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Abstract: The formation of a thin 2D perovskite layer on the surface of 3D perovskite films has
become a popular strategy for obtaining a high-efficiency perovskite solar cell (PSC) with an ensured
device stability. In this review paper, various experimental methods used for growth of the 2D layer
are introduced with the resulting film properties. Furthermore, a variety of organic cation sources for
the 2D layer, ranging from alkyl to phenyl ammonium, are explored to investigate their impact on the
device stability and photovoltaic performance.
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1. Introduction

Since the advent of solid-state perovskite solar cells (PSCs) in 2012 [1,2], intensive research has
been conducted to exploit the outstanding optoelectronic properties of perovskite material, such as the
ambipolar charge-transfer [3], balanced long-range carrier diffusion lengths [4], low defect density with
a shallow distribution [5], and high defect tolerance [6], which is particularly favorable for obtaining
a low temperature processability and thus has the benefit of producing cost-effective technology
based on the solution process at a low temperature [7]. The certified record efficiency of PSC was
shown to be 25.2% in 2020 [8], which makes PSC one of the most promising technologies for the
photovoltaic market. Nevertheless, PSCs still face the long-term stability issue, which needs to be
overcome for commercialization. The phase instability problem is inherent in perovskite material,
and is closely related to the low activation energy of ion migration [9,10]. The ease of vacancy formation
and migration encourages the crystal lattice of the perovskite to collapse and convert to lead iodide
or/and the energetically favored non-perovskite phase under various environmental stresses of photon,
moisture, thermal, and voltage bias.

Not only to remedy these instabilities, but also to enhance the performance, diverse attempts
have been made, such as compositional engineering using mixed-cations and -halides [11-13] and
the employment of an interlayer between the perovskite and selective contacts [14-16]. Meanwhile,
2D perovskite, where bulky cations invade 3D perovskite and slice the lattice parallel to the substrate,
has attracted attention owing to its superior moisture resistance due to the hydrophobicity of spacer
cations [17,18]. Mohite et al. developed the quasi-2D perovskite system based on methyl ammonium
iodide (MAI) and butyl ammonium iodide (BAI), leading to (BA),(MA),Pbsl;g and (BA),(MA)3Pbylys,
which showed considerably improved light- and moisture-stabilities compared to 3D perovskite
(MAPDI3) [19]. In spite of the notable stability enhancement, the power conversion efficiency (PCE) of
PSCs based on quasi-2D perovskite is generally lower than that of 3D-based PSCs [18-20], which is
attributed to the inferior optoelectronic properties of 2D perovskite, and similarly to the insulating
characteristics [19,21]. The limitation of 2D or quasi-2D perovskite was recently resolved by introducing
3D/2D hybrid perovskite, where each advantage of 3D and 2D perovskite was comprehensively
employed to ensure a superb performance in terms of both the stability and PCE [22,23]. In 2016,
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Shi et al. conceived the hybrid structure, as illustrated in Figure 1, where an extremely thin 2D layer
is deposited on the top of the 3D bulk film, leading to a remarkable moisture stability and a PCE of
13.86% with an increased open-circuit voltage (Voc) [24]. The promising results encouraged the 3D/2D
hybrid perovskite system to be intensively explored with many different bulky cations in a variety
of forms [25-27], which is now regarded as an effective strategy for assuring the stability without
compromising on the photovoltaic performance [27].
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Figure 1. Illustration of the 3D/2D bilayered perovskite structure and perovskite solar cell (PSC) device.
Reprinted with permission from Ref. [28] Copyright 2018 Wiley-VCH.

In this review paper, we focus on 3D/2D hybrid perovskite-based PSCs, where the 2D perovskite
is deposited on the 3D bulk film in the form of an extremely thin layer. The 3D/2D bilayered-perovskite
is thoroughly investigated from the perspectives of the experimental process, resultant morphology,
organic salt type used for the 2D layer, and effect on the performance and the stability.

2. Process

2.1. In-Situ Growth Method

The in-situ growth of 2D perovskite is the most widely used process for forming the 3D/2D
bilayered perovskite structure, since it is easily implemented by a few additional steps after routine
preparation of the 3D bulk film. Figure 2 shows a schematic experimental process of the in-situ growth
of a 2D capping layer, which can be adapted with either spinning (Figure 2a) or dipping (Figure 2b) to
form a 2D thin layer on top of a 3D perovskite film [25,29]. Organic salt, composed of bulky organic
cations and counter halide (see Section 4. Organic salt for 2D perovskite for details), is dissolved
in isopropyl alcohol (IPA) [24-26,28—41] or chlorobenzene (CB) [36,42] and dripped on the surface
of a spinning 3D perovskite film, whose excess Pbl, readily reacts with the organic salt, leading to
the formation of a 2D capping layer on the surface during the post annealing process (Figure 2a).
Alternatively, an immersion of the 3D perovskite film in the IPA solution containing the organic salt
for 2D can be adopted, instead of dripping the solution, in order to induce the 2D capping layer
(Figure 2b) [25]. The thickness of the 2D layer can be controlled by the concentration of the solution
containing the organic salt [24]. It has been found that additional flash annealing of the 3D perovskite
film at a high temperature facilitates the formation of the 2D perovskite layer by exposing the Pb-I
framework of the 3D structure. For flash annealing, MAPbI; bulk film is reversely placed on a hot
plate with a gap of 3 mm at 300 °C for less than 10 s to release MAI on the surface. The exposed
Pb-I framework is reacted with 5-aminovaleric acid iodide (AVAI), resulting in (AVA),Pbly with an
improved interface [26]. The in-situ growth method for the 2D capping layer can be further extended
to form double 2D passivation layers on the top and bottom of the 3D perovskite film [41].
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Figure 2. Schematic experimental process of the in-situ method conducted by (a) spinning and (b)
dipping. Reprinted with permission from ref 29 Copyright 2019 Springer Nature and Ref. [25] Copyright
2019 American Association for the Advancement of Science (AAAS).

Notably, a salt mixture of 3D and 2D is used in the in-situ growth method to form a 3D/quasi-2D
layered structure. An IPA solution containing BAI and formamidinium iodide (FAI) with different
ratios was employed in an attempt to form the capping layer on top of the 3D perovskite with excess
Pbly, resulting in the highest photovoltaic performance when the same molar ratio between BAI and
FAI was employed (BAL:FAI = 1:1) to form a quasi-2D layer—(BA),(FA),—1Pbnlsn+1—as confirmed by
x-ray diffraction (XRD) [39]. Similarly, penylethylammonium (PEA) was blended with FA at the same
molar ratio, which led to a capping layer composed of a double phase comprised of (PEA),Pbl, and
(PEA),(FA)Pb,I7 [33].

2.2. Anti-Solvent Method

The anti-solvent method has been well-established as a conventional recipe for obtaining a
high-quality 3D perovskite film [43]. The anti-solvent (e.g., CB, toluene, etc.) is employed as a second
solvent to induce quick nucleation for fast crystallization of the 3D film [43]. When the anti-solvent is
used as a solvent for the 2D organic salt, the in-situ 2D growth method can be practically combined with
the conventional anti-solvent method, as illustrated in Figure 3. The anti-solvent containing the organic
salt for 2D is directly dripped on the spinning substrate, which is wet with a precursor solution of the
3D perovskite. The dripping process of the anti-solvent is followed by a one-step annealing process to
form both 3D and 2D perovskite layers at the same time. Toluene containing phenylethylammonium
iodide (PEAI) was used as the anti-solvent for a 3D/2D bilayered perovskite structure [44]. A successful
deposition of the 2D capping layer was subsequently verified by the time-of-flight secondary ion mass
spectroscopy (TOF-SIMS) depth profile, where the PEA cation for the 2D capping layer was monitored
across the 3D film by the anti-solvent method, but specifically concentrated near the surface with a
sharp increase in the intensity, indicating the formation of a 2D thin layer on the surface.

Toluene
3D perovskite 2D salt solution 2D perovskite
precursor
= _3D perovskite = 3D perovskite
S —————— beeses o —
o || — j .

