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Abstract

Three-dimensional halide based perovskites has emerged as promising
semiconducting light harvester for thin-film solar cells fabrication, however, its intrinsic
instability under humidity restricts their potential commercialization. To address such
challenges, the development of low-dimensional Dion-Jacobson (DJ) phase / layered
perovskites have recently gained substantial attention due to their intriguing
environmental stability and competitive power conversion efficiency. In this review, we
have screened and focused our investigation on the DJ phase in layered perovskite for
solar cell fabrication, especially elucidation on the active role played by organic spacer
cation for active layer. We also discuss the possible strategies that can be employed to

further push the performance of DJ perovskite solar cells.

1. Introduction
Perovskite solar cells (PSCs) have witnessed an unprecedented investigative
development as potential photovoltaic (PV) materials since the first report on organo

halide perovskite for dye-sensitized solar cell by Miyasaka in 2009.!-8 The unparalleled
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advancement of PSCs is ascribed due to the opto-electrical properties of halide perovskite,
such as high absorption coefficient and tunable direct bandgap,®!! long charge diffusion
length and excellent carrier mobility!2-1¢ together with the possibility of being deposited
by low-cost solution-processable route.!”2?> Recently, certified power conversion
efficiency (PCE) of 25.2% in the lab has been reported by KRICT and MIT,?* which is
the highest PCE for any thin-film PV technology and fulfill the cost to performance ratio
requirements for renewable power generation. However, two major challenges such as
the issue of toxicity of lead (Pb) and long-term intrinsic instability of PSCs may limit
their future commercialization.>*2® To resolve the issue of lead toxicity, other less toxic
metal such as tin (Sn?"), germanium (Ge?"), antimony (Sb*"), silver (Ag") and copper
(Cu?") can be exploited to replace Pb completely or partially.?’

Different strategies have been adopted to enhance the stability of PSC devices,
including doping and compositional engineering of perovskites,’*37 interface
modification,?*## developing innovative electron and hole transporting materials 4>
and new encapsulation techniques,*°, erc. Recently, by reducing the dimensionality of
perovskites from 3-dimensional (3D) to lower dimensionality was found to be an effective
approach for enhancing the stability.’'>* Low dimensional/layered perovskites are also
referred in literature as 2-dimensional perovskites and their extraordinary stability stems
from their low-ion migration and water-resistant nature due to their sandwich structure.
Among the layered halide perovskites, (100) oriented perovskites are the most common,
which is formed by cutting along the (100) plane in 3-D perovskite and among them,
Ruddlesden—Popper (RP) phase containing two mono cation and Dion—Jacobson (DJ)
phase containing one dication were the recently investigated for PV applications.

In 2014, Karunadasa and co-workers were the first to report layered RP phase

(PEA)>(MA),Pbsljp-based PSCs, which exhibited excellent resistance to moisture and

"
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PCE up to 4.73%.% Since then, the PCE of layered RP PSCs have risen significantly up
to 18.2% .>>9 Recently, DJ phase layered perovskites have evolved as promising
materials for PV application and a steep rise from 7.32% to 17.9% in PCE was witnessed
within a year (Figure 1).5360-%4 These significant developments demonstrate the
tremendous potential of the DJ phase perovskites for their application as semiconducting

active layers aiming to fabricate efficient and long-term stable PSCs.
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Figure 1. Evolution of the record PCE for layered RP, DJ PSCs.

Here, we will focus on chemical modification of organic (spacer) group and its
bearing on structural, opto-electrical and device performance of DJ based perovskite and
thereof its utilization for PV application. We have also outline the challenges and possible
strategies to overcome the bottleneck in DJ based perovskite to further optimize the
performance.

2. Structure and Properties of 2-dimensional / layered Perovskites

The typical 3-dimensional halide perovskite has the formula of ABX3, where A is a
monovalent cation of methyl ammonium (MA™"), formamidinium (FA™), cesium (Cs*) or
rubidium (Rb"), B is a divalent metal cation (Pb>" or Sn?*, efc.) and X is a halide anion

(I, Br- or CI). This structure is comprised of the corner shared [BXs]* octahedral with

