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3D/2D multidimensional perovskites: Balance of high
performance and stability for perovskite solar cells

Fei Zhang, Donghoe Kim and Kai Zhu*

The power conversion efficiency achieved in three-dimensional
(3D) perovskite solar cells (PSCs) is already competitive with
that of commercial silicon solar cells. Achieving long-term
stability under operation conditions is critical for reaching
market success for PSC applications. Despite impressive
progress over the past few years on fundamental
understandings and technical innovations for improving PSC
stability, the stability of PSCs against moisture/heat/light is still
a key focus of research efforts for PSC development. Recent
studies suggest that the long hydrophobic organic spacer in
two-dimensional (2D) perovskites is helpful to improve
perovskite stability, but 2D perovskites seem limited on
obtaining high-performance solar cells due to its wide optical
bandgaps and limited charge transport. To overcome this
challenge, 3D/2D multidimensional perovskites—with an
intermediate dimensionality between 3D and 2D —has recently
emerged as a potential candidate to simultaneously maintain
long-term stability and high performance. In this review, we first
present a detailed discussion of the structure of 3D/2D
multidimensional perovskites and their unique properties.
Second, we discuss the stability of 3D/2D multidimensional
perovskite and 2D perovskite as interface engineering
layer-based solar cells. Finally, we summarize and outline the
perspectives toward high-performance 3D/2D multidimensional
perovskite-based solar cells.
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Introduction

Three-dimensional (3D) perovskites CH3;NH;Pbl; was
initially used as a sensitizer in the conventional config-
uration of dye-sensitized solar cells with a low power

conversion efficiency (PCE) of 3.8% in 2009 [1]. Re-
placing the liquid electrolyte with a solid-state hole
conductor—spiro-OMe TAD—obtained a PCE of 9.7%
for more than 500 h in 2012 [2]. This breakthrough trig-
gered the extensive research interests on perovskite so-
lar cells (PSCs) in the photovoltaic (PV) community. The
PCE of PSCs reached 22.7% within a couple of years in
a rapid evolution never before witnessed in PV history
[3]. To date, 3D Pb-based perovskites still play a dom-
inant role in high-performance PSCs. In fact, 3D PSCs
are already competitive to Si PV in terms of device ef-
ficiency. But the issue associated with long-term stabil-
ity against moisture, heat, and light is still a key chal-
lenge hindering PSCs for practical applications [4]. Many
efforts have been devoted to improving the stability of
PSCs with impressive progress achieved over the past
several years, such as compositional engineering [5,6], in-
terfacial modification [7], additives processing [8], toler-
ance factor adjustment [9], perovskite nanostructure [10],
contact layer development [11], encapsulation [12], and
defects passivation [13]. Another emerging concept that
shows promise for suppressing undesirable degradation in
PSCs is the use of 3D perovskite embedded with two-
dimensional (2D) or quasi-2D materials—a concept re-
ferred to as 3D/2D perovskites.

Different from small CH;NH; ™" cations in 3D perovskite
films, the bulky organic cations (e.g., CsHoNH;* or
PEAT™) in 2D perovskites can provide steric hindrance for
the surface water adsorption in the initial step of decom-
position [14]. The hydrophobic bulky alkylammonium
cations in 2D perovskite lattices can effectively block the
accessible pathways of moisture invasion [15]. However,
perovskites with rigid 2D crystal structures are generally
not good options for high-performance solar cells because
of their wide optical bandgaps, which are not suitable
for sufficient light absorption, and reduced charge trans-
port caused by the long organic spacing-ligand. There-
fore, with an intermediate dimensionality between 3D
and 2D, the 3D/2D perovskites are proposed as promising
candidates to possibly maintain both long-term stability
and high performance [16]. For instance, in 3D/2D mul-
tidimensional perovskite, the long alkyl chain cations in
the 2D perovskite function as moisture shields, while the
3D perovskite structure could facilitate the charge trans-
fer [17].

