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Abstract: Metal halide perovskite solar cells have attracted considerable attention because of their high-power conversion efficiency and cost-
effective solution-processable fabrication; however, they exhibit poor structural stability. Two-dimensional (2D) Ruddlesden—Popper (RP) per-
ovskites could address the aforementioned issue and present excellent stability because of their hydrophobic organic spacer cations. However,
the crystallographic orientation of 2D crystals should be perpendicular to the bottom substrates for charges to transport fast and be collected in
solar cells. Moreover, controlling the crystallographic orientation of the 2D RP perovskites prepared by the solution process is difficult. Herein,
we reviewed the progress of recent research regarding 2D RP perovskite films with the focus on the crystallographic orientation mechanism
and orientation controlling methods. Furthermore, the current issues and prospects of 2D RP perovskites in the photovoltaic field were dis-

cussed to elucidate their development and application in the future.

Keywords: two-dimensional; Ruddlesden—Popper; crystallographic orientation; perovskite solar cells

1. Introduction

Organic—inorganic halide perovskite solar cells (PSCs)
have attracted increasing research interest owing to their ex-
ceptionally excellent optoelectronic properties, such as high
absorption coefficient, low exciton binding energy, fast carri-
er mobility, and long charge carrier diffusion length [1-13].
In 1978, the structure of organic—inorganic hybrid perovskite
CH;NH;PbX; (MAPLX;, X = Cl, Br, and I) materials was re-
ported for the first time [14]. In 2009, these materials were
applied as dye sensitizers to fabricate dye-sensitized solar
cells (DSCs) with a power conversion efficiency (PCE) of
3.8% [15]. However, the stability of these solar cells was
poor because of the use of liquid electrolytes. In 2012, solid-
state solar cells based on methylammonium lead iodide per-
ovskite films (CH;NH;Pbl;, MAPDI;) with a higher PCE of
9.7% and better stability than DSC-type devices were fabric-
ated [16]. Because of intensive studies conducted on per-
ovskite materials and their photovoltaic devices, the PCE of
state-of-the-art PSCs has been increased to more than 25%
within ten years. Nevertheless, the poor structural stability
and ion migration of PSCs can deteriorate their performance
during the operation process [17-21], thereby limiting their
further development and commercial application. Recent
studies have shown that hydrophobic organic spacer cations
could be introduced into three-dimensional (3D) perovskites
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to form two-dimensional (2D) perovskites. The hydrophobic
organic spacer cations in 2D perovskites can block the inva-
sion of water molecules to improve structural stability and re-
strain ion migration. Moreover, these stable 2D perovskite
layers can be deposited on the top of 3D perovskite films to
improve their structural stability and passivate surface de-
fects [22—28].

2D perovskites in metal halide PSCs have two main struc-
tures, namely, Ruddlesden—Popper (RP) and Dion—Jacobson
(DJ) phases [29—35]. 2D RP perovskites are commonly used
in the photovoltaic field [36—42]. In 1957, Ruddlesden and
Popper [43] first investigated the compounds with K,NiF,-
type structure which was similar to the perovskite structure.
Since then, 2D perovskites with this structure have been
called 2D “Ruddlesden—Popper” perovskites. The 2D RP
perovskite structure can be regarded as a sandwich structure
that the perovskite octahedron layer locates between two or-
ganic spacer cations, which results in excellent structural and
environmental stability [44—48] and migration suppression
[49]. In 2014, the 2D RP perovskite (PEA),(MA),Pb;l;
(PEA: phenethylammonium, C¢Hs(CH,),NH;") was first util-
ized to construct solar cells with a PCE of 4.73% [44]. This
type of 2D RP PSCs exhibited remarkable humidity stability,
which was better than that of MAPDbI;-based solar cells. Cur-
rently, the PCE of state-of-the-art 2D RP PSCs is more than
18% [50—53], which is close to that of conventional 3D
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PSCs. However, some challenges still inhibit the develop-
ment of 2D RP PSCs. For example, the growth orientation of
2D layered perovskites is random, and depends on the ther-
modynamics and kinetics of materials. Some randomly
aligned 2D crystals significantly worsen the photovoltaic
performance of solar cells. In particular, if the growth orient-
ation of 2D RP perovskites is parallel to the substrate, the
charge transfer in devices will be reduced because of the low
conductivity of organic spacer cations. In this case, the pre-
ferred orientation of the 2D RP perovskites should be vertic-
ally aligned to the substrates to enhance the charge transport
capability and obtain smooth and surface-averaged films.
Overall, controlling the crystallographic orientation of 2D RP
perovskites is important to obtain high-performance solar
cells.

