Ag 18.82

n electrons in the aromatic cation improved the dielectric
confinement and led to a smaller E,, which benefited the films
with superior carrier transport performance. Thus, Kanatzidis
et al. thereafter synthesized DJ perovskite films with 3AMPY>*
and 4AMPY”" organic cations, concluding that the replacement of
the aliphatic ring (AMP) by aromatic spacers led to the increased
rigidity of the cations, reduced interlayer spacing, and decreased
dielectric mismatch.”* Zheng et al. designed and synthesized a
new fluorinated diammonium cation (TFBDA®', 2,3,56-tetra-
fluoro-1,4-benzenedimethanammonium) for quasi-2D DJ PSCs
(Fig. 8a).”® The PL spectra and TRPL results indicated that the
TFBDA-based perovskite films possess lower trap density and
higher mobility, as compared to unfluorinated counterparts

1636 | Nanoscale Horiz., 2023, 8, 1628-1651

(Fig. 8b and c). The energy level alignments in Fig. 8d demonstrate
that the TFBDA-based perovskite is able to realize efficient elec-
tron transfer.

A multifluorinated aromatic spacer (4F—PDMA2+, 2,3,5,6-
tetrafluoro-1,4-phenylenedimethanammonium) was applied
for DJ quasi-2D perovskites by Liu and co-workers.®® The
chemical structure of PDMA®>" and 4F-PDMA are given in
Fig. 8e. They discovered that ascribed to the multiple nonco-
valent interactions, the 4F-PDMA based quasi-2D DJ perovskites
showed high dissociation energy, leading to the increased
structure stability of devices (Fig. 8f). The much higher stability
against moisture for perovskite films with 4F-PDMA organic
spacers than that for PDMA based films was attributed to their

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 (a) GIWAXS patterns of PDA?*, BDA?*, PeDA?*, and HDA?* based perovskite films. Reproduced with permission from ref. 73. Copyright 2019
Wiley-VCH. (b) GIWAXS patterns of HDA?* and DSDEA2* based perovskite films. (c) Energy band alignment and (d) J-V results of HDA%* and DSDEAZ*
based PSCs. Reproduced with permission from ref. 86. Copyright 2022 Elsevier.

improved hydrophobicity that was confirmed by contact angle
measurements (Fig. 8g and h). Eventually, the optimized
4F-PDMA based DJ PSC exhibited an efficiency of 16.62%, that
is, higher than those of devices using unfluorinated organic
spacers. Gritzel and co-workers explored the effects of humidity
on (PDMA)PbI, DJ perovskite composition. They found that
structural transformation of disrupting the layered perovskite
structure occurred when exposed to a humid environment and
that the hydration-induced process was partially reversible.*® They
also studied the role of spacer length for 1,4-phenylene-
diammonium (PPD*"), PDMA*", and 1,4-phenylenediethylammo-
nium (PEDA") based DJ perovskites and concluded that long alkyl

chains and bromide compositions could enhance the optical
properties and stability of the perovskites.”' Besides, they also
confirmed that compared to PDMA-based perovskites, perovskites
with perfluorinated PDMA*" cations presented enhanced stability
against moisture.’>

Bithiophene dimethylammonium (BThDMA®**) was also
applied in DJ quasi-2D perovskites.”® It was discovered that
compared to aliphatic ODA®" cation based perovskites, stronger
orbital interactions exist in BThDMA>" based perovskites,
which contribute to crystal growth and improved charge mobility.
Consequently, the optimal (BThDMA)MA,Pb;];¢ PSC showed an
excellent PCE of 18.1%. Moreover, it was found by Guo et al. that
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the rigidity of organic cations in 2D DJ perovskites could induce
co-adaptation of organic diammonium cations and inorganic
[PbIs]'" octahedra to stabilize the 2D structure. A cyclic 1,4-
cyclohexanedimethanammonium (CyDMA>") based 2D perovskite
was shown to exhibit better structural stability compared to
PDMA- and HDA-based 2D perovskites.®*

Moreover, 2D perovskite systems based on bifunctional
organic spacers are not guaranteed to form a DJ phase layered
structure, which can often form other lower-dimensional 1D
phases.”® For instance, Gritzel and co-workers discovered that
perovskites based on PDA exhibit a 1D structure instead of
forming a well-defined layered structure, whereas extending the
alkyl chains to PDMA and PDEA rendered them to more easily
form a layered structure.’® This was supposed to be ascribed to
the lack of flexibility and low penetration depth into the
neighboring slabs for the PDA spacer.