-
J
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A" cation which occupies the voids as shown in Figure 2a. Layered perovskites are
conceptually achieved by cutting along the crystallographic planes <100>, <110>or<111>
of 3D perovskite structure, which results in the formation of three different types of
layered perovskite, namely the <100>, <110> or <l 11>-oriented layered perovskites.®®
Among these three kinds of perovskites, the <100>-oriented layered perovskites are so
far the commonly employed as compared to others (Figure 2b). The <100>-oriented
perovskites can be categorized as layered RP and DJ perovskites, respectively (the
structure of different phase layered perovskites with n = 3 as examples showed in Figure
2¢). From a crystallographic point of view, layered perovskites were derived from oxides
perovskite, inorganic semiconductor layers in hybrid organic-inorganic RP layered
perovskites are offset by per unit cell, showing a (1/2, 1/2) in-plane displacement along
the ab-plane. As a result, the inorganic layers enforced in a staggered configuration. On
the other hand, the inorganic layers in the DJ phase perovskites do not exhibit any shift
with (0, 0) in-plane (or a minor displacement) and are stacked perfectly on top of each
other resulting in an eclipsed like stacking arrangement, which is slightly different with
DJ perovskites as compared to oxides perovskite exhibiting relative (1/2, 0) shift or no
shift (0, 0) at all.’3-%67 The layered RP and DJ phase perovskites can be expressed as
A"AL-1BnXsne1 and A"A,- 1By X541, respectively, where, A’ and A” are monovalent (+1)
and divalent (+2) aromatic or aliphatic alkyl ammonium spacer cations, respectively,

while A is organic cation, X is a halide anion, B is a divalent metal.
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bandgap and consequently its absorption as well as conductivity/mobility and stability.
The value of n in most of the reported PSCs having >10% efficiency is over 3. However,
it is difficult to obtain phase-pure perovskite with high » values,®® and the results about
RP and DJ phase layered perovskite can be indeed still questioned from the viewpoint of
phase purity. According to the phase purity, layered perovskites for PV devices can be
divided into three major categories: (i) phase-pure layered perovskites, (ii) mixed 2D/3D
phase perovskites, (iii) passivating perovskite layers. All of these will be discussed in
details as following:

(i) phase-pure layered perovskites: Most of the current papers about phase purity of
layered perovskites focused on perovskites with low n values (n = 1, 2), which are
unsuitable for PV applications, as they possesses large band gap and poor charge
transportation, while further increase in the value of » leads to high photocurrents due to
the reduction of the excitonic effect and improve charge carrier transport. Thus, the
research of phase-pure perovskites with high » values are vital for layered perovskite
aiming to PV application. However, this part of research are currently lagging behind and
there are few reports dealing with the opto-electrical properties of layered perovskite with
high n values (n > 5).34%870 For example, Kanatzidis and co-workers reported about the
thermodynamic stability and chemical synthetic limitations of BA;MA,,.{Pb,l3,+ layered
RP with high phase purity (n = 1-7). The authors found that it is challenging to synthesize
phase-pure layered RP perovskite with n > 7 due to their thermodynamically instability.
The enthalpy of formation (AHy) are negative for compounds with » = 1-5 but positive
for the compounds with a higher » (n = 6 and 7). The AH; should be negative to allow a
negative Gibbs free energy (AG) to favor the reaction (Figure 3a). This suggest that layer
RP perovskite with “n = 9” according to the stoichiometry of the precursor can’t form in

pure form and formed in a mixture of MAPbI; with higher-n values RP phase

6
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perovskite.%8 Later, crystallographically characterized DJ phase perovskite with n=7 was
reported. The DJ phase perovskites have a smaller degree of distortion in the crystal
structure than RP phase counterparts. Which in turn allow DJ perovskites to have
improved opto-electrical properties (lower energy absorption edge and

photoluminescence emission) suitable for PV applications.”
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Figure 3. (a) Enthalpy of formation of the (BA),(MA),—Pb,l3,; series as a function
of the perovskite layer thickness (n). Data obtained from reference 68. (b) Schematic
illustration of the proposed mixed layered (2D) /3D phase perovskite film structure.
(CB3p/VB3p: conduction band/valence band of 3D perovskite, CB,p/VB,p: conduction
band/valence band of 2-dimensional perovskite), reprinted from reference 72. Copyright
2017 Springer Nature, (¢) Typical module stability test under 1 sun AM 1.5 G conditions
at a stabilized temperature of 55° and at short circuit conditions. Reprinted with

permission from ref 38. Copyright 2018 NPG Publishing Group.
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(ii) Mixed layered (2D) / 3D phase perovskites. Mixed 2D/3D phase perovskites
were obtained by introducing spacer cations with relatively low concentration in 3D
perovskite films, suggesting that the typical value of » in corresponding perovskite will
be greater than 7.7! The # value in the mixed layered (2D) /3D phase perovskites can be
called as effective “n value”, which can reach up to “60” or higher in this structure. This
structure is different from the phase-pure layered perovskite but plays a vital role in
optimizing parameters, especially V. and improving stability of the device. For example,
Snaith and co-workers incorporated a layered perovskite with a wide bandgap 3D
perovskite in between grains. When photo charge carriers transport to the grain boundary
of 3D perovskite, they are blocked by the layered perovskites, it remains in the 3D
perovskite and propagate in the grain without getting trapped or recombination at grain
boundaries defects (Figure 3b).”? Sargent et.al elucidated the reason of mixed layered (2D)
/ 3D phase perovskite with high stability compared to 3D counterparts via theoretical and
experimental investigations. The very low formation energy of 3D perovskites leads to
their low stability, while mixed layered (2D) / 3D phase perovskite possesses much higher
formation energies owing to significant van der Waals forces.’® The PSCs with mixed
layered (2D) / 3D (HOOC(CH;)4NHj5),Pbl,/CH3;NH;Pbls-based phase perovskite kept
initial efficiency without any loss in performance measured under standard conditions
and in the presence of oxygen and moisture (Figure 3c¢).>®