In this review, we summarized the research studies of the
crystallographic orientation of 2D RP PSCs from aspects of
the fabrication process, composition, and solvent engineer-
ing. We also outlined the perspectives toward the molecular
structure design of organic spacer cations, phase distribution,
and mixed phase of 2D RP perovskites for high-performance
photovoltaic devices.

2. Structures and characteristics of 2D RP
perovskites

2.1. Structure of 2D RP perovskites

The 2D RP perovskite structure comprises large organic
spacer cations and octahedral units [54—57]. The perovskite
octahedral layer is sandwiched between organic spacer
cations on both sides. The general structural formula of 2D
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RP perovskites is A"»A,- 1B, X5, (n=1,2,3,4, ...), where A’
is an aliphatic or aromatic organic ammonium cation con-
taining one amino group, e.g., CH3(CH,);NH;" (n-butylam-
monium, BA) or C¢Hs(CH,),NH;'; A is an organic or inor-
ganic cation, e.g., CH;NH;', CH(NH,),', or Cs"; B is a metal
cation, e.g., Pb*" and Sn*"; X is a halogen anion, e.g., Cl", Br ,
or I'; and # is the number of [BX,]" octahedral layers. The
2D RP perovskite crystal structure can be regarded as n
[BX,]* octahedral layers locate between two layers of organ-
ic spacer cations (Fig. 1(a)). The organic spacer cations
between two adjacent layers are connected by van der Waals
forces [58]. The inorganic layer acts as a “well,” whereas the
organic layer acts as a “barrier” to form a natural multiple
quantum well structure [59]. The n value is related to the ma-
terial phase. With the increase of the n value, the perovskite
phase transforms from 2D to quasi-2D and eventually to 3D
(the n value approaches infinity) [55]. The n values can be
controlled by adjusting the composition stoichiometry of the
precursor, which considerably affects the optoelectronic
properties of 2D RP films. As shown in Fig. 1(b), the large
organic spacer cations can block the invasion of water mo-
lecules, resulting in stable 2D RP perovskites. In contrast, the
organic spacer cations can suppress carrier transport, thereby
inhibiting ion migration and reducing the decomposition pro-
cess of perovskites. All of the aforementioned parameters are
critical for the power conversion performance of PSCs. Be-
cause of the structure of perovskite materials, the perpendic-
ular growth orientation of 2D RP perovskite crystals is favor-
able for charges to transport to the electron or hole transport
layer along the Pb—I—Pb pathway, thereby improving the op-
toelectronic performance of solar cells [54].

CH;NH;, CH(NH,); or Cs*
= R-NHj, (Organic spacer cation)

Fig. 1. Schematic illustration of (a) the crystal structures of 2D RP perovskite and (b) the electron, hole, and water molecule trans-
mission path. ETL—Electron transport layer; HTL—Hole transport layer.

2.2. Crystallographic orientation of 2D RP perovskite

The growth orientation of the 2D RP perovskite phase not
only depends on the orientation of the initial crystal nucleus
but is also affected by the growth rate and initial crystal nuc-
lei density. A slow growth rate and a small initial density are
preferable for the formation of oriented 2D RP perovskite
films. Non-oriented, parallel, and perpendicular are three
crystallographic orientation types of 2D RP perovskite films
[60]. The non-oriented growth of perovskites results in ran-
dom and non-preferred crystals. The parallel growth of per-
ovskites (Fig. 2(a)) means that the growth direction of the
[B,Xs,11]*"™" planes is parallel to the substrate because of the
separation effect of organic spacer cations. The perpendicu-