Additionally, tailoring the A-site or B-site cations of quasi-2D
DJ perovskites is another strategy to improve the properties of
perovskite films. Gritzel and co-workers reported FA contain-
ing quasi-2D DJ perovskites with the bifunctional organic
spacer PDMA>". The (PDMA)FA,Pb;l;, PSC achieved an effi-
ciency of >7% and exhibited outstanding stability after being
exposed to air for over two months.’® They also investigated
(PDMA)FA,,_;Pb,I3,.; (n = 1-3) DJ perovskites to reveal their

View Article Online
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underlying structural and photophysical properties. They dis-
covered that compositions with n > 2 were difficult to form
owing to the improved formation energy as the thickness of the
inorganic slabs increased. This research illustrates the high
photoconductivity and long carrier lifetime for the n > 2 phase
that is promising for photovoltaic applications."** A series of
(PDA)FA,,_,Pb,l3,., perovskite films synthesized by Chen et al.
showed higher thermal decomposition activation energy than
their MA-containing analogues. The (PDA)FA;Pb,I;; PSCs exhib-
ited high thermal stability and retained 86% of the original
efficiency after being stored at 85 °C for 1000 h (Fig. 9a and b).%”
Similar results were also reported by Xu et al., which showed that
the FA-based DJ films presented higher film quality and better
stability compared to MA-based ones (Fig. 9c and d).** The phase
segregation for the (BDA)FA,Pb;l,, perovskite was significantly
suppressed, indicating the improved humidity stability of the
FA-based films, as confirmed in Fig. 9e. The FA-based perovskite
device exhibited better photovoltaic properties than the MA-
based device (Fig. 9f). Moreover, Zhao et al. reported that
introducing an EDAPbI, (EDA, ethylenediamine) 2D DJ perovs-
kite into o-CsPbl; perovskites enabled their superior phase
stability and a highly reproducible efficiency of 11.8%.'" Jin
et al. embedded fluorinated aromatic cations in CsPbl; to form
DJ phase quasi-2D perovskites. They found that the fluorinated
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Fig. 9 (a) Photographs of MA-based and FA-based perovskite films at different intervals during thermal stress at 150 °C. (b) Thermal stability tests at
85 °C for MA- and FA-based PSCs. Reproduced with permission from ref. 97. Copyright 2020 Wiley-VCH. (c) Schematic of the crystal orientation for
(BDA)(MA),Pbslio (the top) and (BDA)(FA),Pbslip (the bottom) DJ perovskite films. (d) AFM images and (e) XRD patterns of (BDA)(MA),Pbsl;o and
(BDA)(FA),Pbslyo perovskite films. (f) J-V curves of champion (BDA)(FA),Pbslio and (BDA)(MA),Pbslio PSCs under AM1.5G illumination. Reproduced with

permission from ref. 85. Copyright 2023 Wiley-VCH.
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2-fluorobenzene-1,4-diamine  (F-PDA) based (F-PDA)Cs, ;-
Pb,13,+, exhibited a reduced Ep, and enhanced charge transfer
compared to the 1,4-diaminobenzene (PDA) based (PDA)Cs,_;-
Pb,ls,:+;. Eventually, a PCE of over 15% was achieved by
(F-PDA)Cs3Pb,l 3 PSCs with markedly improved stability than
their 3D counterparts.'®

The toxicity of Pb-based perovskites impedes their commer-
cialization.'”” Therefore, Sn or mixed Pb/Sn is commonly
employed to replace the B site of typical 2D DJ perovskites,
since Sn and Pb belong to the same group in the periodic table.
Moreover, the low E;, and high carrier mobility of Sn-based
perovskites make Sn an ideal substitute element for Pb.''®
However, Sn-based perovskites are fairly unstable when
exposed to water and oxygen, which impedes their further
development. Li and co-workers introduced a 4AP>" cation to
construct the 2D DJ perovskite 4APSnX,.%° They found that high
temperature was able to provide a charge transfer channel and
further enhance the charge transfer efficiency.

Furthermore, the structural and optoelectronic properties
can also be tuned through incorporating mixed A-site and/or A’-
cations. For instance, Kanatzidis et al. synthesized new 2D DJ
(3AMP),(4AMP), ,(FA),(MA), ,Pb,Br; perovskites, finding that
the fractions of 4AMP and FA had significant impacts on Pb-
Br-Pb angles, which thus affected the structural and optical
properties of the perovskites.'"?