(iii) Passivating perovskite layers. Employing a very thin-layered perovskite as a
capping layer atop of 3D perovskite films is alternative usage to layered perovskite. In
this case, the definition of » values and phase purity of layered perovskite is not
straightforward. The capping layers were presented to play as a passivating layer to
decrease both the cation and anion defects on the surface via hydrogen bonding or ionic

bonding, which cause non-radiative recombination to affect the device performance.
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Besides, the 2-dimensional perovskite layer act as encapsulating hydrophobic layers to
improve the stability of the devices. For example, Bawendi and co-workers prepared a
layered (2D) perovskites containing long linear alkane amine radicals atop of 3D
perovskite. Thus, the 3D perovskite modified by layered (2D) presented the hydrophobic
surface and the corresponding device showed improved efficiency and stability.”?
Layered/low dimensional perovskites exhibit distinctive properties due to their
unique crystal structure. Firstly, layered perovskites present a strong exciton binding
energy (Eyp) related to quantum and dielectric confinement effects. It should be noted that
the quantum and dielectric confinement effects in layered hybrid perovskite have been
systematically reviewed by Even and co-workers’ and in brief we described here. The
semiconducting inorganic layers composed of n-layers perovskite slabs act as “wells” and
the organic dielectric spacer cation layers serve as “barriers” in type-I quantum well of
layered perovskites (Figure 4a).”> The quantum well arises from a wider bandgap of
organic layers compared to inorganic layers. A gradual rise of quantum well as the »
values increases leads to a blue-shift of exciton absorption onset and sharp emission of
layered perovskites in a wide range of wavelength (Figure 4b & 4c¢).” The dielectric
confinement is caused by the mismatch of dielectric constants between inorganic layers

("wells™) and organic spacer cations (“barriers”). Theoretically, the binding energy (£}) of

2
layered perovskites can be calculated by the following equation: Ej, = 4(;:) E3P, where

ew and g, are the dielectric constants of the “wells” and “barriers”, respectively. Ey°P
represents the exciton binding energy of the corresponding 3D perovskite.”” Expectedly,
the dielectric constant of organic spacer cations (g,) is lower than that of inorganic layers
(ew). According to the equation, the dielectric confinement can be tuned by varying the
composition of inorganic and organic layers. Molecular design approach taking into
account both the structural tolerance, growth kinetics and doping is effective way to

9
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prepare excellent layered perovskite films with low Ey.%” For example, Karunadasa and
co-workers reported decreasing exciton binding energy via post-synthetic I, molecule
intercalation. The intercalants afford organic layers that are more polarizable than the
perovskite layers, and reduces the exciton confinement in the inorganic layers and
decrease the exciton binding energy in (ICsH;;NH3),[Pbl,] perovskite.”®

Recently, a general empirical scaling law to calculate the exciton binding energy of
layered perovskites based on Keldysh theory was developed by Mohite and co-workers,

which makes it easier for researchers to know the confinement effects and exciton binding

. . . E .
energy of the layered perovskites.” The equation is as follows: Eb1s =ﬁ with
1+

a=3— ye_Lw/ 2a0 where Ey (16 meV) and ay (=4.6) are the 3D Rydberg energy and
Bohr radius of 3D perovskites,® respectively, and L, is the physical width of the quantum
well for an infinite quantum well potential barrier.®! The empirical correction factor y
(=1.76) was used to correct the exciton binding energy effected by the synergistic effect
of quantum and dielectric confinement instead of quantum confinement effect.®> Figure
4d & 4e present a comparison between experimentally obtained dimensionality
coefficient a and binding energy E, with theoretical values. The law for £, predicts free

carrier like behaviour for layered RP phase perovskites with » value larger than 20.
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phenylethylammonium (PEA)*%#% and butylammonium (BA)3!-8¢ have been reported for
layered RP perovskites. Divalent ammonium spacer cations includes 3-
(aminomethyl)piperidinium (3AMP), 4-(aminomethyl)piperidinium (4AMP), 3-
(aminomethyl)pyridinium (3AMPY) and 4-(aminomethyl)pyridinium (4AMPY), 1,4-
phenylenedimethanammonium  (PDMA),  1,3-propane-diamine  (PDA), 1,4-
butanediamine (BDA), 1,5-pentamethylenediamine (PeDA), and 1,6-
hexamethylenediamine (HDA), 1,8-Octanediamine (ODA) for DJ perovskites as shown

in Figure 5.