In this review, we highlight recent advances in 3D/2D
perovskites for solar cell application. First, we present a
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(a) Schematics of device structure for quasi-2D; 3D/2D multidimensional perovskite; interfacial layer on top. (b) Unit cell structure of
PEA;MA,,_1Pb,l3,.1 perovskites with different n values. Reproduced with permission from [18]; (c) structure illustration and (d) X-ray diffraction of
(BA)2(MA),_1Pbyl3,1 with different n values. Reproduced with permission from [23]; (e) cross-sectional SEM images of TiO,—(BA)2(MA),_1Pbplsn 41
perovskite films with different n values. Reproduced with permission from [23].

detailed discussion of the structure of 3D/2D perovskites
and their unique structural and optoelectronic proper-
ties. Second, we discuss the stability of 3D/2D and
2D perovskites as the interface engineering layer in
solar cells. Finally, we summarize and outline the per-
spectives toward high-performance 3D/2D perovskite-
based solar cells. The reported performance, stability,
and device structures of 3D/2D PSCs are summarized in
Table 1 and Figure 1(a).

Structure of 2D/3D multidimensional
perovskite

The 2D/3D multidimensional perovskite is defined
as MpA,_1B,X5,.1, where M is a large cation, such as
BA =butylammonium, PEA = phenylethylammonium,
CA =cyclopropylammonium, PEI= polyethylenimine,
IEA =iodoethylammonium, EDA = ethane-1,2-
diammonium, or AVA =ammoniumvaleric acid; A is

methylammonium (MA), formamidinium (FA), or Cs;
B is Pb or Sn; X is a halide anion, namely, I, Br, or CJ;
and # is a number of layers of metal halide sheets where
in the literature the # values are always calculated from
the composition of the precursor solutions as shown in
Figure 1(b) [18]. In this notation, the limit » =00 cor-
responds to the 3D perovskite, whereas #=1 describes
2D. Obtaining phase-pure crystals of high z-member per-
ovskites presents numerous synthetic challenges. This
is because the differences in thermodynamic stability of
the higher z-members become progressively smaller as
n increases, making specific #-layer isolation in a pure
form challenging and frequently resulting in a mixture
of products [19]. It is often referred to as quasi-2D
perovskites with #=2, 3, 4, and 5 because it is not a
pure 2D perovskite. It is important to note that even in
the case of high # values (i.e., # =30, 40, 50, or 60), the
addition of spacer molecules can create a mixture of low
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Table 1

Photovoltaic performance and stability summary of the reported 3D/2D multidimensional perovskite solar cells (V,. = open-circuit voltage, Js;. = short-circuit current density, FF = fill
factor, PCE = power conversion efficiency, RH =relative humidity).

Perovskite Device structure Vool V. Jo/mAcm™2 FF PCE/% Stability

PEA; MA,Pb;l1o FTO/c-TiO,/PVK/spiro-OMeTAD/Au 1.18 6.72 0.60 4.73 N/A [26]

BA,MA,Pbslso FTO/c-TiO,/m-TiO,/PVK/spiro-OMeTAD/Au  0.93 9.42 0.46 4.02 N/A [23°]

(PEI,Pbls),(MAPDI3)1 _y (0.04 molar percentage, x—2%  |TO/PEDOT:PSS/PVK/PCBM/LiF/Ag 1.08 19.3 0.729 152 84% after14 days in RH 50%
under dark [28]

BA,; MA;Pbyly3 ITO/PEDOT:PSS/PVK/PCBM/AI 1.01 16.76 0.74 12.51 100% after 2250 h in RH 65%
under dark [29°]

BA;[Csp.05MAg g5]3Pbaly3 FTO/c-TiO,/PVK/spiro-OMeTAD/Au 1.08 19.95 0.63 13.68 89% after 1400 h in RH 30%
under dark [30]

PEA;MA, _1Pby 3141 (0.03 molar percentage, n—60) FTO/c-TiO,/PVK/spiro-OMeTAD/Au 1.10 18.97 0.74 15.3 74% after 14 days in RH 55%
under dark [32]

(PEA),(MA)4Pbsl6 ITO/PEDOT:PSS/PVK/PCBM/BCP/Ag 1.11 15.01 0.67 11.01 78.5% after 160 h in RH 55%
+ 5% under dark [33]

(PEA),(MA),Pbslyg ITO/PEDOT:PSS/PVK/PCBM/BCP/Ag 1.19 15.8 0.75 14.1 >90% after 45 days in RH
30% under dark [34]

FALPEA1_Pbl3 (0,02 molar percentage, n=40) ITO/NiO,/PVK/PCBM)/bis-Cqo/Ag 1.04 22.08 0.77 17.71 >90% after 16 days in RH
40% =+ 5% under dark [36°]