When designing the compositions of DJ phase perovskites, it is
important to focus on the size, flexibility, dielectric constant, and
functional group of the organic spacers and the n values, which
have significant impacts on the crystallization kinetics and phase
distribution. Doping elements at the A-site and/or introducing
mixed cations at the B-site results in the achievement of the
desired optoelectronic properties through manipulating the crys-
tal structure, carrier dynamics, and stability.

3.2 Solvent control

Solvent engineering has become a crucial strategy to optimize
crystallization kinetics and film quality since it is able to control
the process of nucleation and crystallization."”® Generally,
organic spacers in a quasi-2D perovskite tend to be parallel to
substrates (out-of-plane orientation) through a self-assembly
formation process. A binary solvent of N,N-dimethylformamide
(DMF) and dimethyl sulfoxide (DMSO) has become a popular
solvent adopted in a precursor solution to prepare high-quality
RP phase quasi-2D perovskite films,"*'™** since it is able to
overcome the issue of downward vertical growth orientation.'**
Similarly, the binary solvent approach is also applied in the
synthesis of DJ phase perovskite films.**" %>

Kanatzidis et al. adopted a mixed solvent of DMF, DMSO,
and hydroiodic acid (HI) to synthesize 3AMP-based perovskite
films.?° Compared to perovskite films synthesized in pure DMF
solvent, those prepared in a mixed DMF/DMSO solvent exhibited
a smoother and more compact surface (Fig. 10a). In addition, the
addition of HI to the precursor solution contributed to higher
crystalline quality and preferred orientation (Fig. 10b), yielding
high reproducibility and enhanced performance for devices. Liu
et al. discovered that with the introduction of DMSO, ThDMA-

This journal is © The Royal Society of Chemistry 2023
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based (ThDMA**, 2,5-thiophenedimethylammonium) quasi-2D
perovskite films exhibited a larger grain size and reduced trap-
state density than those without DMSO (Fig. 10c and d).**?
Guo et al. demonstrated that solvent composition has significant
impacts on regulating the crystallization kinetics of DJ phase
perovskites."””> The XRD patterns of freshly coated films in
Fig. 10e exhibit three distinct diffraction peaks for films with
pure DMF and a binary DMF:DMSO solvent, suggesting the
formation of an intermediate phase. The XRD patterns of the
intermediate film with binary and ternary solvents show several
peaks at low angles, indicating the formation of a precursor
adduct, while that with only DMF exhibits only perovskite peaks.
The incorporation of 1-methyl-2-pyrrolidinone (NMP) into the
DMEF:DMSO binary solvent, namely an NMP-based ternary sol-
vent, slowed the crystallization rate due to the strong coordinat-
ing interaction with precursor ingredients, and resulted in
enhanced crystallinity (Fig. 10f). Ternary-solvent-based cham-
pion DJ PSCs exhibited a stabilized efficiency of 16.19%.

To further improve the film crystallinity, ion liquid methy-
lammonium acetate (MAAc), which is supposed to cooperate
with DMSO to jointly regulate the film quality of quasi-2D
perovskites, was also utilized as an effective solvent. Huang’s
group first prepared DJ phase perovskite films with MAAc
solvent and fabricated photovoltaic devices that reached a high
PCE of 16.38%.”® Zhou et al. studied the influence of MAAc
solvent on film formation and the trap states of a quasi-2D DJ
perovskite. They discovered that the nucleation process during
spin-coating was slowed with MAAc solvent (Fig. 11a). As
demonstrated in Fig. 11b, MAAc provided extra coordination,
and thus slowed the nucleation process of the films. Due to the
high viscosity of MAAc, the nucleation process and continuous
crystal growth was slowed down because of the slow rate of
solvent removal. The films prepared with MAAc exhibited
preferential orientation (Fig. 11c). Eventually, the PeDA-based
perovskite films presented out-of-plane oriented crystallization
and their devices achieved a high efficiency of 18.41%.°”
Furthermore, Li et al reported a simple and eco-friendly
method using ethyl acetate (EA) as an anti-solvent to synthesize
MA-free and DMePDA-based (DMePDA**, N,N-dimethyl-1,3-
propanediammonium) DJ perovskite films. Due to the rapid
extraction of solvents and interaction between Pb** and the
carbonyl group in the solvent, the perovskite films showed
homogeneous phase distribution and decreased surface defect
density. Finally, the champion PSC reached a high efficiency of
18.86%.%

Organic solvents such as DMF and DMSO enable the pre-
cursors to form a Lewis acid-base intermediate adduct and
benefit the crystallization process through determining the
nucleation and growth of perovskite crystals. In terms of ionic
liquid solvents, they provide a strong hydrogen bond network
and electrostatic environment, which contribute to dissolving
and stabilizing the solution.