HsN/\/\NH3 PDA
NH3 NH3

NH3
H3N
\/\/\NH3 BDA
H N SIBH
3 \/\/\/ 3
NH, L@ PeDA
o \tg NH \@

3AMP 3AMPY 3 HDA
4AMP 4AMPY H3N
PDMA \‘/\/\/\/\NH:; ODA

Figure 5. Chemical structure of spacer cations in DJ perovskites and used in PV
application. Recently, the competitive advantages of DJ perovskites over RP counterparts
were reported, such as improved stability, and higher conductivity/mobility owing to the
divalent ammonium cations which combine with perovskite slabs at both sides by
chemical bonding in DJ perovskite while monoamine ammonium cations interact with
perovskite slabs at only one side and thus it presents a van der Waals gap in RP perovskite

(Figure 2c). We direct the readers to recent excellent reviews focusing on layered RP

phase in PSCs,?-%0 and here, we will highlight the recent development in layered DJ PSCs.

3. Layered DJ perovskite for PV application
Table 1 lists DJ perovskite for PSCs fabrication having different spacer cations and
their impact on PV parameters. Up to now, piperidinium derivatives and their aromatic

12
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analogs, alkyl-chain diamine and benzene dimethanammonium are the most exploited as
spacer cations for DJ perovskite.
3.1 Piperidinium derivatives and their aromatic analogs

Kanatzidis et.al were first to report layered DJ PSCs by introducing 3AMP and
4AMP as a spacer cations.>* PSCs with DJ perovskites (n = 3, 4) as light harvester were
fabricated in a planar p-i-n solar cells architects (Figure 6a). Particularly, DJ PSCs with
3AMPMA;Pbyl;; (n = 4) showed the higher PCE of 7.32% than of 4AMPMA;Pb,l 5 (n
= 4) (Figure 6b). Detailed crystallographic investigation and density functional theory
calculations reveal that the B-X-B (Pb-I-Pb) bond angles of 3AMPMA;Pb,l,; are larger
than that of 4AMPMA;Pb,l;; (the Pb-I-Pb bond angles were classified into two
categories, the axial one along the longest crystallographic axis and the equatorial one
along the inorganic plane). The larger the average axial and equatorial Pb-I-Pb bond angle
(c.a. to 180°), the more the Pb s and I p orbitals overlap (Figure 6¢).”'* The strong
antibonding interaction will push the valence band maximum, resulting in a reduced
bandgap for 3AMP-based perovskite than of 4AMP-based counterparts, which led the
3AMP-based device with higher efficiency compared to 4 AMP-based devices. Validating
the structure property co-relationship between Pb-I-Pb bond angle and opto-electrical
properties of layered perovskites, authors systematically investigated the effect of new
spacer cations and component of A-site cation of perovskite slabs on Pb-I-Pb bond angle

of crystal structure.
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Figure 6. (a) p-i-n device structure adopted for DJ perovskite with 3AMP and 4AMP, (b)
J—V curves of the DJ PSCs with 3AMP and 4AMP, (c) Average axial and equatorial
angles for 3AMP and 4AMP. Reproduced from reference 53. Copyright 2018 American
Chemical Society. (d) J—V curves of the DJ PSCs with 3AMPY (4AMPY) and 3AMP.
Reproduced from reference 66. Copyright 2019 American Chemical Society. (e)
Absorption and (f) angle averaged Pb—I—Pb for DI perovskites with different
compositions of MA* and FA", (g) J—V curves of DJ PSCs with different compositions
of MA and FA. Reprinted with permission from reference 84. Copyright 2019 Wiley-
VCH. (h) Energy-level diagram of n-i-p triple-mesoporous device structure for DJ Sn-
based HTL-free PSCs and (i) J~V curve for a (4AMP)(FA);Snyl3-based HTL-free PSC.

Reproduced from reference 94. Copyright 2019 American Chemical Society.
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Later, the effect of different dications such as conformation, the presence of
conjugated groups, etc., on the properties of the inorganic semiconducting layers in DJ
perovskites by preparing the 3AMPY- and 3AMP-based films/devices (n = 4) with the
same film deposition method was subject of investigation. The 3AMPY-based PSC
exhibited a champion PCE of 9.20% with J,. of 14.34 mA c¢m2, which is higher than the
corresponding piperdinium analog 3AMP-based ones with PCE of 6.89% and Js. 0of 9.11
mA c¢m? (Figure 6d). The improved PV performance especially the enhanced J;. can be
attributed to high crystallinity and vertical preferred orientation, as well as the long PL
lifetime of 3AMPY -based perovskite film. More importantly, 3AMPY cation has a larger
dielectric constant (g, ~ 3) than the aliphatic analogy 3AMP (g, ~ 2) due to the
delocalization of m-electron system, which reduces the dielectric mismatch and resultant
dielectric confinement between the inorganic well and organic barriers. Thus smaller
dielectric confinement effect and low exciton binding energy is beneficial for the charge
separation in the device.®® Introducing rational spacer cations with large dielectric
constant to modify the semiconducting properties of layered perovskites is a simple yet
effective approach.