Figure 3. Schematic experimental process of the anti-solvent method.
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2.3. Solvent-Free Method

A method with the absence of solvent has emerged to form the 2D capping layer.
The aforementioned in-situ growth and anti-solvent methods are based on the solution process,
where treatment with the solution containing a salt for 2D is likely to affect the priorly formed-3D
perovskite film. In addition, the solution-based methods are not only difficult to use to control the 2D
distribution in 3D, but also troublesome in terms of avoiding the impact of solvent (IPA) [22,38]. To this
end, the solvent-free method has been tested by using vapors to form a thin 2D layer on the surface
of the 3D film in various conditions. In the vapor deposition or vapor-assisted method, the 3D/2D
bilayered structure is developed by the permeation of organoamine gases for 2D into the 3D film
from the surface [45]. The 3D perovskite film is exposed to the vapors being generated from the
heated organoamine liquid or organic salt [46]. Chen et al. formed a 2D perovskite capping layer by
exposing the 3D perovskite film, prepared by the conventional solution method, to butylamine vapor
in a sealed box containing an open bottle filled with butylamine liquid, leading to a surface conversion
from 3D to 2D perovskite [45]. Meanwhile, Xu et al. built an entire 3D/2D perovskite structure by
vapor deposition [46]. The Pbl, was deposited on a TiO, substrate by a thermal vacuum evaporator,
which was followed by the vapor deposition of MAI powder in a vacuum oven at 180 °C for 30 min to
convert Pbl; to MAPbI3. The prepared 3D bulk film, MAPbI3, was sequentially exposed to BAI vapor
in the vacuum oven at 120 °C, with the exposure time being varied from 5 to 60 min to form the 2D layer
on the top. It was found that the quality and conversion degree of the 2D layer are fully controllable by
modulating the vapor-treatment time in solvent-free methods [45,46]. Similarly, 3D and 2D perovskite
layers can be independently deposited by using a thermal vacuum evaporator. Bolink et al. carried
out the whole vapor disposition process in a thermal evaporator, where the deposition rate and the
expected deposition thickness of each source were closely monitored by quartz crystal microbalance,
adjusting the temperature for sublimation [47]. The 3D bulk film was obtained by the coevaporation
of Pbl, and MAI The 2D capping layer was sequentially deposited on top of MAPbI3 by another
coevaporation process of Pbl, and PEAI, which resulted in the 3D/2D bilayered structure. Thanks to
the benefit of the vacuum process, a more complicated architecture composed of 2D/3D/2D was further
enabled by the evaporator, leading to a neat interface between 2D and 3D layers [47].

2.4. Other Methods

A 3D/2D graded structure can be also prepared with a single perovskite precursor solution
containing salts for both 3D and 2D. A salt for 2D—(CF3);CO(CH;);NH3zl—was blended with FAI,
MAI, and Pbl, in DMSO [34]. The prepared solution was spin-coated on the substrate with the
conventional anti-solvent and annealed to remove the residual solvent, leading to a graded film
where photoluminescence (PL) spectra of the top side were different to those of the bottom side.
The excitation of the bottom (substrate) side showed a single peak indicative of the 3D bulk film,
while the excitation of the other (top) side demonstrated additional peaks corresponding to the 2D
perovskite, coupled with the peak for 3D. It was noted that the fluorine-rich cation grants a self-assembly
tendency and orthogonal peculiarity, which would be responsible for the spontaneously formed 2D
perovskite as a thin capping layer on top of the 3D perovskite [34,48].

3. Morphology

When a 3D/2D bilayered structure is formed, the morphology of the resultant heterostructure is
considerably distinguished from that of a single 3D or 2D structure. The scanning electron microscope
(SEM) images in Figure 4a—c represent the morphology change caused by the in-situ growth of the 2D
perovskite (PEA;Pbly) layer on the 3D (a-FAPbI3) film. Figure 4a shows the cross-sectional morphology
of 3D/2D bilayered structures where a 30 nm-thick 2D capping layer (generally ranging from 9 mm [25]
to 100 nm [31]) is grown on the surface of the 3D bulk film. Figure 4b shows a surface image of the
compact 3D film, where the white flake at grain boundaries indicates the excess Pbl, exposed on



Materials 2020, 13, 3868 50f19

the 3D surface [24,29,37,39]. On the other hand, a distinctive surface morphology is observed by the
in-situ-grown 2D capping layer, which fully covers the 3D film (Figure 4c). It is notable that the Pbl,
flake on the 3D surface disappears in the 3D/2D bilayered structure due to the reaction with salts
during the in-situ growth of the 2D capping layer [24,28,29,37,39]. XRD patterns also ensure a reaction
between the excess Pbl, of the a-FAPbI; film with permeated PEAI salts during the in-situ growth
(Figure 4d), showing a negligible Pbl, peak at 12.7° in the 3D/2D bilayered structure. Accordingly,
the 3D/2D bilayered structure displays hybrid patterns dominantly governed by the 3D «-FAPbI3
bulk film, with weak patterns for the 2D PEA,Pbl, capping layer. Importantly, the improved surface
morphology with a reduced roughness is one of the general features observed from the 3D/2D bilayered
structure [24-26,36,39]. Figure 4e,f show atomic force microscope (AFM) images of the 3D and 3D/2D
bilayered structure, respectively. The formation of the 2D capping layer results in a smoother surface
with a root-mean square (RMS) of 17.8 nm, while the 3D film demonstrates an RMS of 20.8 nm.

(d) 2D-3D perovskite
—— 3D perovskite
—— 2D perovskite

BV S | PR W U—— -

Intensity (a.u.)

10 20 30 40 50
2 Theta (degree)

Figure 4. General morphology changes caused by the in-situ growth of the 2D capping layer.
(a) Cross-sectional scanning electron microscope (SEM) image of the 3D/2D bilayered perovskite
structure. Surface SEM images of (b) the 3D perovskite film and (c¢) 3D/2D bilayered structure
with the in-situ-grown 2D capping layer. (d) X-ray diffraction (XRD) patterns of the respective
structure. Atomic force microscope (AFM) images of (e) the 3D perovskite film and (f) 3D/2D bilayered
structure with the in-situ-grown 2D capping layer. Reprinted with permission from Ref. [28] Copyright
2018 Wiley-VCH.

The morphology of the 3D/2D bilayered structure is found to be significantly altered by varying
the reaction time for the growth of the 2D layer. Figure 5 shows a change in the film morphology
as a function of the vapor exposure time in the solvent-free method [46]. The surface morphology
turns into platelet-like crystals due to the layered structure (2D) grown on the surface when increasing
the exposure time to BAI vapor. As the formation of the 2D layer is more facilitated after a full
coverage of the 3D surface, the roughness is reversely increased due to the pronounced impact of the
2D morphology [46]. The surface morphology of the 3D/2D bilayered structure occasionally leads to a
decreased grain size, compared to the 3D perovskite, which is also attributed to the crystal morphology
of the 2D layer grown on the surface, without affecting the underlying 3D bulk film [44,46].
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Figure 5. Morphology change when increasing the exposure time to vapor. SEM images of as-prepared
(a) 3D perovskite film and the films with butyl ammonium iodide (BAI) vapor treatment for (b) 5 and
(c) 60 min. Reprinted with permission from Ref. [46] Copyright 2019 Elsevier Ltd.

Figure 6. Effect of the precursor on the morphology change of the in-situ-grown 2D layer. Surface SEM
images of (a) 3D perovskite and (b) a 3D/2D bilayered structure induced by diethylammonium
bromide (DABr). Cross-sectional SEM images of devices employing (c) 3D perovskite and (d) a 3D/2D
bilayered structure induced by DABr. Reprinted with permission from Ref. [30] Copyright 2019 Elsevier.
Surface SEM images of (e) 3D perovskite film and a 3D/2D bilayered film caused by a post-solution
treatment with (f) benzylamine (BA) and (g) BAI. Reprinted with permission from Ref. [36] Copyright
2018 American Chemical Society.

Furthermore, the morphology change is highly dependent on the precursor source used for the
2D layer. While the precursor employed for the 2D layer is mostly adopted as a form of iodide or
amine species, diethylammonium bromide (DABr) was introduced as a salt for the in-situ growth of
the 2D layer [30]. Post-treatment with DABr not only formed a 2D capping layer, but also induced
a secondary growth of the 3D film. Figure 6a,c present the surface and cross-sectional SEM images
of the pristine 3D bulk film. Growth of the 2D layer was observed when using 3 mg/mL of DABr
solution, which evolved into Ostwald ripening of the underlying 3D MAPbI; film when increasing the
concentration of DABr solution. An apparent increase in grain size can be observed in Figure 6b for
when Br~ was incorporated by using 5 mg/mL DABr solution. A cross-sectional image of the 3D/2D
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bilayered structure based on 5 mg/mL DABr shown in Figure 6d confirms that post-treatment with
DABr considerably enhanced the crystallinity of the underlying 3D MAPDI; film, as evidenced by the
increased grain size. On the other hand, a different tendency of the 2D capping layer can be observed
with respect to the precursor source containing the same organic species. n-butylamine (n-BA) and
n-BAI were used as precursors for the 2D layer, where BA and BAI were dissolved in CB and IPA,
respectively [36]. Figure 6e shows the conventional surface morphology of the pristine 3D bulk layer.
The post-solution treatment with BA (Figure 6f) and BAI (Figure 6e) considerably altered the pristine
morphology due to the formation a 2D capping layer, as proposed in the following equations [36]:

2BA + MAI + MAPbI; — (BA),Pbl, + 2MA 1, 1)

2BAI + nMAPbl; & (BA)y(MA),_1Pbylz,sq + MAL @)

It was found that the resultant morphology induced by BA solution is analogous to the surface
obtained by the post-treatment with amine gas, which readily dissolves the perovskite surface and
reforms the surface by the removal of amine gas due to its evaporation [49]. Therefore, the formation
of amine gas (MA) during the in-situ growth by BA solution, as suggested in Equation (1), is likely to
reconstruct the surface and thus result in a smoother surface compared to BAI solution (Figure 6f).
On the other hand, common 2D layer formation is expected from the in-situ growth caused by BAI
solution, as shown in Equation (2), leading to a relatively rougher surface than the case of BA (Figure 6e).

Sometimes, a small morphology change is observed after the growth of a 2D layer, where an
extremely thin 2D layer is piled up without causing any major change in the surface morphology [34,45].