3.3 Functional additives addition

Compared to 3D perovskites, the D] phase quasi-2D counter-
parts show inferior device performance that mainly arises from
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undesirable charge transport efficiency. This can be ascribed to
the large E, and random crystal orientation in DJ phase
perovskites. To date, additive engineering has been considered
to be an effective approach to overcome these issues and
promote optoelectronic performance and device stability.

Jen et al. employed NH,SCN additives to facilitate the growth
of a (BDA)(MA),Pbsl,s perovskite.'” The XRD patterns in
Fig. 12a present that the crystal orientation of the perovskite was
influenced by NH,SCN. The GIWAXS patterns in Fig. 12b exhibit
the isotropic ring of the (101) plane for a film without addictive,
implying the randomly orientation of the crystals in the perovskite
film, while sharp and discrete Bragg spots can be seen in films with
NH,SCN additives. The orientation of the (101) plane could be
regulated from randomly to perpendicularly oriented with respect

1640 | Nanoscale Horiz., 2023, 8, 1628-1651

to substrate through increasing the amounts of NH,SCN additives
(Fig. 12¢). Wu and co-worker also applied SCN~ (MASCN) as an
additive to prepare high-quality 3AMP-based quasi-2D perovskite
films and achieved a high PCE of 16.25%.'" Satapathi and
co-workers also reported D] quasi-2D (XDA)MAPb,l;; (XDA>,
pxylylene diammonium) perovskites processed with NH,SCN
additive and their devices obtained a high PCE of 17.05%."% In

their investigation, the apparently increased decay lifetime indi-
cated suppressed non-radiative recombination in films with
NH,SCN (Fig. 12d). The V,. versus light intensity curves show
decreased slope for devices with NH,SCN (Fig. 12e). Fig. 12f
demonstrates an increased water contact angle for the film with
NH,SCN compared to that without additive, which indicated the
high hydrophobicity for perovskite films with NH,SCN additive.

This journal is © The Royal Society of Chemistry 2023
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The NH," and SCN™ ions are able to regulate the growth rate
and nucleation of perovskite crystal grains, and thus contribute
to an improvement in film quality and device stability. On the
one hand, small-sized NH," anions can diffuse easily into the
[Pbls]*~ octahedra, which promotes heterogeneous nucleation
and eventually results in a reduction in the defects in
perovskites.'” On the other hand, the SCN™ in the precursor
solution may replace I~ and bond to [Pblg]*~ owing to the
strong interaction between Pb** and S/N atoms in SCN—."*® The
perovskite colloids with negatively-charged SCN™ are mutually
repulsive in the precursor, which leads to the potential dimen-
sional control of colloids.

Moreover, MACI additive was also adopted to adjust the
crystallization process of DJ 2D perovskites based on various
organic cations such as p-phenylenediammonium (PPD*"),
pxylylenediammonium (PXD*"), and PDA*".°® The perovskite
films without MACI additive exhibited a series of diffraction
rings, which indicated the random orientation of crystal grains,
while the samples with MACI additive presented highly con-
centrated diffraction spots that indicated well-ordered crystal
orientation (Fig. 13a). In a previous study on RP perovskites, it
was clarified that the Pbl,-DMF-based solvated phase (PDS)
precipitated first in solution and promoted the formation of 3D
perovskites at the surface, followed by the oriented crystal
growth of RP phases with 3D perovskites as a template."*®
Similarly, the XRD results (Fig. 13b) suggested that the PDS