Further, through compositional engineering, introduction of MA™ and FA* mixed
cations in the perovskite slabs was found to improve the efficiency and stability of DJ
PSCs based on 3AMP.3* As depicted in Figure 6e, (3AMP)(MAg75FAq25)3Pbalis
perovskite has narrower bandgap (1.48 ¢V) than of (3AMP)MA;Pbyl;; due to its higher
average Pb-1-Pb angles (173.8°) than of (AMP)MA;Pb,l; (168°) (Figure 6f). Importantly,
DJ perovskite with mixed A-site cations shows preferred (011) orientation which can
facilitate vertical growth on the substrate. This means minimized electrical losses and

improve charge carrier transportation. This led the DJ mix-cation PSCs with planar p-i-n
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configuration to exhibits PCE of 12.04% (Figure 6g) for champion device and with 3AMP
organic spacer, mixed A-site cation DJ perovskites showed better air and light stability.
These three papers systematically studied the structural properties of single-crystal,
especially Pb-I-Pb bonding angle in compositional engineering layered perovskites.
Arguably the combined approach of having novel spacer cations and compositional
engineered of perovskite slabs can enhance the semiconducting properties and

performance of corresponding PV devices.
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Replacing the environmental unfriendly and toxic lead with other less-toxic or
environmental benign metal is an effective approach to meet regulator's requirements for
emerging applications. Among lead-free perovskites, Sn-based PSCs showed competitive
opto-electrical properties, ideal optical bandgap around 1.33 eV and high charge carrier
mobility.”*% However, the prompt Sn?>*/Sn*" oxidation in 3-dimensional Sn-based
perovskite limits their practical application.'® Layered Sn-based DJ PSCs with improved
stability was reported by Padture and co-workers.”* The 4AMPFA;Snl ;3 (n = 4)
perovskite possesses an extended absorption spectrum to 840 nm and long carrier lifetime
(18.57 ns), which is significantly longer than those reported for Sn-based perovskite.!%!
4AMPFA;Snyl 5 was successfully integrated for solar cells fabrication with printable
hole-transporting layer-free in a mesoscopic architecture and measured a promising PCE
of 4.22% (Figure 6h & 6i). Significantly, the un-encapsulated PSCs with 4 AMPFA;Snyl 3
can preserve 91% of initial efficiency after exposing to 1 sun illumination in an N,
atmosphere at 45 °C for 100 h.

3.2 Alkyl-chain diamine

In typical layered 2D perovskite, the highly conductive inorganic slabs are separated
by insulating large organic cation spacer leading to the quantum confinement effect and
inhibits charge transport across the inorganic layers. The degree of quantum confinement
as well as optical band gap can be determined by the number of the inorganic layer, » as
well as the organic barrier length and cation charge. As the »n value increases, the optical
band gap decreases as a result of expansion of electronic band and thus the degree of
quantum confinement decreases, which can approach to ABX; (3-dimensional) structure
having infinite value of n. To select an appropriate length of spacer cation is one of the
practical way to fine-tune the optoelectronic properties of DJ perovskite. By Increasing,

the cation length can bring changes in electron and hole confinement potentials due to
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structure distortion, which have a direct influence on the band gap of the perovskite and
affects the charge transport efficiency.

In DJ perovskite, the organic cation and inorganic layer are bound together by
electrostatic interactions between the ammonium end group at both end and the iodide
anions. Long linear alkyl ammonium cations (7-9 carbon) tend to form staggered
configuration with the long chain adopting the folded conformation (lower surface
energy), and the inorganic layers are slight offset by half [Pbl¢]*~ octahedron tilted out of
the plane due to strong hydrogen bonding; while the short alkyl chain(3-4carbon), tend to
form eclipsed stacking arrangement. Further reducing interlayer distance (2 A) by using
a short dication such as propane-1,3-diammonium (PDA) may allow to reduce the
quantum confinement as well, significantly enhancing interlayer charge transfer.

The DJ PDAMA;Pbyl 3-based PSCs in planar p-i-n structure yielded a PCE of
13.0%.%° Additional moisture and thermal stability of layered PDA cation based PSCs are
significantly improved as compared with BA cation based PSCs. PDA cation-based
layered DJ PSC retained 90% of its original PCE, while BA cation-based layered RP
PSCs decreases to 40% of its original value after 1000 h.