4. Organic Salt for 2D Perovskite

Halide perovskite has an ABXj3 crystal structure, where a BX4 corner-sharing cage surrounds
the A cation (A = FA*, MA*, or Cs*; B = Pb?* or Sn?*; and X = Br~ or I"). In order for the ABX;
structure to remain stable, respective ions have a certain range of radii and balance with other ions.
The formation possibility of the perovskite structure can be predicted by the Goldschmidt tolerance
factor (t) in Equation (3), where r4, rg, and rx denote the ionic radii of A, B, and X, respectively [50].

ra + rx

p= —A4 T X 3
V2 (rp + rx) ©

A stable crystal structure of 3D perovskite is expected when t ranges between 0.8 and 0.9 [51].
While FA*, MA*, and Cs* meet the tolerance range for a 3D structure with given ionic radii of Pb?* and
I”, other larger species of organic cations in the A site can result in a distortion and slice the 3D lattice in
parallel, resulting in a low dimensional structure of 2D [50]. A variety of organic salts with a larger size
have been employed to grow the 2D layer for the 3D/2D bilayered perovskite. In Table 1, organic salts
employed for the 2D capping layer are listed with corresponding experimental methods and resulting
photovoltaic parameters of the 3D/2D bilayered structure compared to the pristine 3D film.
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Table 1. Organic salts employed for 2D layer formation.
3D 3D/2D Bilayered
Chemical Molecular Structure Method - v PCE v PCE Ref
Composition oc¢ oc
V) (%) V) (%)
CSQ‘05(MAO‘17FAO‘83)Pb(IO.83 Br0‘17)3 0.955 14.17 1.05 15.74 [31]
Insitu growth FAPbI, 1.06 19.02 1.11 1950  [33]
(solvent: IPA) Csp.07Rbg 03FA(.76s MA( 135 Pbl, 55Brg 45 1.16 (R) 20.02(R) 1.20(R) 22.77(R) [41]
n-Butylammonium jodide ® MAPbI 1.08 17.75 1.09 1885  [36
(n-BAI) ~ T NH, | _ 3 : : : . [36]
Vacuum deposition MAPbI; 1.01 17.30 1.02 1650  [46]
(thermal evaporator)
Véi‘;f;fg;‘;d MAPbI, 1.14 18.98 1.16 1948  [45]
“‘B?r:_yég‘me SN N Ig;‘f/‘; rﬁf"é‘g? MAPbI, 1.08 17.75 111 1956  [36]
Ethanediamineiodide 1.04(R) 16.23(R) 1.09(R) 17.96(R)
17 ® NH; ™o
(EDAI) HNT > FAPbI3 094 (F) 13.08(F) 1.04(F) 16.88(F) (2]
Cyclopropylammonium iodide ® 9 )
Alkyl- (CAI) [>—NH3I MAPDICl3_« 0.92 13.12 0.92 13.86 [24]
Hexylammonium iodide ]
Y (HAI) /\/\/\NH3I CS()407FA0479MA0‘14Pb(IOBSBI'O.H)B, 1.10 18.83 1.14 20.62 [37]
OCtylamT&r;lIt)lm todide NN g In-situ growth Cs0.05(MA.17FA0.83)Pb(lo 83 Bro.17)3 0.955 14.17 1.022 15.19 [31]
(solvent: IPA)
S)
. . : Br
Diethylammonium bromide PN MAPbI, 1.04 14.37 1.06 1830  [30]
(DABr) N
2
is0- ium iodi o
150 B“tylar(r_l‘_%‘zrl‘;um fodide ! (FAPbI3)0 85(MAPbBr3)0 15 0.895 0.995 217 [39]
5-ammoniumvalericacid iodide )OM/\@ o MAPbDI3 1.01 17.3 1.06 18.0 [26]
(5-AVAI or AVAI) HO NH!
(FAPbl3)g.85(CsPbBr3) 12 0986 (R) 132(R) 1.06([R) 16.03(R) [32]
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Table 1. Cont.
3D 3D/2D Bilayered
Chemical Molecular Structure Method Composition Voc PCE Voc PCE Ref
P V) ) % %)
In-situ growth Csp.05(MA(.17FA( 83)0.95Pb(Ip.83 Bro.17)3 1.05 17.02 1.11 18.51 [28]
o o (solvent: IPA) FAPbI, 1.06 19.02 1.14 2115 [33]
Phenylethylammonium iodide NH! Anti
ti-solvent /
Phenyl- (PEAI) @N (solvent: toluene) MAPbI; 1.10 18.75 1.17 19.89  [44]
Vacuum deposition
(thermal eva};orator) MAPbI; 1.056 (R) 189 (R) 1.061(R) 17.7(R) [47]
Benzylamine g NH, In-situ growth )
(BA) (solvent: CB) CSO‘15FAO‘85Pb(IO'73BI'0.27)3 1.16 12.9 1.24 17.1 [42]
F
Pentafluorophenylethylammonium  F. ﬁHal © In-situ growth
iodide (solvent: IPA, CSO'O4FAO.92MAO'O4PbI3 1.045 20.02 1.096 22.16 [25]
(FEAI) F L F immersing)
4,4 4-trifluorobutylammonium c)
iodide F3C/\/ NH;3! FAPbI3 1.06 19.02 1.07 17.5 [33]
Fluoro- (FBAI) o
4-fluorophenyl-ethylammonium ©..0 In-situ growth 1.06 19.02 1.06 17.14
iodide 3 (solvent: IPA)
(FPEAI) F/©A/ CSo‘lFAOA77MA[)A13PbIzA59Br0,41 1.104 19.48 1.127 20.53 [40]
6,6,6-trifl -4-0x0-5,5-bi
(triﬂuoroie?}?;gheszr?-1-amilf11um Fo 0 ﬁH3| o | Csg.1FA(74MA( 13Pbl; 48Brg 39 1.112 18.78 1.126 20.00 -
iodide FoC” \CF, Single precursor MAgoFAg 1 Pbl; 1.04 17.98 111 2013
(A43) solution
2-thlophener.net'hylammomum s o 1132 19.97
iodide E)/\NHal © [(FAPbI3)g 87(MAPbBr3)0.1310.92(CsPbl3)g 08 (1.049%) (17.91%)
(2-TMAI) ’ ’
_thi i S
Thioshene. 3 thlophenerir;(e;lti}(li};lammomum | P In-situ growth 1.124’e 20.48’e 1132 20.59 5]
p (>TMAD) NH1© (solvent: IPA) 0417 (A901%) (1 032% (1855%) L
2-th10phenei3§gi1§1eammomum ES/)_\»@ . 1117 19.42
* *
(2-TEAI) NH, (1.010*) (15.70%)

R, reverse scan; F, forward scan; and *, value as prepared.
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Before the active adoption of a 3D/2D bilayered structure in PSCs, ammonium salts with
a bulky phenyl alkyl chain (ex. PEA™) were introduced to PSC as a form of 2D layer [18].
The (PEA),(MA),Pbsljg-based layered perovskite showed a promising device stability due to an
increased moisture resistance, in spite of its poor performance. Henceforward, ammonium salt with
a long alkyl chain (ex. BA*) was also applied for quasi-2D perovskite to boost the photovoltaic
performance with an ensured stability of the perovskite layer [17]. It was noted that the improved
stability caused by the 2D structure tended to scarify the efficiency by avoiding the 3D structure,
which was resolved by introducing the 3D/2D bilayered structure based on cyclopropyl ammonium as
a cation for the 2D capping layer [24]. Since the first introduction of the 3D/2D structure, various cation
sources have been consistently explored, in order to find the most effective 2D capping layer grown on
the 3D surface [31,33,36,37]. A longer alkyl chain not only increases the stability, but also improves
the interface, showing a reduced number of surface defects, as evidenced by the prolonged PL
life time and reduced trap density [31,37]. Therefore, BA* and PEA* became the major cations
for the dense growth of the 2D layer thanks to the superior stability, without compromising the
efficiency [18,19]. On the other hand, attempts to employ a fluorinated compound in perovskite were
made in various ways, including perovskite compositional engineering, as well as surface passivation
with fluorinated species [52,53]. The fluorinated species recently evolved to sources for the 2D layer
to take advantage of their remarkable properties, such as their strong hydrophobicity, lipophobicity,
and self-organization [48]. Since the fluorous cation (A43) had an outstanding effect on both the stability
and efficiency [34], intensive efforts have been made to investigate other fluorinated species, which are
still regarded as the most promising cation sources for the 2D capping layer, showing good examples
of FPEA* and FEA™ [25,40]. Thiophene species were also studied as sources for 2D layer formation,
displaying an enhanced stability due to the hydrophobicity of the aromatic cation [54]. Among the
explored thiophene family, 2-TEA showed the highest effect by forming a robust 2D capping layer,
being ascribed to the relatively longer chain of ethyl than that of methyl [35]. Most of the sources
employed for the 2D capping layer are in the form of (phenyl)alkyl-amine or -ammonium halide salt.
During the growth of the 2D layer on the top of the 3D film, the positive ammonium functional group
of the cation source for 2D can passivate the cationic vacancies exposed at the 3D surface, whereas the
halide, mostly iodide, supplied as a counter part of the cation source for 2D is prone to passivate the
anionic vacancies on the surface of the 3D film [31,55]. Furthermore, the carboxyl group of AVA-5
enables the formation of a uniform 2D capping layer by the aid of hydrogen bonding with halogen of
underlying 3D perovskite film [26].