This journal is © The Royal Society of Chemistry 2023

was dominated by an (MA),(DMF),Pb;I; intermediate phase,
while the MACI additive was precipitated. Fig. 13c shows a
schematic diagram of the crystallization process for a DJ phase
quasi-2D perovskite with MACI additive. The MACI additive
restricted the precipitation of PDS in solution, which was
beneficial to the formation of PDS on the solution surface
and the downward growth of DJ perovskites, and thus resulted
in a dominant out-of-plane crystal orientation. Consequently,
the PDS engineering for (PXD)(MA),Pb;l;, perovskites led to a
significant enhancement in the PCE of devices from 1.2% to
15.6%. Min et al. also employed thiourea and MACI to syner-
gistically facilitate the crystallization process, which resulted in
a smooth and dense surface morphology, and improved phase
purity."*® Chen et al reported well-oriented PDA-based DJ
perovskite films synthesized using FACI additive.”” Fig. 13d
depicts the XRD patterns of PDA-based perovskite films. It
reveals that the non-perovskite phase and PbI, component
were effectively removed and led to well-oriented perovskite
films through introducing FACI as an additive. Fig. 13e shows a
schematic illustration of the mechanism of perovskite film
growth with FACI additives. Firstly, at high temperature, the
unstable d-phase FAPbI; transforms into an o-phase, and the
Cl-containing intermediates are converted to perovskites via
the exchange of I and CI. Subsequently, FACI evaporation
occurs. After that, the PDA>" organic cations are attached to the
inorganic slabs via hydrogen bonding, which modulates the
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perovskite orientation. Finally, the film synthesized with FACI
additive exhibits a preferred orientation.

It is a general belief that the addition of Cl™ facilitates the
formation of Cl-containing intermediates, which present as a
transient state. The Cl-containing intermediates are trans-
formed to a preferable perovskite phase through I/Cl ion
exchange and the Cl™ is effectively removed after the annealing
process because of its volatile nature. Eventually, CI™ additives
contribute to the highly preferred perovskite crystal direction
that is perpendicular with respect to the substrate.

3.4 Temperature and annealing process management

To date, the common approach used to prepare D] perovskite
films for PSCs has been to spin-coat a precursor solution in one
step, followed by thermal annealing at over 100 °C. The manage-
ment of the temperature and annealing process is critical
for preparing high-quality quasi-2D DJ perovskite films. Hence,
the following methods demonstrated in this part have been

1642 | Nanoscale Horiz., 2023, 8, 1628-1651

extensively applied to facilitate the temperature and annealing
process when synthesizing quasi-2D DJ perovskite films.

Loo et al. have reported a general post-deposition strategy,
namely solvent-vapor annealing (SVA), to induce vertical orien-
tation growth of DJ phase perovskite films.”” After annealing for
1 h, the spin-coated perovskite films were put onto a hot plate
at a temperature of 100 °C, and covered by a glass jar wherein
N, was bubbled through an isopropanol (IPA) reservoir to carry
IPA vapor into the annealing jar (Fig. 14a). The GIWAXS
patterns show that the isotropic diffraction rings of the refer-
ence films were substituted with discrete Bragg spots after SVA
treatment, suggesting the preferred orientation (Fig. 14b). It
was found that the IPA vapor plasticized quasi-2D perovskites
and offered sufficient mobility for the surface to reorient
(Fig. 14c). This preferred vertical orientation resulted in
decreased bulk and surface defects, and improved the charge
transport at the perovskite/electron transport layer (ETL)
interface. Eventually, the optimal device after SVA treatment

This journal is © The Royal Society of Chemistry 2023
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Fig. 13 (a) GIWAXS images of (PXD)(MA),Pbsl;o perovskite films without and with MACL additive. (b) XRD curves of perovskite films without and with
MACI additive. (c) Schematic diagram of the crystallization process for DJ phase perovskite films with MACLI additive. Reproduced with permission from
ref. 96. Copyright 2020 Wiley-VCH. (d) XRD patterns of perovskite films with different n values prepared with and without FACI additive. (e) Schematic
illustration of the mechanism of perovskite film growth with FACl additive. Reproduced with permission from ref. 97. Copyright 2020 Wiley-VCH.

achieved a certified efficiency of 18.00%. Liu et al. presented an
in-depth understanding about the effects on the film formation
of (PDMA)(MA);Pb,I,; perovskites by using different solution-
casting approaches.'% They deposited the precursor films at room
temperature (control), by antisolvent dripping, and by hot-casting
approaches, respectively. The in situ absorption spectra shown in
Fig. 14d indicate the minimum nucleation density for the control
sample, which involved a necessary high-temperature annealing

This journal is © The Royal Society of Chemistry 2023

process for perovskite crystallization. Unlike the unfavorable
indirect phase transformation for the control films, the processes
for films fabricated by antisolvent dripping or hot-casting
approaches exhibited fast evaporation of solvent and suppressed
intermediate phases, as well as facilitating the crystal nucleation.
The antisolvent sample exhibited random orientation, while the
hot-casting sample showed preferred orientation. Consequently,
the hot-casting film exhibited a smaller trap density and a higher