Recently, Li et.al systemically studied the stability of un-encapsulated devices and
thin films based on MAPbI;, RP (PA),(MA);Pbyl;s; (PA: propylamine) and DJ
(PDA)(MA);Pbyl ;5 perovskites under harsh environmental condition i.e. humidity, heat
and light conditions (Figure 7).%* DJ PSCs retained more than 95% initial efficiency
aging for 4000 h at constant 40-70% RH, and constant 85 °C and 40-70% RH at the same
time. Whereas the 3-dimensional and RP-based counterparts lost over 70% and 95% of
their initial PCE, respectively. Further, these devices under constant 85/85 aging
measurement (meaning 85 °C and 85% RH) showed similar behavior. The DJ

(PDA)(MA);Pbyl3 tolerated more than 95% PCE after continuous light soaking for 3,000
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h while MAPbI;, RP (PA),(MA);Pb,l;; PSCs were able to kept 20% and 60% of their
original efficiencies only. However, the exposure time of the 85/85 aging measurement

was not sufficient to meet the strict requirements for PV stability by the International

Electrotechnical Commission IEC61215:2016 standard (1,000 h at 85/85 aging condition).

The use of spacer cations having the hydrophobic and insulating natures can increase
tolerant to humidity on the devices, which will allow achieving higher stability than 3D.
By eliminating van der Waals gap and replacing it with hydrogen bonds between the
spacer cations and perovskite slabs, DJ perovskite are able to form stable crystal structure
and improved performance than of RP perovskites.!0

Humidity stability under 40-70% RH Heat stability @85°C and 40-70% RH

1 .oo-qtm = 1.00f
"\ s bt e
W 0.761 \ Ny W 0.75
a S o
T 050 . | §os0
N - s = TS )
3025 P P 0‘-“0\“ E | ~————a.
g . -9~ (PDA)(MA),Pb, 1, — 5 025 < (FOAMALPD,,,
S -a- (PA),(MA).PbI,, =
- (PA),(MA)Pb I,
0.00 -2~ MAPBI, 0.004 - MAPbI, ’
0 1000 2000 3000 4000 0 24 48 72 96 120 144 168
Aging time (hr) Aging time (hr)

Heat stability @85°C and 85% RH
100R%ey o0 o — 1.00 5o

Light stability under 1-Sun illumination

| o St
|\ 1\ b

w 0.75 \ w 0.754 \ *—,

O 1\ O \ ——a

a | @ a \0-—____0

B 050 ‘o § 050 — i

£ an] -2 (PDAﬁMA; Pb I ¢ _9——p. g e pust oo s T

o I 3 Pl ——g 0. -@-(PA)(MA)PD,I

z 4 —o = L(MA),PD,I,,

oco] AN — o] e
- 3 T T T T T
0 24 48 72 96 120 144 168 0 500 1000 1500 2000 2500 3000
Aging time (hr) Aging time (hr)

Figure 7. Stability testing of 3D MAPbI;, RP (PA),(MA);Pbs;; and DIJ
(PDA)YMA);Pbyl;3-based perovskite solar cells under harsh humidity, heat and light
conditions. Reprinted with permission from reference 64. Copyright 2019 Elsevier.

Recently, Huang and co-workers systematically investigated a series of DJ perovskite ( #
= 5 ) by comparing large numbers of chain lengths of spacer cations (e.g., PDA, BDA,

PeDA, and HDA).%! As shown in optical absorption spectra (Figure 8a), additional peaks
2
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at 610 and 640 nm in PeDA-based perovskites and 590 nm in HDA was observed, the
excitonic peak in PDA- and BDA-based DJ- perovskites were not prominent, as the alkyl
chain spacers reduces the distortion of crystal structure, thereby exhibiting a relatively
uniform QW distribution (Figure 8b).193.19% The PDA- and BDA- based DJ perovskites
showed stronger and sharper discrete Bragg spots than of PeDA- and HDA-based films
(Figure 8c), indicating that the highly oriented crystal growth could be controlled by
spacer cations with short-chain lengths.!%>-1% DJ perovskites based on PDA and BDA
cation have uniform QW distribution and vertically aligned crystal orientation, which can
decrease defect densities, charge mobilities and thus final performance of devices. Finally,
the planar p-i-n devices were fabricated based on PDA and BDA cation, which gave an
improve performance of 14.8% and 16.4%, respectively, as compared with 12.95% and
10.55% of PCEs obtained from analogous devices using PeDA and HDA, respectively
(Figure 8d & 8e). A high PCE of 17.91% was achieved with the optimized device based
on BDA as a spacer cation, which is the highest value for DJ PSCs reported so far. (Figure
81).92 The long-term stability of BDA-, BA- based layered and 3D PSCs without any
encapsulation under ambient conditions with a relative humidity of ~60% were tested
(Figure 8f). The BDA based devices showed the best stability and preserved 84% of its
original PCE after1182 h, while the device with BA cation and 3D perovskites showed
73% and 39% of their initial PCE after 1176 h and 1008 h respectively. > Though the DJ
phase having alkyl-chain diamine based PSCs achieved higher efficiency, report on
crystal structure and alignment of spacer cations in the structure is unavailable, this