5. Beneficial Effects Obtained by Employing 3D/2D Bilayered Perovskite

While the conventional 3D perovskite structure exhibits a low stability, particularly in terms of
moisture resistance, the low-dimensional 2D layered structure demonstrates an outstanding resistance
to various environmental stresses, including light, heat, and moisture [17,18,56,57]. The establishment
of the 3D/2D bilayered structure not only ensures the structural stability of the perovskite crystal phase,
but also increases the photovoltaic performance of PSCs, mainly due to the suppressed recombination
caused by the passivation effect.

5.1. Enhanced Stability

5.1.1. Long-Term Stability

Under high humidity of 63 + 5% in ambient air at room temperature (RT), the pristine 3D
perovskite film easily turned yellow, with decreased absorbance at the perovskite absorption window
(ca. 400-770 nm), which is indicative of the decomposition of the 3D perovskite structure leaving yellow
Pbl, (Figure 7a) [24]. It is notable that the absorbance peak corresponding to Pbl, (~540 nm, denoted as
*) was obviously shown after 8 days for full degradation of the 3D structure, while the 3D/2D bilayered
structure retained a black phase without any development of the Pbl, peak at ~540 nm, even after
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40 days under the same condition (Figure 7b) [24]. The robust 3D/2D bilayered structure also affects the
device stability, leading to a remarkably improved long-term stability. In inert atmosphere (Ar), a PSC
based on 3D/2D maintained 90% of the initial PCE after 32 days, while the one with 3D retained 67% of
the initial PCE [26]. Furthermore, the shelf stability of PSCs is also highly dependent on the inclusion
of a 2D capping layer. The 3D/2D bilayered-based device, stored in the dark with humidity (RH > 50%),
retained 86% of the initial PCE for 100 h, while the 3D-based one dropped to 61% of the initial PCE
due to overall decreases in every photovoltaic parameter, including short-circuit photocurrent density
(Jsc)), Voc, and fill factor (FF) [31]. Figure 7c shows a remarkable effect of the 3D/fluorinated-2D
bilayered structure in a harsh condition, where the devices were exposed to 1 sun illumination with
a relative humidity (RH) of around 40% and kept at the maximum power point (bias voltage stress)
during the measurements. In total, 90% of the initial PCE of the 3D/2D-based device was noticeably
maintained for 1000 h, even in the intensified stress environments with consistent photon-, moisture-
and voltage-bias.
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Figure 7. Effect of 3D/2D bilayered perovskite on the device’s long-term stability. Absorbance spectra
and photo images of (a) 3D and (b) 3D/2D bilayered perovskite film as a function of aging time.
Reprinted with permission from ref. 24 Copyright 2016 The Royal Society of Chemistry. (c) Long-term
photovoltaic parameters of un-capsulated PSCs monitored under one sun illumination with a humidity
(RH) of ~40% at maximum power point tracking. Reprinted with permission from Ref. [25] Copyright
2019 AAAS.

5.1.2. Moisture Stability

Moisture is one of the major causes of the degradation of 3D perovskite. H,O diffuses into 3D bulk
film with a low hydrophobicity, consequently leading to a hydrate form, which is photo-inactive [58,59].
2D perovskite, however, exhibits a superior hydrophobicity, since large aliphatic or aromatic cations
are employed [18,57]. Therefore, 3D/2D bilayered perovskite exhibits a great moisture stability by
adopting the hydrophobic surface of the 2D capping layer and thus effectively blocks the permeation
of water. Figure 8a represents contact angles of water droplets on the surface of a 3D/2D bilayered
structure and pristine 3D as a function of the droplet loading time. The 3D/2D bilayered perovskite
resulted in a much higher contact angle of 96.0°, compared to 46.8° for the pristine 3D film. While the
contact angle of the 3D film gradually decreased when increasing the loading time, that of the 3D/2D
bilayered structure was mostly maintained, indicating greatly improved moisture tolerance by the 2D
capping layer [25]. As expected from the contact angle experiments, the 3D/2D bilayered structure
effectively protects the underlying 3D perovskite. Figure 8b—d indicate the moisture resistance of
perovskite films in a closed vessel with RH of 85 + 10% at RT. The black 3D film turned yellow after
14 days, which was considerably retarded in the 3D/2D bilayered structure (Figure 8b). The observed
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tendency was confirmed by absorbance spectra, where a rapid decrease in the absorbance of 3D film
(Figure 8c) was delayed in the 3D/2D structure owing to the presence of a 2D layer on the 3D film
(Figure 8d). An XRD study also verified the high moisture tolerance of 3D/2D perovskite films [32].
When 3D film was kept under RH of 80%, decomposition of the PSC led to the appearance of new
XRD peaks at 28.45° corresponding to PbO, 8.35° and 10.31° for (CH3NH;3)Pbl;-H,O, and 39.36° for
Agl [44]. Meanwhile, the 3D/2D-based PSC remained stable, without new peaks, demonstrating that
the hydrophobic terminals of the 2D capping layer effectively blocked H,O invasion.

(@) (b)
- ) KA B
- R

1.5

3D/2D

(c) 3D

—0d -

- —o0d
14d —|
- —14d

(d) 3D/2D
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‘ AT(J)O ‘ AB(JJO‘ A 600
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Figure 8. Effect of the 3D/2D bilayered structure on the moisture resistance. (a) Contact angle of the
water droplet contact angle on top of 3D/2D (left) and 3D (right) as a function of the loading time.
Reprinted with permission from Ref. [25] Copyright 2019 AAAS. (b) Optical color changes of 3D (top)
and 3D/2D (bottom) films stored in a closed vessel with 85 + 10%. UV-Vis absorption spectra of (c) 3D
and (d) 3D/2D films stored in a closed vessel with 85 + 10%. Reprinted with permission from Ref. [32]
Copyright 2018 WILEY-VCH.

5.1.3. Thermal Stability

The decomposition of a 3D perovskite structure is usually expected under constant thermal stress,
which triggers ion migration and makes the escaped ions diffuse towards the top electrode, damaging
both the hole transport material (HTM) and top electrode [60]. Notably, the 2D capping layer has a
great impact on not only the moisture tolerance, but also the thermal stress resistance. The thermal
effect on the ion diffusion across the perovskite film was investigated by using the time-of-flight
secondary ion mass spectrometry (ToF-SIMS) depth-profile, as shown in Figure 9a. After heating
the 3D-based PSC at 80 °C for 12 h, the depth-profile of the iodide was notably different from the
fresh sample, indicating the pronounced iodide intensity (about 100 times greater) at the interface
between the Ag electrode and PCBM [44]. The iodide diffusion toward the interface imposes the high
possibility of the formation of Agl and thus implies degradation of the 3D film [60]. On the other hand,
BAl-treated 3D/2D-based PSC showed a negligible difference in the iodide depth-profile, regardless of
heat treatment. In addition, the increased capacitance in the low-frequency regime was observed for
the 3D device after being heated for 20 h at 85 °C, which was ascribed to ion migration by thermal
stress [61,62], while the 3D/2D-based device suppressed the increase in capacitance at a low frequency
(Figure 9b) [36]. As illustrated in Figure 9c, thermal-induced ion migration, iodide in particular,
toward the top electrode is effectively suppressed by bulky cations for the 2D layer, such as BA and
PEA [44]. Besides, it has been reported that MA vacancies and the high density of iodine derived from
MA volatilization are major causes of the degradation of 3D perovskite [60]. The volatilization of MA
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is inhibited in the 3D/2D bilayered structure due to the presence of a bulky cation in the 2D capping
layer, which not only acts as a barrier to prevent the ion migration, but also makes it difficult for the
bulky cation to replace the MA/FA vacancy due to the size difference (Figure 9d) [36].
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Figure 9. Thermal-induced ion migration in perovskite films. (a) Time-of-flight secondary ion mass
spectroscopy (ToF-SIMS) depth-profile of relative elements of fresh and aged PSC devices with 3D (left)
and 3D/2D (right) under 80 °C for 12 h. (b) Capacitance change of the devices based on 3D and 2D
(n-butylamine (n-BA) and n-butyl ammonium iodide (n-BAI)) under thermal stress at 85 °C for 20 h.
(c) Illustration of general ion migration in a 3D-based device (top) and suppressed ion migration in a
3D/2D-based device (bottom). (d) Illustrations of the inhibited escape of amine gas (MA) ions in 3D/2D
perovskite (left) and MA volatilization in 3D perovskite (right) under thermal stress. Reprinted with
permission from Ref. [44] Copyright 2017 WILEY-VCH for (a) and (c). Reprinted with permission from
Ref. [36] Copyright 2018 American Chemical Society for (b) and (d).
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Figure 10 shows the normalized PCE of devices at 85 °C [45]. The device based on a 3D/2D
bilayered structure apparently demonstrated an improved thermal stability compared to the device
with a 3D film. The XRD intensity of Pbl,, formed by thermal stress, was higher for the 3D film,
though a Pbl, peak appeared for both 3D and 3D/2D films [45]. Furthermore, the thermal stability
was highly governed by the thickness of the 2D capping layer in the 3D/2D bilayered structure [28].
A thicker 2D capping layer with 8 mg/mL PEAI enabled the device to retain 90% of the initial PCE for
over 100 h at 60 °C. The device with 1 mg/mL PEAI, however, maintained 75% of the initial PCE at the
same condition [28].
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Figure 10. Thermal stability of devices based on 3D and 3D/2D bilayered perovskite films. Reprinted
with permission from Ref. [45] Copyright 2020 American Chemical Society.