Nanoscale Horiz., 2023, 8,1628-1651 | 1643
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carrier mobility than the other films. Zhou and co-workers
reported a thermally-induced crystallization method through
processing (BDA)(MA),Pbsl;¢ DJ perovskite films with thermal
treatments. They screened the annealing temperature and found
that films with enhanced crystallinity and compact structures
were obtained at an annealing temperature of 120 °C.>° It was
discovered that the enhancement in the device performance was
mainly ascribed to efficient charge generation, suppressed non-
radiative recombination, and reduced interfacial charge accu-
mulation. Eventually, the champion PSC achieved a high V. of
1.21 V and an optimal efficiency exceeding 17.6%. Moreover,
Chou et al. used an intense near-infrared lamp as an annealing
energy source and found that this resulted in nonisothermal
(NIT) crystallization of PDMA-based perovskites, in contrast with
isothermal (IT) crystallization on a hotplate. Due to the two-step
crystallization in the NIT process, the perovskite films exhibited
better morphology, more efficient charge transport, and oblique
orientation compared with those synthesized by conventional IT
crystallization.'®'

1644 | Nanoscale Horiz., 2023, 8, 1628-1651

at different annealing temperatures. Reproduced with permission from ref.

The temperature and annealing process assisted by hot-
casting, solvent-vapor or near-infrared irradiation essentially
influence the nucleation process of perovskite films, which has an
impact on the size of the crystal nuclei and growth rate of the
grains. This process can be used to optimize the morphology,
defect density, and crystal orientation of DJ phase perovskite films.

4. Optimizing the fabrication
techniques of DJ PSCs

4.1 Surface/interface modification

Carrier nonradiative recombination, which is responsible for
inferior charge extraction and collection, originates from the
bulk and interface. Nonradiative recombination hinders quasi-
2D PSCs from developing towards efficient and stable devices.
To date, many kinds of approaches, which include composi-
tional engineering, solvent control, and additive engineering,
have been studied to optimize the carrier transport, extraction

This journal is © The Royal Society of Chemistry 2023
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and collection for DJ perovskites. In addition, surface and
interface modification in DJ phase quasi-2D PSCs have also
been investigated.

Chen and co-workers proposed a gradient Br doping (GBD)
process to regulate the interfacial energy band alignment in DJ
phase PSCs.'” FABr (dissolved in IPA) was spin-coated on
(BDA)FA,Pbsl; films to form a new perovskite composition
(BDA)FA,Pbsl;¢_,Br, with GBD through anI” and Br~ exchange
reaction (Fig. 15a). The corresponding energy level diagram
demonstrates that the target perovskite film possessed a higher
conduction band minimum (CBM) and valence band maximum
(VBM) than the control sample, which resulted in the formation
of a staggered-gap heterointerface that was beneficial to charge
extraction and collection (Fig. 15a). The transient photocurrent
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(TPC) and transient photovoltage (TPV) results suggested
increased charge extraction and transfer as well as suppressed
nonradiative recombination for the target sample (Fig. 15c and d).
Through GBD optimization, the devices finally achieved a high
efficiency of 16.75%. Chen and Wu et al. demonstrated a strategy
for combining pre-annealing and merged annealing (PMA) to
effectively construct a merged 3AMP-base perovskite/PCBM inter-
face, which promoted the contact between the perovskite absorber
and ETL, and contributed to defect restriction and charge
transport.'® Fig. 15e presents the three different fabrication
processes for a 3AMP-base perovskite film coated with PCBM.
Moreover, a secondary anti-solvent method was reported by Zhang
and co-workers for further passivating surface defects.’® Fig. 15f
shows a schematic diagram of the common and secondary anti-
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Fig. 15 (a) Schematic diagram of the GBD strategy for the preparation of a