demands investigation of crystal structure of DJ perovskite having alkyl-chain diamine.
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Figure 8. (a) Absorption of DJ perovskite with different spacer cations, (b) Schematic
diagram of the homogeneous and multiphase DJ perovskites, (¢) GIWAXS maps for DJ
perovskites with different spacer cations, (d) J~V curves of devices with different DJ
perovskites, (e) J-V curves of the champion DJ PSC with BDA as a spacer cation.
Reprinted with permission from reference 61. Copyright 2019 Wiley-VCH. (f) Device
stability of PCE in ambient air without any encapsulation of BDA-RD, BA-RD, and 3D
PSCs. J-V curve of champion PSC device with BDA and BA as spacer cations.
Reproduced from reference 62. Copyright 2019 American Chemical Society.

3.3 Benzene Dimethanammonium

Gritzel and co-workers were the first to employ PDMA as a spacer cation in DJ
based perovskites using formamidinium (FA) as A-site organic cation and reported PCE
of >7% for PDMA FA,Pbs],p-based PSCs in a mesoporous device structure.”” It is worth
mentioning that the preparation of DJ films at room temperature in the absence of
additives and antisolvents varied from previous reports of using hot-casting or anti-
solvent methods for thin-film fabrication.®-62¢4 Importantly, the electron mobility was
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comparable to those reported for the hot-casting deposition method. In addition, the
device showed higher stability under humidity and light illumination conditions. Recently,
Etgar et.al were able to push the performance of DJ PSCs with PDMA as a spacer cation
to 15.6% via tailoring n values to 10 and mixed A-site cations and X site ions.®® The
favorable band alignment of DJ perovskite to the charge selective contacts allow
improved charge extraction and increases the inner potentials, which can enhance the
overall voltage of devices and support the long separation of charge carrier in the active
layer.'97 However in case of DJ perovskite with n = 10, the stability merits of layered
perovskite based devices is sacrificed, and it is worthy to balance this tradeoff of stability
and performance through systematic studies.
4. Outlook and Future Perspectives

Here, we summarized the breakthroughs made in recent years in the field of Dion-
Jacobson layered PSCs, the fabricated solar cells employing Dion-Jacobson perovskites
yielded the highest efficiency of 17.9%, along with improved long-term stability under
ambient conditions without encapsulation (the Dion-Jacobson layered PSCs retained 84%
% of initial PCE under 60% RH after 1182 h, while 3D PSCs retained their initial PCE
of 39% after 1008 h). These preliminary results suggests that Dion-Jacobson layered
perovskite has a competitive edge for commercial endeavor of perovskite. However, the
efficiency of Dion-Jacobson layered PSCs lag behind the 3D counterparts (25.2%). By
adopting the following measures, it allows fine-tuning the investigation and exploiting
such materials for efficient solar cells fabrication.

Benign and facile process to fabricate high-quality Dion-Jacobson layered
perovskite films with preferred crystal orientation is of paramount importance. In this
direction, the hot-casting process can allow inducing high crystal orientation in Dion-

Jacobson layered films, but the high-temperature annealing post-spin-coating process (>
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100 °C) may restrict the fundamental research and application for large-area or flexible
solar cells fabrication. Using anti-solvents, such as chlorobenzene, can be a simple mean
to induce high orientation in perovskite films, however, the usage of toxic solvents and
process drawbacks will hinder the application of Dion-Jacobson layered PSCs. If we take
into account that the properties of the bottom transport layer affects the crystallization
process of perovskites, the employment of rational charge selective layers/interface
modification for optimizing contact angle or surface energy will be an effective way to
fabricate Dion-Jacobson perovskite with the preferred crystal orientation. Besides this,
adjusting the intermediate phase of perovskite precursors via introducing new solvents,
tuning the ratio and doping other materials will realize high-quality Dion-Jacobson
layered perovskite.