5.2. Enhanced Photovoltaic Performance

5.2.1. Suppressed Charge Recombination

The most prominent feature enabled by the 2D capping layer is the surface passivation effect,
which is directly responsible for the suppressed charge recombination. The growth of a 2D layer
on the surface of a 3D film not only passivates the defect by acting as an ion scavenger during the
formation of the capping layer [35], but also inhibits the ions from migrating toward the adjacent layers
during the device operation [36,44]. The suppressed charge recombination is frequently monitored by
an increased PL intensity, with a prolonged carrier life time in the presence of the 2D capping layer
compared to the pristine 3D film [25,26,28-34,36,37,39-41,45]. The PL intensity corresponding to the 3D
perovskite film was considerably enhanced by post-treatment with n-BAI [41]. Similarly, the increased
PL intensity with BAI was further enhanced by replacing BAI with HAI owing to the low interfacial
defects with HAI [37]. Time-resolved photoluminescence (TR-PL) results were indeed in accordance
with the tendency of steady-state PL, depending on the 2D capping layer. When FEA* contributed to
the 2D in the bilayered structure, the carrier lifetime in the perovskite layer increased two-fold [25].
In the case of post-treatment with mixed salts (FA:PEA = 1:1), the average lifetime was also increased
from 172 ns for the control 3D film to 314 ns for the mixed salts [33]. The charge recombination
behavior was also studied by using impedance spectroscopy, where the addition of a 2D capping
layer resulted in an increased charge recombination resistance [25,28,32,45]. Furthermore, the reduced
ideality factor with DABr close to 1 [30] and the increased recombination time with PEAI [44] are
indicative of the passivated traps induced by the formation of a 2D layer. The overall observation of
suppressed non-radiative recombination is readily reflected in the improved photovoltaic performance,
particularly in Vo [39,63-66], which is well-summarized in Table 1.
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5.2.2. Energy Level Alignment

The effect of a 2D capping layer on the work function of perovskite film was investigated by
measuring the contact potential difference (CPD) between a Pt-coated probe and the perovskite samples.
Kelvin probe force microscopy (KPFM) was used to record the CPD with and without the 2D capping
layer based on post-treatment with PEAI [28]. The 3D/2D bilayered structure with PEAI demonstrated
—108 mV of CPD, while the pristine 3D film showed —41 mV of CPD, leading to an increase in
Voc [28]. The downshift of the Fermi level was indeed beneficial for hole extraction, with well-matched
energy alignment with HTM. Furthermore, energy band alignment of the 2D layer is favorable for
charge extraction in the bilayered structure. The 2D capping layer has been frequently introduced
into the normal structure, n-i-p, where the 2D layer is sandwiched between the 3D perovskite and
HTM. Ultraviolet photoelectron spectroscopy confirmed that the valence band of the 2D layer was
located slightly higher than that of 3D, being favorable for hole extraction [32,42]. On the other hand,
the conduction band of the 2D layer was aligned considerably higher than that of the 3D film, owing to
the higher bandgap of 2D [32,42]. Therefore, the photogenerated electrons in the conduction band of 3D
perovskite were blocked by the 2D layer acting as an energy barrier adjacent to HTM, which effectively
restrained the interfacial charge recombination between the electrons in the conduction band of 3D
and the holes in the valence band of HTM.

5.2.3. Relieved I-V Hysteresis

Conventional layered perovskite solar cells demonstrate severe I-V hysteresis due to the large
exciton binding energy and the inefficient charge extraction of 2D perovskite materials [17,18,67].
On the other hand, a highly relieved I-V hysteresis is generally monitored from the 3D/2D bilayered
perovskite-based device [28,29,32,33,35,37-39,41,44-46]. The passivation effect by the growth of 2D
capping layer was found to deactivate existing traps or lower the trap density of the 3D film, leading to
the reduced I-V hysteresis in parallel to the enhanced PL intensity and V¢ in the 3D/2D bilayered
structure [39,68-70]. The enhanced crystallinity of underlying 3D phase with the improved charge
extraction of 3D/2D bilayered structure was indeed beneficial for the I-V hysteresis reduction [68,69].
Furthermore, the 2D capping layer acts as a barrier for the ion migration [36,44], being responsible for
the suppressed I-V hysteresis [70].

6. Perspective

The commercial use of PSCs has been consistently challenged by a low device stability. Along with
the evolution of encapsulation technology for PSCs to avoid any extrinsic parameter affecting the
device’s stability, intensive research on materials and device structures has been carried out, with the
aim of improving the device’s intrinsic stability. Recently, the 3D/2D bilayered perovskite structure has
become an effective strategy for obtaining high-efficiency PSCs with a remarkable stability. The growth
of low-dimensional perovskite on the photoactive 3D film enables the 3D/2D bilayered structure to
be strongly resistant to various stress, leading to an outstanding long-term stability. Furthermore,
remarkably suppressed charge recombination with efficient charge extraction in the 3D/2D structure
leads to an improved photovoltaic performance. Therefore, the achievement of both efficiency and
stability by the aid of the 3D/2D bilayered structure makes the PSCs more promising technology for
commercial demands. The development of a new moiety in the organic cation for the 2D layer would
bring a beneficial feature, while a delicate tuning of the interface would strengthen the effect of the
3D/2D bilayered structure not only in photovoltaics, but also in optoelectronics.

Author Contributions: Conceptualization, H.-S.C. and H.-S.K.; investigation, H.-S.C.; writing-original draft
preparation, H.-5.C.; writing-review and editing, H.-S.K.; supervision, H.-S.K.; funding acquisition, H.-S.K.
All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by a National Research Foundation of Korea (NRF) grant funded by the
Korea government (MSIT) (No. 2020R1F1A1075558).



Materials 2020, 13, 3868 16 of 19

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Kim, H.-S.; Lee, C.-R.; Im, J.-H.; Lee, K.-B.; Moehl, T.; Marchioro, A.; Moon, S.-J.; Humphry-Baker, R.;
Yum, J.-H.; Moser, J.E.; et al. Lead lodide Perovskite Sensitized All-Solid-State Submicron Thin Film
Mesoscopic Solar Cell with Efficiency Exceeding 9%. Sci. Rep. 2012, 2, 591. [CrossRef] [PubMed]

Lee, M.M.; Teuscher, J.; Miyasaka, T.; Murakami, T.N.; Snaith, H.]J. Efficient Hybrid Solar Cells Based on
Meso-Superstructured Organometal Halide Perovskites. Science 2012, 338, 643-647. [CrossRef] [PubMed]
Giorgi, G.; Fujisawa, J.-I.; Segawa, H.; Yamashita, K. Small Photocarrier Effective Masses Featuring Ambipolar
Transport in Methylammonium Lead Iodide Perovskite: A Density Functional Analysis. J. Phys. Chem. Lett.
2013, 4, 4213-4216. [CrossRef] [PubMed]

Stranks, S.D.; Eperon, G.E.; Grancini, G.; Menelaou, C.; Alcocer, M.].P,; Leijtens, T.; Herz, L.M.; Petrozza, A.;
Snaith, H.J. Electron-Hole Diffusion Lengths Exceeding 1 Micrometer in an Organometal Trihalide Perovskite
Absorber. Science 2013, 342, 341-344. [CrossRef] [PubMed]

Yin, W.-J,; Shi, T; Yan, Y. Unique Properties of Halide Perovskites as Possible Origins of the Superior Solar
Cell Performance. Adv. Mater. 2014, 26, 4653-4658. [CrossRef]

Steirer, K.X.; Schulz, P; Teeter, G.; Stevanovic, V.; Yang, M.; Zhu, K.; Berry, J.J. Defect Tolerance in
Methylammonium Lead Triiodide Perovskite. ACS Energy Lett. 2016, 1, 360-366. [CrossRef]

Jeon, N.J.; Noh, ].H.; Kim, Y.C.; Yang, W.S.; Ryu, S.; Seok, S.I. Solvent Engineering for High-Performance
Inorganic-Organic Hybrid Perovskite Solar Cells. Nat. Mater. 2014, 13, 897-903. [CrossRef]

Best Research-Cell Efficiencies Chart. Available online: https://www.nrel.gov/pv/assets/pdfs/best-research-
cell-efficiencies.20200406.pdf (accessed on 31 July 2020).