gradient (BDA)FA4Pbslis_Br, perovskite. (b) Energy level diagram for control

and target devices. (c) TPC and (d) TPV results for control and target devices. Reproduced with permission from ref. 103. Copyright 2021 Elsevier.
(e) Schematic diagram of different annealing processes for the preparation of PCBM-coated (3AMP)(MAg 75FAg 25)3Pb4lis perovskite films. Reproduced
with permission from ref. 108. Copyright 2021 Royal Society of Chemistry. (f) Schematic diagram of the common and secondary anti-solvent processes
for (BDA)(MAg 07FA0.93)4Pbslis perovskite preparation. (g) PAS results of control, surface passivation (SP), and secondary surface passivation (SSP)
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Reproduced with permission from ref. 105. Copyright 2022 Wiley-VCH.
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solvent processes for (BDA)(MA ¢;FA¢ 03)sPbslys perovskite pre-
paration. The results of positron annihilation spectroscopy (PAS)
demonstrate that the shape parameter (S parameter) near the top
surface was higher in the control (Fig. 15g). However, the S
parameter decreased evidently after secondary surface passivation
treatment, which indicated a smaller trap density and proved that
the secondary anti-solvent method could effectively passivate the
surface defects. In addition, the phase distribution after second-
ary anti-solvent treatment exhibited a gradient signature, which
facilitated both the light absorption and charge transportation in
the 2D PSCs (Fig. 15h). The modified BDA-based PSC finally
achieved a PCE of 19.55%.

Surface/interface modification for perovskite films has been
proved to greatly influence the charge extraction and surface
trap density. The optimization of the surface of perovskite films
and interface of the perovskite/charge transporting layer are
effective methods to improve device performance.

4.2 2D-3D hybrid perovskite heterojunction

2D perovskite capping layers grown on top of light-absorbing
3D perovskite layers to form 2D-3D hybrid heterojunctions are
able to promote device performance with suppressed ion
migration and improved long-term stability. In this structure,
the 3D perovskites are responsible for high efficiencies owing
to their outstanding optoelectronic properties, while the 2D
perovskites protect the underlying layer from moisture and
further improve the PCE as a result of their passivation effect
and gradient energy level. Generally, the chemical composition,
ratio of spacer cations, and processing procedures all signifi-
cantly influence the structural and photoelectric properties of
2D-3D heterojunctions.

Guo et al reported DJ 2D-3D perovskites synthesized
through depositing an ODA*"-based 2D phase layer onto a 3D

(a)

ODAl, in IPA

" Spincostng” d ECS

3D perovskite with excess Pbl,

(©) 17 days 70-90%RH in air
pure 3D 0.1
90 days ; g g
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phase layer with excess Pbl, (Fig. 16a)."*> The 2D perovskite
exhibited a intermediate highest occupied molecular orbital
(HOMO) level, which favored hole transfer and extraction.
Meanwhile, its lowest occupied molecular orbital (LUMO) level
was able to restrict electron transfer from the 3D perovskite to the
HTL, and therefore reduced the charge recombination (Fig. 16b).
Eventually, an optimal PCE of 21.6% was obtained. Moreover,
BDA-based and EDBE-based DJ 2D perovskites, respectively, were
also used to construct 2D-3D devices, which exhibited enhanced
stability and yielded high conversion efficiency.'**** Moreover,
a localized DJ 2D-3D heterostructure (L2D-3DH) was also
demonstrated."® In comparison with the traditional 2D-3D
structure, the L2D-3DH barely hindered the charge transfer at
the perovskite/HTL interface owing to the partial coverage of the
2D phase. Moreover, the L2D-3DH devices exhibited better stable
performance than pure 3D devices. The L2D-3DH films treated
with over 0.4 mg ml™" BDAI, still maintained their black color
after storage in air for days without encapsulation, which con-
tributed to a slowed PCE decay (Fig. 16¢ and d).

By depositing a 2D perovskite capping layer on 3D perovskite
films, the 2D-3D perovskite hybrid structure provides a pro-
spective strategy to balance the efficiency and stability of PSCs.
Moreover, inspired by the previous research on 2D perovskites,
the organic spacers in DJ phase perovskites can be rationally
tailored to further enhance the efficiency and stability of
devices.

5. Conclusions and outlooks

In conclusion, the remarkable advances in quasi-2D DJ perovs-
kites for photovoltaics have been systematically reviewed. The
basic properties of quasi-2D D] perovskites, such as superior
stability, high E;, and compositional flexibility and tunable