lar growth of perovskites (Fig. 2(b) and (c)) means that the
growth direction of the [B,Xs,]*"™" planes is perpendicular
to the substrate. The growth orientation of the 2D RP per-
ovskite phase with a small » value tends to be parallel to the
substrate. When the n value increases, the perovskite phase is
preferentially perpendicular to the substrate. According to a
previous report [61], the nuclei of 2D RP perovskites are ini-
tially formed at the liquid—air interface, affecting the crystal
growth and orientation. Fig. 2(d) shows two preferred orient-
ations of the initial nucleation at the liquid—air interface.
From the perspective of structural stability, the initial nucle-
us with vertical orientation (Scenario 1) is more stable than
the initial nucleus with horizontal orientation (Scenario 2).
The growth orientation has a considerable effect on the distri-
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Fig. 2. 2D (BA),(MA),Sn;l;, perovskite: (a) (0k0) parallel orientation, (b) (111) nearly perpendicular orientation, and (c) (202) per-
fectly perpendicular orientation. Reprinted with permission from Ref. [60]. Copyright 2017 American Chemical Society. (d) Schem-
atics of the preferred orientation at the liquid—air interface. The two possible nucleus orientations at the anisotropic precursor solu-
tion—air interface are shown in Scenarios 1 and 2. Reprinted by permission from Spring Nature: Nat. Commun., Origin of vertical
orientation in two-dimensional metal halide perovskites and its effect on photovoltaic performance, A.Z. Chen, M. Shiu, J.H. Ma,
M.R. Alpert, D.P. Zhang, B.J. Foley, D.M. Smilgies, S.H. Lee, and J.J. Choi, Copyright 2018.

bution of long-chain organic cations and [BX4]* octahedral
layers. The vertical orientation of the initial nucleation in-
duces perovskite vertical growth. Notably, this formation
mechanism can be applied to any substrate material of PSCs.
The formation mechanism of 2D RP perovskite with high
orientation is also related to the cation solubility of the pre-
cursor solution [38]. The low solubility of organic halogen
compounds (e.g., CH;NH;]) causes the nucleation of the 3D-
like perovskite phase to an out-of-plane (111) orientation.
Then, the 2D RP perovskite phase starts nucleating and
growing by increasing the concentration of organic cations.
Thus, the 2D RP perovskite film is composed of a gradient of
n value perovskite phase.

3. Fabrication approaches for controlling the
orientation of 2D RP perovskites

The preparation process directly affects the growth orient-

ation and quality of 2D RP perovskite films. For the one-step
method, 2D RP perovskite films are usually prepared by
spin-coating a certain molar ratio of the precursor solution
onto the substrates, which is similar to the preparation of 3D
perovskite films. The films are easily obtained using this
method, but exhibit poor performance because of the random
growth orientation of the 2D RP perovskite phase in the film
[44]. The internal charge transfer of the device is hindered by
random crystals, resulting in a low short-circuit current dens-
ity. To promote the nucleation of perovskite and improve the
crystal orientation, an anti-solvent [62—66] is used to extract
the solvent of the precursor solution during the spin-coating
process. In this case, the gas—liquid interface rapidly reaches
a supersaturated state. Then, the 2D RP perovskite phase be-
gins to form nuclei. Owing to thermodynamic and dynamic
stability, 2D RP perovskite nuclei with vertical substrate ori-
entation form at the gas—liquid interface. These crystal nuclei
act as seeds to induce the vertical growth of 2D RP per-
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ovskite. Moreover, the anti-solvent with organic salts can in-
duce the vertical growth of crystals to boost the formation of
the 2D RP perovskites with vertical growth orientation [67].
Organic salts can also passivate the surface defects of 2D RP
perovskites to reduce the nonradiative recombination.
However, the anti-solvent method is harmful to the environ-
ment because of the volatilization of a large amount of organ-
ic solvent.

The hot-casting method can accelerate the evaporation
speed of perovskite precursors to avoid the use of the anti-
solvent [68—73]. In this method, the substrate is heated at a
temperature higher than that of perovskite crystallization be-
fore spin-coating. The hot substrate promotes the volatiliza-
tion of solvent and prolongs the crystal growth [70]. The 2D
RP perovskite films prepared using this method could avoid
the issues of the use of anti-solvent and random orientation of
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crystal growth [74]. Crystals with random growth orientation
are easily formed in 2D RP films that are prepared with the
room temperature casting method. Fig. 3(a) shows the dif-
fraction ring of the 2D RP film obtained using the room tem-
perature casting method, indicating the randomness of the
domain orientation of the polycrystalline films. Meanwhile,
the 2D RP film prepared using the hot-casting method exhib-
its sharp and discrete Bragg spots (Fig. 3(b)), indicating the
preferred vertical growth orientation during perovskite crys-
tallization. As shown in Fig. 3(c), the (111) and (202) spots
indicate the vertical growth orientation. This arrangement of
the growth orientation is also beneficial for the formation of
highly uniform and well-crystallized layered perovskite
films, thereby enhancing the charge transport capability. Ac-
cording to previous research, there is a large transformation
energy barrier from the intermediate phase to the 2D RP