Yuan, Y.; Huang, J. Ion Migration in Organometal Trihalide Perovskite and Its Impact on Photovoltaic
Efficiency and Stability. Acc. Chem. Res. 2016, 49, 286-293. [CrossRef]

Yin, W.-J.; Shi, T; Yan, Y. Unusual Defect Physics in CH3NH3PbI;z Perovskite Solar Cell Absorber.
Appl. Phys. Lett. 2014, 104, 063903. [CrossRef]

Jeon, N.J.; Noh, J.H.; Yang, W.S.; Kim, Y.C.; Ryu, S.; Seo, J.; Seok, S.I. Compositional Engineering of Perovskite
Materials for High-Performance Solar Cells. Nature 2015, 517, 476-480. [CrossRef]

Turren-Cruz, S.-H.; Hagfeldt, A.; Saliba, M. Methylammonium-Free, High-Performance, and Stable Perovskite
Solar Cells on a Planar Architecture. Science 2018, 362, 449-453. [CrossRef]

Saliba, M.; Matsui, T.; Seo, J.-Y.; Domanski, K.; Correa-Baena, J.-P.; Nazeeruddin, M.K.; Zakeeruddin, S.M.;
Tress, W.; Abate, A.; Hagfeldt, A.; et al. Cesium-Containing Triple Cation Perovskite Solar Cells: Improved
Stability, Reproducibility and High Efficiency. Energy Environ. Sci. 2016, 9, 1989-1997. [CrossRef] [PubMed]
Wang, E; Geng, W.; Zhou, Y.; Fang, H.-H.; Tong, C.-J.; Loi, M.A_; Liu, L.-M.; Zhao, N. Phenylalkylamine
Passivation of Organolead Halide Perovskites Enabling High-Efficiency and Air-Stable Photovoltaic Cells.
Adv. Mater. 2016, 28, 9986-9992. [CrossRef] [PubMed]

Koushik, D.; Verhees, WJ.H.; Kuang, Y.; Veenstra, S.; Zhang, D.; Verheijen, M.A; Creatore, M.; Schropp, R.E.I
High-Efficiency Humidity-Stable Planar Perovskite Solar Cells Based on Atomic Layer Architecture.
Energy Environ. Sci. 2017, 10, 91-100. [CrossRef]

Wang, F.; Shimazaki, A.; Yang, F.; Kanahashi, K.; Matsuki, K.; Miyauchi, Y.; Takenobu, T.; Wakamiya, A.;
Murata, Y.; Matsuda, K. Highly Efficient and Stable Perovskite Solar Cells by Interfacial Engineering Using
Solution-Processed Polymer Layer. J. Phys. Chem. C 2017, 121, 1562-1568. [CrossRef]

Cao, D.H.; Stoumpos, C.C.; Farha, O.K.; Hupp, ]J.T.; Kanatzidis, M.G. 2D Homologous Perovskites as
Light-Absorbing Materials for Solar Cell Applications. J. Am. Chem. Soc. 2015, 137, 7843-7850. [CrossRef]
Smith, I.C.; Hoke, E.T.; Solis-Ibarra, D.; McGehee, M.D.; Karunadasa, H.I. A Layered Hybrid Perovskite
Solar-Cell Absorber with Enhanced Moisture Stability. Angew. Chem. 2014, 53, 11232-11235. [CrossRef]
Tsai, H.; Nie, W.; Blancon, J.-C.; Stoumpos, C.C.; Asadpour, R.; Harutyunyan, B.; Neukirch, A.J.; Verduzco, R.;
Crochet, ].J.; Tretiak, S.; et al. High-Efficiency Two-Dimensional Ruddlesden-Popper Perovskite Solar Cells.
Nature 2016, 536, 312-316. [CrossRef]

Koh, T.M.; Shanmugam, V.; Schlipf, J.; Oesinghaus, L.; Miiller-Buschbaum, P.; Ramakrishnan, N.; Swamy, V.;
Mathews, N.; Boix, P.P.; Mhaisalkar, 5.G. Nanostructuring Mixed-Dimensional Perovskites: A Route toward
Tunable, Efficient Photovoltaics. Adv. Mater. 2016, 28, 3653-3661. [CrossRef]


http://dx.doi.org/10.1038/srep00591
http://www.ncbi.nlm.nih.gov/pubmed/22912919
http://dx.doi.org/10.1126/science.1228604
http://www.ncbi.nlm.nih.gov/pubmed/23042296
http://dx.doi.org/10.1021/jz4023865
http://www.ncbi.nlm.nih.gov/pubmed/26296167
http://dx.doi.org/10.1126/science.1243982
http://www.ncbi.nlm.nih.gov/pubmed/24136964
http://dx.doi.org/10.1002/adma.201306281
http://dx.doi.org/10.1021/acsenergylett.6b00196
http://dx.doi.org/10.1038/nmat4014
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200406.pdf
https://www.nrel.gov/pv/assets/pdfs/best-research-cell-efficiencies.20200406.pdf
http://dx.doi.org/10.1021/acs.accounts.5b00420
http://dx.doi.org/10.1063/1.4864778
http://dx.doi.org/10.1038/nature14133
http://dx.doi.org/10.1126/science.aat3583
http://dx.doi.org/10.1039/C5EE03874J
http://www.ncbi.nlm.nih.gov/pubmed/27478500
http://dx.doi.org/10.1002/adma.201603062
http://www.ncbi.nlm.nih.gov/pubmed/27677653
http://dx.doi.org/10.1039/C6EE02687G
http://dx.doi.org/10.1021/acs.jpcc.6b12137
http://dx.doi.org/10.1021/jacs.5b03796
http://dx.doi.org/10.1002/anie.201406466
http://dx.doi.org/10.1038/nature18306
http://dx.doi.org/10.1002/adma.201506141

Materials 2020, 13, 3868 17 of 19

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chen, Y;; Sun, Y.; Peng, J.; Zhang, W.; Su, X.; Zheng, K_; Pullerits, T.; Liang, Z. Tailoring Organic Cation of
2D Air-Stable Organometal Halide Perovskites for Highly Efficient Planar Solar Cells. Adv. Energy Mater.
2017, 7, 1700162. [CrossRef]

Wang, Z.; Lin, Q.; Chmiel, EP.; Sakai, N.; Herz, L.M.; Snaith, H.]. Efficient Ambient-Air-Stable Solar Cells with
2D-3D Heterostructured Butylammonium-Caesium-Formamidinium Lead Halide Perovskites. Nat. Energy
2017, 2. [CrossRef]

Grancini, G.; Roldan-Carmona, C.; Zimmermann, I.; Mosconi, E.; Lee, X.; Martineau, D.; Narbey, S.; Oswald, F;
De Angelis, F.; Graetzel, M.; et al. One-Year Stable Perovskite Solar Cells by 2D/3D Interface Engineering.
Nat. Commun. 2017, 8, 15684. [CrossRef] [PubMed]

Ma, C,; Leng, C.; Ji, Y.; Wei, X,; Sun, K,; Tang, L.; Yang, J.; Luo, W.; Li, C.; Deng, Y.; et al. 2D/3D Perovskite
Hybrids as Moisture-Tolerant and Efficient Light Absorbers for Solar Cells. Nanoscale 2016, 8, 18309-18314.
[CrossRef]

Liu, Y,; Akin, S.; Pan, L.; Uchida, R.; Arora, N.; Mili¢, J.V.; Hinderhofer, A.; Schreiber, F.; Uhl, A.R.;
Zakeeruddin, S.M.; et al. Ultrahydrophobic 3D/2D Fluoroarene Bilayer-Based Water-Resistant Perovskite
Solar Cells with Efficiencies Exceeding 22%. Sci. Adv. 2019, 5, eaaw2543. [CrossRef]

Ye, T.; Bruno, A.; Han, G.; Koh, TM.,; Lij, J,; Jamaludin, N.F; Soci, C.; Mhaisalkar, S.G.; Leong, W.L.
Efficient and Ambient-Air-Stable Solar Cell with Highly Oriented 2D@3D Perovskites. Adv. Funct. Mater.
2018, 28, 1801654. [CrossRef]

Ran, C.; Xi,].; Gao, W.; Yuan, F; Lei, T.; Jiao, B.; Hou, X.; Wu, Z. Bilateral Interface Engineering Toward Efficient
2D-3D Bulk Heterojunction Tin Halide Lead-Free Perovskite Solar Cells. ACS Energy Lett. 2018, 3, 713-721.
[CrossRef]

Chen, P; Bai, Y.; Wang, S.; Lyu, M.; Yun, ].-H.; Wang, L. In Situ Growth of 2D Perovskite Capping Layer for
Stable and Efficient Perovskite Solar Cells. Adv. Funct. Mater. 2018, 28, 1706923. [CrossRef]

Wu, Y.-H,; Ding, Y.; Liu, X.-Y,; Ding, X.-H.; Liu, X.-P; Pan, X.; Dai, S.-Y. Ambient Stable FAPbI3-Based
Perovskite Solar Cells with a 2D-EDAPbI4 Thin Capping Layer. Sci. China Mater. 2019, 63, 47-54. [CrossRef]
Huang, X.; Bi, W,; Jia, P; Tang, Y.; Lou, Z.; Hu, Y.; Cui, Q.; Hou, Y.; Teng, F. Enhanced Efficiency and Light
Stability of Planar Perovskite Solar Cells by Diethylammonium Bromide Induced Large-Grain 2D/3D Hybrid
Film. Org. Electron. 2019, 67, 101-108. [CrossRef]