(b)e
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(d)+o
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Fig. 16 (a) Procedure for fabricating DJ 2D-3D perovskites. (b) Schematic diagram of the energy alignment for DJ 2D-3D PSCs. Reproduced with
permission from ref. 132. Copyright 2020 Elsevier. (c) Optical images of pure 3D and 2D-3D perovskite films stored under a 70-90% RH humidity
atmosphere for 90 days. (d) PCE decay curves of the pure 3D and L2D—-3DH devices. Reproduced with permission from ref. 135. Copyright 2021 Elsevier.
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properties, were discussed in detail. Moreover, owing to the
valuable investigation of strategies involving compositional
engineering, solvent engineering, additive addition, and an
annealing process for improving film quality, quasi-2D DJ
perovskites have been demonstrated to be promising absorp-
tion materials in realizing both long-term stability and high
photovoltaic performance for PSCs. Surface/interface modifica-
tion and a 2D-3D hybrid perovskite heterojunction are also
considered to be potential strategies in optimizing the fabrica-
tion of DJ PSCs. However, some key challenges persist, and
knowledge gaps still need to be filled to provide an in-depth
understanding of quasi-2D DJ perovskites, as follows.

5.1 Uniform QW distribution

Quasi-2D DJ perovskites processed using a solution method
always exhibit mixed phase and random QW distribution, which
are ascribed to the intermediate phases incorporated by the
solvent and the strong electrostatic affinity between spacer
cations and inorganic slabs. The phase diversity in perovskites
leads to a non-flat energy landscape, which suppresses the
charge transport and separation and therefore deteriorates the
device performance. Moreover, the random distribution of mul-
tiple QWs reduces the stability of devices. In contrast, a uniform
QW distribution accompanied with a flattened energy landscape
contributes to a larger carrier diffusion length and higher
stability. Hence, it is crucial to further explore a method to
effectively control and optimize the QW distribution of DJ
perovskite films. For instance, additives that are able to reduce
nucleation sites during the film formation ought to be utilized to
form a regular QW distribution. An ionic liquid solvent such as
MAACc is also considered to be effective in narrowing the n value
distribution and affording pure-phase films.

5.2 Design of organic spacer cations

Due to the fact that quantum/dielectric confinement both occur
while the perovskite crystal dimension decreases, 2D perovs-
kites exhibit suboptimal optoelectronic behavior compared to
their 3D counterparts. Apart from dimensionality, the insulating
organic spacer, from which the quantum confinement and
dielectric confinement are derived, also plays an important role
in film properties and device performance. Though DJ phase
perovskites exhibit a smaller £, than RP phase analogs, it is still
vital to design appropriate organic spacers while simultaneously
considering conductivity and hydrophobicity. Inspired by pre-
vious work, the organic spacer cations with an alkyl chain or
aromatic unit, and fluorinated or sulfurated organic spacers,
may offer an effective approach to achieve efficient and stable
PSCs. Challenges also exist in generating DJ perovskite phases
from bifunctional organic spacers, which can often lead to the
formation of low-dimensional 1D structures. Thus, it is vital to
consider the feasibility for the successful formation of typical DJ
phase layered perovskites when tailoring organic cations.

5.3 Crystallization kinetics

Generally, the spacer layers in small n value based quasi-2D
perovskite films tend to grow preferentially parallel with respect

This journal is © The Royal Society of Chemistry 2023
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to substrates, which is relevant to the lattice matching degree
between the perovskite absorber and substrate, as well as the
electrostatic interaction between charged groups in solution
and the substrate surface. This would impede the charge
transport from perovskites to the adjacent layer. Moreover,
the orientation of the phase with a small n value at the bottom
of film is different from that with a larger n value at the top of
the film, which leads to the existence of a barrier for charge
transport. Thus, further in-depth study into the crystallization
kinetics of quasi-2D D] perovskites is required.

5.4 Degradation mechanisms

It is universally accepted that the structural stability of quasi-2D
DJ perovskites is greater than their RP phase counterparts,
which is attributed to the absence of van der Waals gaps. The
increase in the n value in DJ phase perovskites contributes to an
improvement in charge transport along the vertical orientation
that promotes the photovoltaic properties, while resulting in
the inferior stability due to the reduced hydrophobicity. Owing
to depressed moisture resistance, quasi-2D D] perovskites with
a high n value more easily experience PCE degradation while
stored in air. Moreover, the migration of Pb>* and I~ from the
perovskite absorber to adjacent layers and/or electrode also
degrades the optoelectric properties of quasi-2D D] PSCs.
Therefore, thorough investigation of the degradation mecha-
nism of DJ perovskites with a high n value and their devices
ought to be implemented.

Finally, it is believed that more quasi-2D DJ phase perovs-
kites will be prepared and more fresh research output will be
published to accelerate the practical applications of photovol-
taic technology.
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