The layered/low dimensional perovskite is vastly tolerant to spacer cations giving a
choice of a wide variety of sizes and functional groups, this potentially paves the way to
virtually infinite chemistry. However, the possibility in case of integrated diamine spacer
cations of Dion-Jacobson perovskite for solar cells is limited, and only three types of
spacer cations (piperidinium derivatives, alkyl-chain diamine, and benzene
dimethanammonium) used in the Dion-Jacobson PSCs. Introducing unique diamine
spacer cations with m-conjugated functional unit will be a possible strategy to prepare
Dion-Jacobson layered perovskite with excellent electro-optical properties. Ideally to be
used as successful spacer cation for Dion-Jacobson layered in solar cells should follow
the following selection criteria, (i) the hydrogen bonding between spacer cations and
perovskite slabs have an impact on in-plane B-X-B, such as Pb-I-Pb angles, which are
directly correlated to the electro-optical properties of Dion-Jacobson perovskites. The
new spacer cation forming hydrogen bonding with perovskite slabs, should not contribute

to the in-plane B-X-B distortion and ensure the more linear B-X-B angles (closer to 180°).
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The B-X-B angle needs to control the components of perovskite slabs. When introducing
new spacer cations, it is essential to tune the components of perovskite slabs to optimize
the opto-electrical properties of Dion-Jacobson layered perovskite. (ii) appropriate
quantum well barrier thickness plays a vital role in the charge carrier transport in Dion-
Jacobson layer, this in turn, allows to achieve excellent orientation and uniform quantum
well distribution and permit a smooth bandgap transition. Such characteristics will favor
longer carrier diffusion length, higher charge mobility, and low defect density. The
introduction of new short length spacer cations having aromatic ring for Dion-Jacobson
layered PSCs, can provide more rigidity to the cation, more delocalization of n-electrons,
and high dielectric constant of the aromatic cation as compared to their aliphatic
analogues. This will allow to have smaller dielectric confinement effect with small
exciton binding energy to induce a better charge separation and transportation in PSCs.
Inspired by the functional spacer cations of Ruddlesden—Popper perovskites, such as
2,2 2-trifluoroethylamine, 2-(4-fluorophenyl)ethyl ammonium, and 2-
thiophenemethylammonium (ThMA) cations, introducing diamine spacer cations having
functional unit such as m-conjugated oligothiophene, terthiophene, efc. is a possible
strategy to prepare Dion-Jacobson layered perovskite with excellent PV and light
emission properties. Phase-pure Dion-Jacobson perovskite with n > 2 is still challenging
because the thermodynamic instability of the 2-dimensional phases was found to decrease
with increasing » values,®® also, the charge carrier transportation will be limited between
the spacer cation layers or by the charge trapping at the low-n components. Investigation
of crystal and growth mechanism of phase-pure perovskite with high n values
understanding is vital to obtain Dion-Jacobson layered perovskite with controlled

composition/structures and enhanced crystalline phase purity.
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The Dion-Jacobson layered PSCs represented enhanced stability under harsh
environmental condition ie. humidity, heat and light conditions for aliphatic
diammonium cation( » = 4), however, for aromatic diammonium cation ( n = 4), the
stability report is lacking. The solar cells with competitive stability under different stress
conditions such as moisture, heat and light illumination instead of only practical
conditions are prerequisites, and it is worth to assess the stability performance under
different conditions. A probable solution to improve the long-term, operational stability
of Dion-Jacobson layered PSCs under complicated conditions can be the replacement of
the A-site organic cation (MA*, FA™) with inorganic cation such as Cs*, Rb" or their
mixed alloy. The potential perovskite should combine the advantages of moisture stability
of Dion-Jacobson layered perovskite and heat resistivity of all-inorganic perovskite. More
importantly, intrinsic stability such as thermodynamic and mechanical stability ensure the
device can tolerate external environment is urgently required. Perovskite slabs (» above
a critical value) in layered perovskites trigger the relaxation of the interface strain. This
leads to the release of the mechanical energy arising from the lattice mismatch, which
might potentially induce the formation of lower energy states, playing a crucial role in
the design of novel layered perovskite with unique intrinsic stability.!%® More importantly,
PSCs can be fabricated employing non-toxic Sn- or having similar physio-chemical
properties-based perovskite for replacement of lead-based PSCs. There exists a trade-off,
as the 3-dimensional Sn-based PSCs exhibits poor atmospheric stability in high humid
condition, however, due to spacer cations of Dion-Jacobson perovskite, Sn-based Dion-

Jacobson PSCs can be an important contender for future PV applications.
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Three quotes:

(1): "These significant developments in the field of Dion-Jacobson phase perovskites
demonstrate its incredible potential as semiconducting active layers aiming to fabricate

efficient yet long-term stable PSCs.”

(2): "The competitive advantages of Dion-Jacobson perovskites over RP counterparts are

outlined, such as improved stability and electrical properties.”

(3): ” A possible approach to improve the long-term, operational stability of Dion-Jacobson
layered PSCs under harsh conditions can be the replacement of the A-site organic cation (MA-,

FA+) with inorganic cation such as Cs*, Rb+ or their mixed alloy.”
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16 A time scale showing the fast evolution of DJ perovskite reaching high PCE.
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