Koh, T.M.; Shanmugam, V.; Guo, X.; Lim, S.S.; Filonik, O.; Herzig, E.M.; Miiller-Buschbaum, P.; Swamy, V.;
Chien, S.T.; Mhaisalkar, S.G.; et al. Enhancing Moisture Tolerance in Efficient Hybrid 3D/2D Perovskite
Photovoltaics. J. Mater. Chem. A 2018, 6,2122-2128. [CrossRef]

Chen, J.; Seo, J.-Y.; Park, N.-G. Simultaneous Improvement of Photovoltaic Performance and Stability
by In Situ Formation of 2D Perovskite at (FAPbI3) gs(CsPbBr3)g 12/CuSCN Interface. Adv. Energy Mater.
2018, 8, 1702714. [CrossRef]

Niu, T; Lu, J.; Jia, X,; Xu, Z.; Tang, M.-C.; Barrit, D.; Yuan, N.; Ding, J.; Zhang, X.; Fan, Y.; et al.
Interfacial Engineering at the 2D/3D Heterojunction for High-Performance Perovskite Solar Cells. Nano Lett.
2019, 19, 7181-7190. [CrossRef] [PubMed]

Cho, K.T;; Zhang, Y.; Orlandi, S.; Cavazzini, M.; Zimmermann, I.; Lesch, A.; Tabet, N.; Pozzi, G.; Grancini, G.;
Nazeeruddin, M.K. Water-Repellent Low-Dimensional Fluorous Perovskite as Interfacial Coating for 20%
Efficient Solar Cells. Nano Lett. 2018, 18, 5467-5474. [CrossRef] [PubMed]

Sutanto, A.A.; Drigo, N.; Queloz, V.LE.; Garcia-Benito, I.; Kirmani, A.R.; Richter, L.J.; Schouwink, P.A.;
Cho, K.T.; Paek, S.; Nazeeruddin, M.K.; et al. Dynamical Evolution of the 2D/3D Interface: A Hidden Driver
behind Perovskite Solar Cell Instability. . Mater. Chem. A 2020, 8, 2343-2348. [CrossRef]

Lin, Y,; Bai, Y;; Fang, Y.; Chen, Z.; Yang, S.; Zheng, X.; Tang, S.; Liu, Y.; Zhao, J.; Huang, J. Enhanced
Thermal Stability in Perovskite Solar Cells by Assembling 2D/3D Stacking Structures. J. Phys. Chem. Lett.
2018, 9, 654-658. [CrossRef]

Lv, Y;;Song, X; Yin, Y.; Feng, Y.; Ma, H.; Hao, C.; Jin, S.; Shi, Y. Hexylammonium Iodide Derived Two-Dimensional
Perovskite as Interfacial Passivation Layer in Efficient Two-Dimensional/Three-Dimensional Perovskite Solar
Cells. ACS Appl. Mater. Interfaces 2019, 12, 698-705. [CrossRef]

Cho, K.T; Grancini, G.; Lee, Y,; Oveisi, E,; Ryu, J.; Almora, O.; Tschumi, M.; Schouwink, PA.; Seo, G.;
Heo, S; et al. Selective Growth of Layered Perovskites for Stable and Efficient Photovoltaics. Energy Environ. Sci.
2018, 11, 952-959. [CrossRef]


http://dx.doi.org/10.1002/aenm.201700162
http://dx.doi.org/10.1038/nenergy.2017.135
http://dx.doi.org/10.1038/ncomms15684
http://www.ncbi.nlm.nih.gov/pubmed/28569749
http://dx.doi.org/10.1039/C6NR04741F
http://dx.doi.org/10.1126/sciadv.aaw2543
http://dx.doi.org/10.1002/adfm.201801654
http://dx.doi.org/10.1021/acsenergylett.8b00085
http://dx.doi.org/10.1002/adfm.201706923
http://dx.doi.org/10.1007/s40843-019-1174-3
http://dx.doi.org/10.1016/j.orgel.2019.01.016
http://dx.doi.org/10.1039/C7TA09657G
http://dx.doi.org/10.1002/aenm.201702714
http://dx.doi.org/10.1021/acs.nanolett.9b02781
http://www.ncbi.nlm.nih.gov/pubmed/31479275
http://dx.doi.org/10.1021/acs.nanolett.8b01863
http://www.ncbi.nlm.nih.gov/pubmed/30134112
http://dx.doi.org/10.1039/C9TA12489F
http://dx.doi.org/10.1021/acs.jpclett.7b02679
http://dx.doi.org/10.1021/acsami.9b17930
http://dx.doi.org/10.1039/C7EE03513F

Materials 2020, 13, 3868 18 of 19

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Cho, Y.; Soufiani, AM.; Yun, ].S; Kim, J.; Lee, D.S.; Seidel, J.; Deng, X.; Green, M.A.; Huang, S.;
Ho-Baillie, A.W.Y. Mixed 3D-2D Passivation Treatment for Mixed-Cation Lead Mixed-Halide Perovskite
Solar Cells for Higher Efficiency and Better Stability. Adv. Energy Mater. 2018, 8, 1703392. [CrossRef]
Bouduban, M.E.E;; Queloz, V.ILE.; Caselli, V.M.; Cho, K.T.; Kirmani, A.R.; Paek, S.; Roldan-Carmona, C.;
Richter, L.J.; Moser, J.E.; Savenije, T.J.; et al. Crystal Orientation Drives the Interface Physics at
Two/Three-Dimensional Hybrid Perovskites. J. Phys. Chem. Lett. 2019, 10, 5713-5720. [CrossRef]
Mahmud, M.A.; Duong, T.; Yin, Y.; Pham, H.T.; Walter, D.; Peng, J.; Wu, Y,; Li, L.; Shen, H.; Wu, N.; et al.
Double-Sided Surface Passivation of 3D Perovskite Film for High-Efficiency Mixed-Dimensional Perovskite
Solar Cells. Adv. Funct. Mater. 2019, 30, 1907962. [CrossRef]

Zhou, Y.; Wang, F,; Cao, Y,; Wang, ].-P; Fang, H.-H.; Loi, M.A.; Zhao, N.; Wong, C.-P. Benzylamine-Treated
Wide-Bandgap Perovskite with High Thermal-Photostability and Photovoltaic Performance. Adv. Energy Mater.
2017, 7, 1701048. [CrossRef]

Xiao, M.; Huang, F; Huang, W.; Dkhissi, Y.; Zhu, Y.; Etheridge, ]J.; Gray-Weale, A.; Bach, U.; Cheng, Y.-B.;
Spiccia, L. A Fast Deposition-Crystallization Procedure for Highly Efficient Lead Iodide Perovskite Thin-Film
Solar Cells. Angew. Chem. 2014, 126, 10056-10061. [CrossRef]

Bai, Y.; Xiao, S.; Hu, C.; Zhang, T.; Meng, X; Lin, H.; Yang, Y,; Yang, S. Dimensional Engineering of a Graded
3D-2D Halide Perovskite Interface Enables Ultrahigh Voc Enhanced Stability in the p-i-n Photovoltaics.
Adv. Energy Mater. 2017, 7, 1701038. [CrossRef]

Liu, Z.; Meng, K.; Wang, X.; Qiao, Z.; Xu, Q.; Li, S.; Cheng, L.; Li, Z.; Chen, G. In Situ Observation of
Vapor-Assisted 2D-3D Heterostructure Formation for Stable and Efficient Perovskite Solar Cells. Nano Lett.
2020, 20, 1296-1304. [CrossRef] [PubMed]

Lin, D.; Zhang, T.; Wang, J.; Long, M.; Xie, F; Chen, J.; Wu, B.; Shi, T.; Yan, K.; Xie, W.; et al. Stable and Scalable
3D-2D Planar Heterojunction Perovskite Solar Cells via Vapor Deposition. Nano Energy 2019, 59, 619-625.
[CrossRef]

La-Placa, M.-G.; Gil-Escrig, L.; Guo, D.; Palazon, F; Savenije, T.].; Sessolo, M.; Bolink, H.]. Vacuum-Deposited
2D/3D Perovskite Heterojunctions. ACS Energy Lett. 2019, 4, 2893-2901. [CrossRef]

Vincent, J.-M. Recent Advances of Fluorous Chemistry in Material Sciences. Chem. Commun. 2012, 48, 11382.
[CrossRef]

Zhou, Z.; Wang, Z.; Zhou, Y.; Pang, S.; Wang, D.; Xu, H.; Liu, Z.; Padture, N.P; Cui, G. Methylamine-Gas-Induced
Defect-Healing Behavior of CH3NH3PbI3Thin Films for Perovskite Solar Cells. Angew. Chem. 2015, 54, 9705-9709.
[CrossRef]

Goldschmidt, V.M. Crystal Structure and Chemical Combination. Ber. Dtsch. Chem. Ges. 1927, 60, 1263-1268.
Li, C.; Lu, X.; Ding, W.; Feng, L.; Gao, Y.; Guo, Z. Formability of ABX3 (X =F, Cl, Br, I) Halide Perovskites.
Acta Crystallogr. Sect. B Struct. Sci. 2008, 64, 702-707. [CrossRef]