(b) Hot-cast film
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Fig. 3. Grazing-incidence wide-angle X-ray scattering maps of 2D RP perovskite films prepared using (a) room temperature cast-
ing and (b) hot casting. (c) Schematic representation of the (101) orientation, along with the (111) and (202) planes of a 2D perovskite
crystal. ¢,, and ¢, are the scattering vectors perpendicular to and along the sample plane, respectively. (a—c) Reprinted by permission
from Spring Nature: Nature, High-efficiency two-dimensional Ruddlesden-Popper perovskite solar cells, H. Tsai, W.Y. Nie, J.C.
Blancon, et al., Copyright 2016. (d) Illustration of the reorientation process during solvent vapor annealing. Structural evolution of
perovskite thin films after SVA treatment. GIWAXS patterns of 2D RP perovskite films (e) before and (f) after SVA treatment. (d—f)
Reprinted with permission from Ref. [80]. Copyright 2020 American Chemical Society.
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monolayer [75—76]. The high-temperature substrate in the
hot-casting method reduces the energy barrier and promotes
the conversion of the intermediate phase into perovskite
phase [77]. The preferential growth orientation of the 2D RP
film obtained via hot casting can be attributed to the reduced
surface energy or fast evaporation rate of the solvent. The
hot-casting method is effective for improving the crystallin-
ity, crystal growth, and orientation of perovskite films;
however, it exhibits low repeatability.

Besides the conventional spin-coating and hot-casting
methods, other methods have also been used to fabricate 2D
RP perovskite films. The evaporation rate of the solvent af-
fects the phase distribution and growth orientation of 2D RP
perovskite films [78]. The slow solvent evaporation process
is beneficial for the formation of vertical growth orientation
nucleation at the gas—liquid interface. Vacuum poling is a
method of vacuum treatment for the annealing process to
control and ensure a uniform phase distribution with differ-
ent n values [79]. A solvent vapor annealing (SVA) strategy
was recently proposed to achieve the preferred vertical ori-
entation of 2D RP perovskites [80]. The mechanism of the
SVA strategy reorganizes the structure before forming the
film. This method could be understood that the vertical
growth orientation of the crystals is induced by the solvent
vapor at the surface, which results in the vertical growth of
the crystal from top to bottom (Fig. 3(d)). As shown in Fig.
3(e) and (f), 2D RP perovskite films exhibit the preferred
growth orientation after SVA treatment. Notably, no impur-
ity phases in 2D RP films are present after the SVA process,
which enables the growth of perovskite grains.

4. Composition for controlling the orientation
of 2D RP perovskites

4.1. Additives

The additives in the precursor solution have been proven
to be able to control the growth orientation and crystallinity
of 2D RP perovskites. Some additives can be removed dur-
ing the thermal annealing process. The interaction between
the additive and the molecules or ions in the precursor solu-
tion changes the crystal growth and orientation. For instance,
the vertical orientation of (PEA),(MA),-Pbnl;,, (n=3,4,5)
2D RP films was achieved by adding NH,SCN to the pre-

(@) Wet film

e - Annealing ...
< TF 30 min gy

o

PbIE - o MAI # PEAI{ %"