(PEI)2(MA)sPb7122 (025 molar percentage, n—7) ITO/PEDOT:PSS/PVK/PCBM/LiF/Ag 1.12 13.63 0.66 10.08 90% after 500 h under light in
air [40]

BAg 05 (FA0 83CS0.17)0.91Pb(lo 6Bros)s FTO/Sn0,/PCs;BM/PVK/spiro-OMeTAD/Au  1.18 19.8 0.73 17.2 80% after 1,000 h in air under
dark [41°]

(AVA,Pbl,),(MAPbI3); _y (0.06 molar percentage, x—3%  FTO/c-TiO2/m-Ti0,/Zr0,/PVK/Carbon 7.2 2.13 0.659  10.10 100% after10,000 h at 55 °C
under light in air [16°]

(BA)>(MA),_1Pbyl3n 1 ITO/PTAA/PVK/PCBM)/Ceo/BCP/Cu 1.11 22.49 0.78 19.56 96.5% after 100 h at 95°C
under dark [45]

CA,Pbl;-MAPbI,Cl5_, ITO/PEDOT:PSS/PVK/PCBM/ LiF/Ag / 0.92 19.29 0.77 13.86 54% after 220 h in RH 63% +
5% under dark [46]

Csg.05(MAg.17FAq.83)Pb(lg.83Bro.17)3-BA,Pbl, FTO/c-TiO,/m-TiO,/PVK/spiro-OMeTAD/Au 1.058 19.40 0.767 15.74 86% after 100 h in RH >50%
under dark [47]

C50.05(MAg 17FA 83)Pb(lo.83Bro17)3-PEA, Pbl, FTO/c-TiO,/m-TiO,/PVK/spiro-OMeTAD/Au  1.11 22.89 0.73 18.51 90% after 1000 h in RH 60%
+ 10% under dark [49]

Cs0.1FAG 7aMAg 13Pbl 4gBrg 30-PEA, Pbl, FTO/c-TiO,/m-TiO,/PVK/spiro-OMeTAD/Au  1.15 22.73 0.794  20.75 85% after 800 h at 50°C
under light in air [50]

(FAPbI3)0.83(CsPbBrs)g 12-(5-AVA),Pbl, FTO/c-TiO,/m-TiO,/PVK/CuSCN/Au 1.065 21.53 0.71 16.39 98% after 63 days in RH 10%
under dark [51]

MAPbI3-PEA,Pbl, FTO/NiO/PVK/PCBM/PN4N/Ag 1.17 21.80 0.78 19.89 60% after 30 days in RH

20%—30% under dark [52]
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n-member phases (#z < 3) and the 3D perovskite [20],
which we call quasi-3D perovskite. These observations
indicate that it is very difficult to obtain high-purity
high-z-member perovskites by 7z-situ methods due to the
rapid, kinetically controlled, self-assembly process during
film formation from solution processing. Thus, such per-
ovskites are often described by the molar percentage of
M as in M/(A+M), rather than the 7 value. In this review,
we generally refer to quasi-2D perovskite and quasi-3D
perovskite as 3D/2D multidimensional perovskites.

There are multiple crystal planes in 3D perovskites, in-
cluding <100>, <110>, and <111>, which lead to dif-
ferent growth orientations in low-dimension structures
[21]. For the pure-2D perovskite (#=1), only <100>-
oriented planes favor the continuous growth of inorganic
layers to form the simplest kind of 2D perovskites. The
<110>- and <111>-oriented planes grow continuous in-
organic layers only when # > 1. Oriented crystallization
parallel to the substrate contributes to the growth of a
charge-transport channel in inorganic layers, and thus,
it assists in carrier transportation [22]. For example, the
growth of (BA);(MA),-1Pb,l3,+1 (with respect to the
substrate) tends to vary from in-plane orientation to ran-
dom orientation and out-of-plane orientation, with the in-
crease of n from 1 to 4 as shown in Figure 1(c) and (d)
[23°]. (BA),Pb;14 (#=1) film showed crystal planes par-
allel to the substrate. However, when # > 1, a competi-
tion occurred between BA and MA ions, where BA fa-
vors the growth within the planar layer and MA facilitates
the growth outside the layer. Consequently, with the in-
crease of 7, 2D layered perovskite films tended to grow
with their crystal planes perpendicular to the substrate.
Film crystallinity and orientation can also be observed
from scanning electron microscopy (SEM) images shown
in Figure 1(e); perpendicular growth on the substrate is
found in BA-based quasi-2D perovskite film compared
with MA-based 3D perovskite, which is beneficial to ex-
tracting charges during device operation.