Mitzi, D.B.; Medeiros, D.R.; Malenfant, P.R.L. Intercalated Organic—Inorganic Perovskites Stabilized by
Fluoroaryl—Aryl Interactions. Inorg. Chem. 2002, 41, 2134-2145. [CrossRef] [PubMed]

Salim, KM.M.; Koh, TM.; Bahulayan, D.; Harikesh, P.C.; Jamaludin, N.E; Febriansyah, B.; Bruno, A,;
Mhaisalkar, S.; Mathews, N. Extended Absorption Window and Improved Stability of Cesium-Based
Triple-Cation Perovskite Solar Cells Passivated with Perfluorinated Organics. ACS Energy Lett. 2018, 3, 1068-1076.
[CrossRef]

Newcomb, L.F.; Gellman, S.H. Aromatic Stacking Interactions in Aqueous Solution: Evidence That Neither
Classical Hydrophobic Effects nor Dispersion Forces Are Important. J. Am. Chem. Soc. 1994, 116, 4993-4994.
[CrossRef]

Kitazawa, N.; Aono, M.; Watanabe, Y. Synthesis and Luminescence Properties of Lead-Halide Based
Organic-Inorganic Layered Perovskite Compounds (CnHp,1NH3),Pbly (N=4, 5,7, 8 and 9). J. Phys. Chem. Solids
2011, 72, 1467-1471. [CrossRef]

Yao, K.; Wang, X.; Xu, Y.; Li, E; Zhou, L. Multilayered Perovskite Materials Based on Polymeric-Ammonium
Cations for Stable Large-Area Solar Cell. Chem. Mater. 2016, 28, 3131-3138. [CrossRef]

Quan, L.N.; Yuan, M.; Comin, R.; Voznyy, O.; Beauregard, E.M.; Hoogland, S.; Buin, A.; Kirmani, A.R.;
Zhao, K.; Amassian, A.; et al. Ligand-Stabilized Reduced-Dimensionality Perovskites. J. Am. Chem. Soc.
2016, 138, 2649-2655. [CrossRef]


http://dx.doi.org/10.1002/aenm.201703392
http://dx.doi.org/10.1021/acs.jpclett.9b02224
http://dx.doi.org/10.1002/adfm.201907962
http://dx.doi.org/10.1002/aenm.201701048
http://dx.doi.org/10.1002/ange.201405334
http://dx.doi.org/10.1002/aenm.201701038
http://dx.doi.org/10.1021/acs.nanolett.9b04759
http://www.ncbi.nlm.nih.gov/pubmed/31986053
http://dx.doi.org/10.1016/j.nanoen.2019.03.014
http://dx.doi.org/10.1021/acsenergylett.9b02224
http://dx.doi.org/10.1039/c2cc34750d
http://dx.doi.org/10.1002/anie.201504379
http://dx.doi.org/10.1107/S0108768108032734
http://dx.doi.org/10.1021/ic011190x
http://www.ncbi.nlm.nih.gov/pubmed/11952366
http://dx.doi.org/10.1021/acsenergylett.8b00328
http://dx.doi.org/10.1021/ja00090a057
http://dx.doi.org/10.1016/j.jpcs.2011.08.029
http://dx.doi.org/10.1021/acs.chemmater.6b00711
http://dx.doi.org/10.1021/jacs.5b11740

Materials 2020, 13, 3868 19 of 19

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Yang, J.; Siempelkamp, B.D.; Liu, D.; Kelly, T.L. Investigation of CH3NH3PbI3 Degradation Rates and
Mechanisms in Controlled Humidity Environments Using in Situ Techniques. ACS Nano 2015, 9, 1955-1963.
[CrossRef]

Philippe, B.; Park, B.-W.; Lindblad, R.; Oscarsson, J.; Ahmadi, S.; Johansson, E.M.].; Rensmo, H. Chemical
and Electronic Structure Characterization of Lead Halide Perovskites and Stability Behavior under Different
Exposures—A Photoelectron Spectroscopy Investigation. Chem. Mater. 2015, 27, 1720-1731. [CrossRef]
Kato, Y.; Ono, L.K,; Lee, M.V,; Wang, S.; Raga, S.R.; Qi, Y. Silver Iodide Formation in Methyl Ammonium Lead
Iodide Perovskite Solar Cells with Silver Top Electrodes. Adv. Mater. Interfaces 2015, 2, 1500195. [CrossRef]
Hoque, M.N.F; Yang, M.; Li, Z; Islam, N.; Pan, X.; Zhu, K.; Fan, Z. Polarization and Dielectric Study of
Methylammonium Lead Iodide Thin Film to Reveal Its Nonferroelectric Nature under Solar Cell Operating
Conditions. ACS Energy Lett. 2016, 1, 142-149. [CrossRef]

Jonscher, A K. Analysis of the Alternating Current Properties of Ionic Conductors. J. Mater. Sci. 1978, 13, 553-562.
[CrossRef]

Gharibzadeh, S.; Abdollahi Nejand, B.; Jakoby, M.; Abzieher, T.; Hauschild, D.; Moghadamzadeh, S.;
Schwenzer, J.A.; Brenner, P; Schmager, R.; Haghighirad, A.A.; et al. Record Open-Circuit Voltage
Wide-Bandgap Perovskite Solar Cells Utilizing 2D/3D Perovskite Heterostructure. Adv. Energy Mater.
2019, 9, 1803699. [CrossRef]

Jiang, Q.; Zhao, Y.; Zhang, X.; Yang, X.; Chen, Y.; Chu, Z; Ye, Q.; Li, X;; Yin, Z.; You, J. Surface Passivation of
Perovskite Film for Efficient Solar Cells. Nat. Photonics 2019, 13, 460. [CrossRef]

Zheng, X.; Chen, B.; Dai, J.; Fang, Y.; Bai, Y.; Lin, Y.; Wei, H.; Zeng, X.C.; Huang, J. Defect Passivation
in Hybrid Perovskite Solar Cells Using Quaternary Ammonium Halide Anions and Cations. Nat. Energy
2017, 2, 17102. [CrossRef]

Peng, J.; Khan, J.I; Liu, W.; Ugur, E.; Duong, T.; Wu, Y.; Shen, H.; Wang, K.; Dang, H.; Aydin, E.; et al.
A Universal Double-Side Passivation for High Open-Circuit Voltage in Perovskite Solar Cells: Role of
Carbonyl Groups in Poly (methyl methacrylate). Adv. Energy Mater. 2018, 8, 1801208. [CrossRef]

Snaith, H.J.; Abate, A.; Ball, ].M.; Eperon, G.E.; Leijtens, T.; Noel, N.K,; Stranks, S.D.; Wang, ].T.-W.;
Wojciechowski, K.; Zhang, W. Anomalous Hysteresis in Perovskite Solar Cells. ]. Phys. Chem. Lett.
2014, 5, 1511-1515. [CrossRef]

Yu, S; Yan, Y.; Chen, Y,; Chabera, P.; Zheng, K.; Liang, Z. Enabling Room-Temperature Processed Highly
Efficient and Stable 2D Ruddlesden-Popper Perovskite Solar Cells with Eliminated Hysteresis by Synergistic
Exploitation of Additives and Solvents. |. Mater. Chem. A 2019, 7, 2015-2021. [CrossRef]

Yao, D.; Zhang, C.; Zhang, S.; Yang, Y.; Du, A.; Waclawik, E.; Yu, X.; Wilson, G.J.; Wang, H. 2D-3D Mixed
Organic-Inorganic Perovskite Layers for Solar Cells with Enhanced Efficiency and Stability Induced by
n-Propylammonium Iodide Additives. ACS Appl. Mater. Interfaces 2019, 11, 29753-29764. [CrossRef]

Chen, B.; Yang, M.; Priya, S.; Zhu, K. Origin of -V Hysteresis in Perovskite Solar Cells. J. Phys. Chem. Lett.
2016, 7, 905-917. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1021/nn506864k
http://dx.doi.org/10.1021/acs.chemmater.5b00348
http://dx.doi.org/10.1002/admi.201500195
http://dx.doi.org/10.1021/acsenergylett.6b00093
http://dx.doi.org/10.1007/BF00541805
http://dx.doi.org/10.1002/aenm.201803699
http://dx.doi.org/10.1038/s41566-019-0398-2
http://dx.doi.org/10.1038/nenergy.2017.102
http://dx.doi.org/10.1002/aenm.201801208
http://dx.doi.org/10.1021/jz500113x
http://dx.doi.org/10.1039/C8TA09146C
http://dx.doi.org/10.1021/acsami.9b06305
http://dx.doi.org/10.1021/acs.jpclett.6b00215
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Process 
	In-Situ Growth Method 
	Anti-Solvent Method 
	Solvent-Free Method 
	Other Methods 

	Morphology 
	Organic Salt for 2D Perovskite 
	Beneficial Effects Obtained by Employing 3D/2D Bilayered Perovskite 
	Enhanced Stability 
	Long-Term Stability 
	Moisture Stability 
	Thermal Stability 

	Enhanced Photovoltaic Performance 
	Suppressed Charge Recombination 
	Energy Level Alignment 
	Relieved I-V Hysteresis 


	Perspective 
	References