MACI
o

The final vertically aligned 2D perovskite film

Substrate

cursor solution, i.e., the coordination bond between SCN™
and Pb*" promoted the growth of the vertical orientation
structure [81]. Moreover, the additive mixture of NH,SCN
and NH,CI has been introduced to obtain the vertical orienta-
tion of the (PEA),(MA),Pbsl ;s film [82]. These two additives
induced crystal growth in the vertical direction of the sub-
strate and improved the crystallinity of the film. In particular,
Cl" (provided by NH,CI) effectively passivates the electron
traps, which improves the open-circuit voltage (Voc) of solar
cells. Huang et al. [83] reported the introduction of methyl-
ammonium chloride (MACI) additives to prepare high-qual-
ity 2D RP perovskite films with vertical growth orientation.
Because of the coordination between Pbl, and MACI, the
crystalline precursor was formed in the precursor solution,
which is perpendicular to the substrate (Fig. 4(a)). Although
MACI was volatilized after the annealing process, the vertic-
al orientation structure was still preserved in the 2D RP per-
ovskite film. In particular, the crystallization of the 2D RP
perovskite phase with a small # value can be induced by the
addition of MACI to the precursor solution (Fig. 4(b)) [84].
Then, the 2D RP perovskite phase with a large n value with
vertical orientation crystals can be obtained. The oriented 2D
RP perovskite films can be prepared by applying the NV,N-di-
methylformamide (DMF)/dimethyl sulfoxide (DMSO)
mixed solvent process [85]. The results show that the strong
hydrogen bond between polarized DMSO and organic cation
reduces the crystal growth rate to facilitate the crystal orient-
ation growth of 2D RP perovskites. The composition of the
solvent has a considerable effect on the crystal orientation of
2D RP perovskites [86]. Compared with DMF and DMSO,
dimethylacetamide (DMAC) has a moderate boiling point,
low polarity, and weak coordination with lead and ammoni-
um salts. DMAC is easily volatilized during the spin-coating
process, accelerating the crystallization rate of 2D RP per-
ovskite. The 2D RP perovskite films with DMAC exhibit a
better crystal orientation compared with DMF and DMSO.
The partial substitution of some A-site organic ions has
improved the crystal quality and growth orientation of 2D RP
perovskite films. For example, Cs', one of the A-site inor-
ganic ions, has improved the crystal quality of 2D RP per-
ovskite films. The results show that the introduction of Cs"
could improve the crystal orientation and prolong the crystal-
lization kinetics of 2D RP perovskites to increase the grain

(b)  Layered perovskite film

Sl * p Macl
f Small-n 1 Doping

¢ B Large-n | [101]

_________ &

Fig. 4. (a) Schematic of the growth process of the vertically aligned 2D RP perovskite by adding MACL Reprinted from Chem. Eng.
J., 394, F. Huang, P. Siffalovic, B. Li, S.X. Yang, L.X. Zhang, P. Nadazdy, G.Z. Cao, and J.J. Tian, Controlled crystallinity and mor-
phologies of 2D Ruddlesden-Popper perovskite films grown without anti-solvent for solar cells, 124959, Copyright 2020, with permis-
sion from Elsevier. (b) Schematic of the phase orientation variation of the layered perovskite films with the addition of MACI. Re-
printed with permission from Ref. [84]. Copyright 2020 American Chemical Society.
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size [87]. The introduction of FA" can also control the 2D RP
perovskite crystallization and crystal orientation [88]. This
capability can be attributed to the interaction between FA"
and I', which promotes the growth of a small » value per-
ovskite phase.

4.2. Organic spacer cations

The optoelectronic performance of 2D RP perovskites
could be improved by introducing functional groups to modi-
fy organic spacer cations. For example, a spacer cation of 4-
fluoro-phenethylammonium (4FPEA) was used to fabricate
2D RP perovskite films [89]. The 4FPEA cation contains flu-
orine atoms that have a strong dipole field to facilitate charge
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separation of 2D RP perovskites. The para-substitution of
fluorine may reduce the disorder in the structure, thus im-
proving the crystallinity and vertical crystallization orienta-
tion of 2D RP perovskites. Sulfur atoms are also introduced
into some organic cations, €.g., 2-(methylthio)ethylamine hy-
drochloride (MTEACI) [90]. The 2D RP perovskite films
with MTEACI as spacer cation exhibit clearer and more dis-
crete Bragg spots than 3D perovskite and BA-based films, in-
dicating the oriented structure (Fig. 5(a)—(c)). This finding is
attributed to the strong interaction between interlayer mo-
lecules because of the presence of sulfur—sulfur (S-S) inter-
action, which is expected to fix the framework of the 2D RP
perovskite phase to assist the vertical growth of perovskite

MTEA

(e)