Bandgap and excitonic properties of 3D/2D
multidimensional perovskite

The bandgap (£,) of semiconductors refers to the mini-
mum energy required for an electron to be excited from its
ground state in the valence band (VB) to the conduction
band (CB), and it determines the light-absorption wave-
length range of the materials. The optical E, of M;A,_;
B, X3,+1 perovskite increases as n decreases. For exam-
ple, the F, value for BA,MA,_;Pb,I3,,1 perovskites in-
creases with decreased layer thickness of the inorganic
slabs from 1.52eV (#=00) to 2.24¢eV (#=1) as shown in
Figure 2(a) because of quantum confinement effects as-
sociated with dimensional reduction of perovskite [23°].
This flexibility of bandgap tuning, coupled with judicious
tailoring in composition for the 3D/2D multidimensional
perovskites, can enable various optoelectronic applica-
tions with materials of targeted optical bandgaps.

[mNS;October 11, 2018;9:57]

The exciton, as a key elementary excitation, is a bound
state of an electron and a hole that are attracted to each
other by the electrostatic Coulomb force, and it has sig-
nificant impact on the charge-carrier mobility of semicon-
ductors [24]. The interaction between an electron and a
hole is strengthened in the 2D structure due to the con-
finement from the large organic spacers, resulting in large
binding energies of several hundreds of meV as shown
in Figure 2(b) [25]. With quasi-3D perovskites, the bind-
ing energies are smaller, similar to 3D perovskites [20].
However, for 3D/2D perovskites with low # values (e.g.,
n=1>5), the exciton binding energy is relatively large and
charge transport across the 2D perovskite planes is ex-
pected to be difficult. One active research area is to control
the growth direction of the inorganic perovskite frame-
work to be perpendicular to the substrate in order to fa-
cilitate vertical charge transport.

Stability of 2D/3D multidimensional PSCs
Moisture stability

Although water/moisture can sometimes be beneficial for
device fabrication, a humid environment is generally not
good for the PSC stability and is often viewed as the
primary factor responsible for instability in perovskites
under realistic operating conditions. In 2014, the first
usage of quasi-2D perovskites (PEA;MA;Pbsl;; #=23)
was demonstrated in mesoscopic PSCs with a PCE of
4.73% [26]. The large open-circuit voltage (V) of 1.18V
was ascribed to the increased bandgap of 2.06 eV. As ex-
pected, this quasi-2D perovskite film showed good sta-
bility when stored in ambient condition with a relative
humidity (RH) level of 52% after 40 days, whereas the
3D MAPbDI; started to degrade in 4-5 days. Later, it was
shown that quasi-2D BA,;MA,,_1Pb,I3,; films could be
deposited with good surface coverage on the substrates
without any annealing step, leading to BA,MA,;Pb;1
(n=23) PSC with a PCE of 4.02% [23°]. No change is ob-
served for the quasi-2D perovskite films after 2 months of
exposure under a 40% humidity condition.

Generally, layered materials such as 2D perovskites tend
to crystallize in a direction parallel to the substrate, and
the charge transport remains optimum along the metal
halide lattices or in-plane direction, whereas it gets hin-
dered in the perpendicular directions (i.e., across the in-
terlayers) [27]. This has been a common drawback for
single-step-deposited 2D PSCs [23,24], resulting in a rela-
tively low fill factor (FF) and short-circuit current density
(Jso)- An improved PCE of 8% was reported by using a se-
quential deposition method under ambient conditions in
which the dimensionality of (IEA),MA,_;Pb,I3,4+; per-
ovskite is controlled by the dipping duration [27]. In
a sequential deposition method, (IEA),Pbly perovskite
film was first spin-coated on the substrates, followed
by immersing films into CH3NH3I solution for differ-
ent dipping durations to trigger the formation of in-
terconnected nanoplatelets. Another reported two-step
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(@) Comparative band energy diagram of the BA,MA,,_1Pbyl3,.1 perovskite compounds. Reproduced with permission from [23]; (b) the empirical
relationship between exciton binding energy (Ep) and bandgap (Eg) in various 3D and low-dimensional perovskites. Reproduced with permission from

[25].

method of forming (PEI,Pbls),(MAPbI3);_, perovskite
films (with a low x value) consisted of spin-coating a mix-
ture of Pbl, and PEI-HI in the first step, followed by
coating of a MAI layer [28]. Incorporating zn-situ-formed
(PEI);Pbls can tune the morphology of the perovskite
layer by retarding the growth, aggregating the perovskite
crystals, and promoting the formation of a continuous uni-
form film. A PCE of more than 15% was also obtained for
(PEIL,Pbly) (MAPbDI3); _, (x =2%) with remarkable mois-
ture stability after storing in RH 55% atmosphere for 14
days.

A hot-casting deposition technique has recently been
used to prepare high-quality BA;MA;Pbyl;3 (#=4) for
stable PSCs with an inverted device structure [29°]. The
hot-cast films show substantially larger grains and fewer
pinholes compared to the room-temperature spin-coated
films, resulting in a much more compact and uniform
thin film. A PCE of 12.51% was achieved and its initial
PCE was maintained after 2250 h in RH 65% atmosphere
with encapsulation [Figure 3(a)]. More recently, the Cs+
doping strategy was introduced into the same formula of
BA;MA;Pb4l;;3 to control the growth of oriented crystals
with larger sizes, giving an improved PCE of 13.68% [30].
The superior stability of this quasi-2D perovskite com-
pound was confirmed again with only 10% performance
degradation after 1400 h of exposure in RH 30% ambient
conditions.

Because of the inhibition of out-of-plane charge trans-
port by the large organic cations, the PCE of quasi-
2D perovskites is relatively lower than that of their 3D
counterparts [31]. To overcome this issue, one solution
is to lower the ratio of intercalated large cations that

form 2D perovskite lattices. Continuous tuning of the di-
mensionality can be realized by changing the stoichio-
metric ratio of small and large organic halides in the
prepared precursor for film deposition. For example, by
optimizing the amount of PEAI into MAI and Pbl; so-
lution, the # value in PEA,MA,,_{Pb,l3,+; compounds
can in theory be adjusted from 1 to oo [32]. Following
this strategy, a certified PCE of 15.3% was achieved with
PEA;MA,_1Pb,I3,+1 (0.03 molar percentage, » = 60), to-
gether with good performance longevity of 74% after 14
days of storage in RH 55% under dark. Another strat-
egy is additive assistant to promote the vertical orienta-
tion of the 2D perovskite film on the substrate [33-35].
(PEA),(MA),_Pb,15,.+1 films are fabricated with the
assistance of an ammonium thiocyanate (NH4SCN) ad-
ditive during a one-step spin-coating process [33]. The
device PCE is boosted from 0.56% (without NH4SCN) to
11.01% with NH4SCN addition at »=5. The improved
performance is attributed to the vertically orientated,
highly crystalline 2D perovskite thin films [Figure 3(b)] as
well as the balanced electron/hole transportation. The un-
sealed device retains 78.5% of its original PCE after 160 h
storage in air with humidity of 55%=+5%. With the cooper-
ation of NH4Cl and NH4SCN to further enhance the crys-
tallinity, (PEA),(MA)4Pbs1y4 (7 =5)-based PSC showed a
stabilized PCE of 14.1% [34].

The introduction of PEAI into FAPbI; perovskite to
form mixed-cation FA,PEA;_,Pbl; can effectively en-
hance both phase and ambient stability of FAPDbI; as well
as the resulting performance of the derived devices [36°].
It is proposed that the large PEA cation can assemble
on both the lattice surface and grain boundaries to form
quais-3D perovskites. The surrounding of PEA+ ions at
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(@) Humidity stability tests under 65% relative humidity in a humidity chamber for ((BA)2(MA)sPb4l1s; red) and (MAPDIs; blue) perovskite devices with
encapsulation. The inset is the crystal structure of (BA)o(MA)3Pbyli3. Reproduced with permission from [29]; (b) the stability test of PSCs based on
(PEA)2(MA)4Pbslig (n =5) perovskite film with 2SCN addition under both N, glove box and air atmosphere with humidity of 55%+5%. The inset is a
schematic interpretation from random orientation to vertical orientation with SCN addition. Reproduced with permission from [33]; (c) the stability of
non-encapsulated and encapsulated solar cell devices using FAg g3Cso.17Pb(lo.6Bro.4)s (navy blue lines; labeled as pristine) and
BAo.09(FA0.83Cs0.17)0.91 Pb(lo.6Bro.4)s (red lines; labeled as BA/FA/Cs) perovskite active layers under xenon-lamp simulated full-spectrum AM1.5,