() MTEA

Fig. 5. GIWAXS patterns of (a) 3D, (b) BA-based, and (c) MTEA-based perovskite films. The color bars represent the diffraction
intensity. Schematic illustrations of (d) 3D, (e) BA-based, and (f) MTEA-based perovskite films from random to vertical orientation.
Reprinted by permission from Spring Nature: Nat. Photonics, Efficient and stable Ruddlesden—Popper perovskite solar cell with
tailored interlayer molecular interaction, H. Ren, S.D. Yu, L.F. Chao, ef al., Copyright 2020.
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crystals (Fig. 5(d)—(f)). The first principle calculations have
confirmed the S-S interaction between two 2-(methylthio)
ethylamine groups. Moreover, the S-S interaction ensures
that the 2D RP perovskite films exhibit out-of-plane pre-
ferred crystal growth and orientation and helps form smooth
and compact high-quality films. When the long-chain
butylamine (BA) cation was converted into short branched-
chain butylamine (iso-BA) spacer cation, iso-BA could im-
prove the crystallinity and growth orientation of 2D RP per-
ovskite films [91]. The nonlinear structure of the spacer or-
ganic cation resulted in the strong out-of-plane growth ori-
entation of the (iso-BA),(MA);Pb,l;; film because the
branched-chain spacers increased the orderly arrangement in
the crystal. Furthermore, the mixture of PEA and BA as
spacer cation was used to prepare 2D RP perovskites [92]. In
the mixture film, the long-chain BA promoted the assembly
of the oriented structure, whereas PEA doping preserved the
original structure. The density functional theory calculations
showed that the exciton binding energy in the mixed 2D RP
perovskites, which results in the interaction between n-elec-
trons (PEA™) and I" from Pb,*", could be effectively reduced.
Recently, a pure-phase 2D RP perovskite film with single-
well width was obtained using n-butylamine acetate (BAAc)
instead of n-butylamine iodide (BAI) [93]. The strong inter-
action between Ac” and Pb*" in perovskites might prevent the
aggregation of colloid particles and induce the vertical ori-
entation of grain growth crystallization. A comparison of the
films deposited with BAI and BAAc by femtosecond transi-
ent absorption measurements showed that single pho-
tobleaching peaks were dominant in 2D RP films prepared
using BAAc. Grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements also showed that the films with
BAAC exhibited better crystallinity and preferred orientation
compared with traditional halide spacer.

5. Conclusion and outlook

The 2D RP perovskite has a sandwich structure in which
both sides of the perovskite octahedral layer are surrounded
by organic spacer cations. The unique structure of 2D RP
perovskite has special requirements for its growth orienta-
tion. Considering that the conduction of charge carriers is
limited by the organic spacer cations in the 2D RP perovskite
layer, the orientation of 2D RP perovskites plays an import-
ant role in charge collection and transport. For example, if the
growth orientation of the 2D RP perovskite is parallel to the
substrate, the charge transfer would be hindered, reducing the
device performance. Controlling the crystallographic growth
orientation of 2D RP perovskites was considered important
for improving the performance of solar cells. From the manu-
facturing process, the early one-step spin-coating method has
gradually developed into the hot-casting, vacuum poling, and
SVA methods. The hot-casting method controls the growth
orientation of the 2D perovskite film by accelerating the
transformation of the intermediate phase. Meanwhile, the
SVA method uses solvent vapor to induce phase reorganiza-

tion. The additive and organic spacer cations mainly affect
the growth direction of the 2D RP perovskite crystal through
the interaction between the functional group and the per-
ovskite octahedron. Therefore, appropriate processes and ad-
ditives should be used to obtain high-performance PSCs. Re-
cently, the PCE of 2D RP PSCs has reached more than 18%.

To date, there is still a large room for 2D RP perovskites to
reach the efficiency of 3D PSCs. First, the organic spacer
cations usually exhibit low conductivity, limiting the charge
transfer and reducing the short-circuit current of devices.
Cations from different functional groups exhibit different
physical and chemical properties; thus, the organic spacer
cations should be carefully modified to balance the effi-
ciency and stability of photovoltaic devices. The organic
spacer cations of the 2D RP perovskite are staggered between
adjacent layers, which is detrimental to the structural stabil-
ity and carrier transport between adjacent layers. By contrast,
in 2D DJ perovskites, the organic spacer cations are connec-
ted to the adjacent octahedral layer framework, which may
improve the structural stability and charge transfer. Second,
the 2D RP perovskite phase was a heterogeneous blend struc-
ture, and the phase distribution with different n values was
uniform. Therefore, controlling the phase composition and
distribution is important to improve the performance of
PSCs. Finally, the introduction of a large volume of organic
spacer cations would result in lattice structure deformation,
which causes the dielectric mismatch of 2D RP perovskite
structures. The 3D phase could be epitaxially grown on 2D
grain boundaries, and the 2D/3D interface problem could be
introduced. Although the performance of 2D RP perovskites
has been improved, the corresponding formation mechanism
and modification process are still unclear. Thus, further in-
vestigations are necessary for an in-depth understanding of
the mechanism of 2D PR perovskites. Moreover, the applica-
tion of 2D PR perovskites in the photovoltaic area needs to be
investigated.
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