76 mW cm—2 equivalent irradiance in air (humidity ~45 RH%) without any ultraviolet filter, held at open-circuit during aging. Reproduced with
permission from [41]; (d) left) proposed degradation mechanism in 2D/3D stacking and 3D devices; right) normalized PCE of the related devices in a
thermal stress test over time. Reproduced with permission from [45]; (e) photo-stability test from maximum power-point tracking under 800 h
continuous illumination of full intensity in an inert gas (blank ones) and ambient (filled ones) environment with encapsulated glass. Reproduced with

permission from [50].

the crystal grain boundaries can serve as a linker to tighten
FAPbI; domains, but also, to passivate surface defects
from the positive charge. The FA,PEA;_,Pbl; (0.02 molar
percentage, 7 =40)-based device retains more than 90%
of its initial PCE after being stored in air for 16 d un-
derarelative humidity of 40%=5% without encapsulation
[36°]. Interestingly, the same function of PEAT and EDAI
were also confirmed by other reports [37-39].

lllumination stability

The fabrication of a series of perovskite compounds
(PED);(MA),_{Pbnls,1 (=3, 5, 7) by incorporating
PEI cations within the layered structure was reported
[40]. The multlayered perovskite provides a facile

access to ultra-smooth, pinhole-free, and highly dense
thin films that show greater moisture resistance com-
pared to their 3D MAPDbDI; analogue. The solar cell based
on (PEI);(MA)sPb;1,; (0.25 molar percentage, 7 =7) ex-
hibits a PCE of more than 10% in a small area (0.04 cm?)
and an impressive efficiency up to 8.77% with an area of
2.32cm?. The cells also retained more than 90% of the
initial PCE after 500 h of continuous light illumination.

FA-based perovskites exhibit much greater stability
than MA-based perovskites, and they can be stabi-
lized by partial substitution of FA and Cs to form
a more stable perovskite [9]. Based on this, a quasi-
3D BA.05(FA¢.85Cs0.17)0.95Pb(Ig.8Bro.2)3 PSCs with a high
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PCE of 20.6% was achieved [41°]. To further improve the
device stability, a BAg.09(FAg.83Cs0.17)0.91Pb(Io.6Bro.4)3 ac-
tive layer with a wide bandgap of 1.72 eV was developed
by increasing the ratios of BA+ cations and Branions. The
cells preserved 80% of their “post-burn-in” efficiency af-
ter 1000 h in air and close to 4000 h with encapsulation
under simulated sunlight (Figure 3(c)).

Perhaps the most impressive stable PSC was achieved by
applying (AVA,Pbl4), (MAPbI3); —, into a printable meso-
porous, hole-transport-material (HTM)-free device con-
figuration [16]. With an initial PCE of 11.2% on a large-
area module of 10 x 10 cm? by (AVA,Pbls),(MAPDbI3); _,
(0.06 molar percentage, x=3%), the device performance
can be maintained for >10,000 h with essentially no loss
under continuous light illumination at 55 °C.

Thermal stability

High temperature is another possible pathway to cause
perovskite degradation. In some cases, high tempera-
ture is responsible for changing perovskite crystal struc-
tures, resulting in deteriorated light-harvesting capabil-
ity, charge transport, and cell performance. Thermal in-
stabilities have normally been reported in two types: the
effects of thermally induced chemical decomposition and
phase transition in perovskites [4]. Perovskite MAPbI;
decomposition into CHzI, NH3, and Pbl, was reported
by some researchers to eventually influence the stabil-
ity of PSCs [42,43]. Temperature-induced phase transi-
tion of MAPbI; from tetragonal to cubic structure was
also reported as reflected from the changes in conduc-
tivity across the phase-transition temperature of 57 °C
[44]. Thus, one option is to substitute MA+ with other
cations to enhance thermal stability. A method was in-
troduced to form a 3D/2D stacking structure by the
reaction of 3D perovskite MAPDbI; with BA [45]. The
one-step spin-coating method was employed to form 3D
MAPDI; thin films. Then, two kinds of solutions (BA
dissolved in chlorobenzene (CB) and BAI dissolved in
isopropyl alcohol (IPA)) were spun-coated on top of 3D
perovskite layers. The reaction of BA with MAPbI;
only produces (BA),Pbls, which provides better protec-
tion because of more organic ligands in (BA),Pbly than
the mixture of perovskites (BA),(MA),_Pb,I5,41. These
structures have much improved thermal stability than
conventional 3D PSCs because of reduced defect density
and suppressed ion migration [Figure 3(d)].

Stability of 2D layered perovskites as interface
engineering layers

Thin 2D perovskite films can also be introduced as an
interfacial layer on top of 3D perovskites. It is normally
done via two steps: First, a 3D perovskite photoactive
layer with slightly more Pb?* ions introduced was de-
posited by spin coating. Subsequently, an IPA solution of
2D cations (e.g., CAI [46], PEAL:MAI [47], BAI [48], OAI
[48], PEAI [49,50] and 5-AVA [51]) was spun coated on

top of the as-prepared 3D perovskite films. The hybrid
3D/2D perovskite films often possess longer photolumi-
nescence lifetimes as well as lower trap-state densities
[48]. The surface growth of a 2D perovskite layer on top of
a bulk 3D perovskite CSO'IFA0.74MA0.13Pblz_48Bl‘Q'39 film
was recently demonstrated with a distinct feature of the
layered 2D perovskite PEA;Pbl4 detected on top of the
3D film [49]. When embodying the low-dimensional per-
ovskite layer, the PSCs exhibit an average PCE of 20.1%,
with less than 15% degradation of the initial PCE stressed
under one-sun illumination for 800 h at 50 °C in an ambi-
ent environment [Figure 3(e)].

However, we mention that such a 2D capping layer can
impose a significant barrier for charge transfer because
of the quantum-confined energy-level structure of 2D
perovskite [52]. PEAl/toluene solution was used instead
of pure toluene for the solvent-dripping-based in-situ
growth route, which allowed them to form a 2D PEA,Pbl4
capping layer together with 3D MAPDI; perovskite—
essentially a 3D-2D graded interface [52]. The inverted
device structure based on 3D-2D graded perovskite us-
ing NiO as the hole-transport layer showed a PCE of
19.89% while retaining 60% of its initial PCE after 30 days
of storage in RH 20-30% atmosphere.

Challenges and outlook

Despite various breakthroughs on improving PSC sta-
bility were demonstrated in the past several years, a
key research focus in PSC development is still asso-
ciated with understanding and improving the stability
of perovskite materials and devices in the presence of
moisture/heat/light covering a wide range of perovskite
compositions for single-junction as well as tandem or
multi-junction solar cell applications. Incorporating 2D
perovskites into 3D perovskite structures to form the
3D/2D multidimensional perovskite structures have re-
cently emerged as an additional approach to further im-
prove the stability of perovskite materials and devices.
However, it is challenging to maintain high performance
with good stability by simply tuning the 3D/2D lattice
ratios. To tackle this issue, more research efforts are en-
visioned in exploring potential approaches for achiev-
ing high performance and long-term stability simultane-
ously. The theoretical simulations can be an effective
way to screen alternative functional groups of 3D/2D per-
ovskites, targeting higher dielectric constants for facili-
tated charge transport. In addition to computational pre-
diction, selecting efficient transport layers, rational design
of device architectures, and deposition methods are es-
sential to assess the potential of 3D/2D active materi-
als. More efforts should be put on studying the intrin-
sic heat and light stability of 3D/2D perovskites. More
importantly, we should fully utilize existing knowledge
for improving 3D PSC stability (e.g., compositional engi-
neering, interfacial modification, processing control, struc-
ture control, as well as encapsulation), and incorporate
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the 3D/2D perovskite material as a complementary ap-
proach. When used together with those already demon-
strated successful processing/material/device approaches,
we believe that the development of 3D/2D multidimen-
sional perovskites will add to and accelerate the success of
improving PSC stability while maintaining high efficiency
level for future commercialization of PSC technologies.
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