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Introduction

Metal halide perovskites have become one of the most prom-
ising semiconductor materials during the past decade because
of their excellent performances in charge carrier mobility,
absorption coefficient, and photoluminescence quantum effi-
ciency."™ The efficiencies of perovskite solar cells (PSCs) and
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Using steric hindrance to manipulate and stabilize
metal halide perovskites for optoelectronics

Yanfeng Miao,? Yuetian Chen, © 2 Haoran Chen,? Xingtao Wang?® and Yixin Zhao © *a°

The chemical instability of metal halide perovskite materials can be ascribed to their unique properties of
softness, in which the chemical bonding between metal halide octahedral frameworks and cations is the
weak ionic and hydrogen bonding as in most perovskite structures. Therefore, various strategies have
been developed to stabilize the cations and metal halide frameworks, which include incorporating
additives, developing two-dimensional perovskites and perovskite nanocrystals, etc. Recently, the
important role of utilizing steric hindrance for stabilizing and passivating perovskites has been
demonstrated. In this perspective, we summarize the applications of steric hindrance in manipulating
and stabilizing perovskites. We will also discuss how steric hindrance influences the fundamental kinetics
of perovskite crystallization and film formation processes. The similarities and differences of the steric
hindrance between perovskite solar cells and perovskite light emission diodes are also discussed. In all,
utilizing steric hindrance is a promising strategy to manipulate and stabilize metal halide perovskites for
optoelectronics.

perovskite light-emitting diodes (PeLEDs) have reached
impressive values of 25% (power conversion efficiency, PCE)
and 23% (external quantum efficiency, EQE), respectively.>™®
However, the inferior operational stability caused by the weak
ionic and hydrogen bonding in perovskite structures is one of
the main obstacles hindering their further applications and
potential commercialization.>*> The most widely studied three-
dimensional (3D) perovskites consist of frameworks organized
with corner-sharing octahedra (e.g. [Pbls]*") and small-sized
cations localized in cages. Besides bonding effects, non-
covalent steric interactions also influence the structure of
perovskite crystals by repulsive forces between overlapping
electron clouds. In chemical reactions, steric hindrance
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influences the active sites and reaction rate.*®” Steric sizes of A,
B and X in metal halide perovskites should also be suitable to
meet an appropriate tolerance factor and octahedral factor to
maintain the perovskite structure. Therefore, steric hindrance
could help to tune and stabilize the crystal structure of
perovskites.

Over the past few years, there have been some noticeable
studies based on steric hindrance using anions and cations with
different sizes, rigidity and functional groups to modify the
crystal structure, film quality and device performance.'*** Steric
hindrance has been shown to have direct effects on the optical
bandgap, tolerance factor, phase stability, trap passivation,
hydrophobicity and conductivity of perovskite materials
(Fig. 1).*>® Several general strategies have been developed to
obtain stable perovskite structures such as utilizing additives,
and developing two-dimensional (2D) perovskites and perov-
skite nanocrystals (NCs). In these methods, some extra
components such as pseudohalides, bulky organic cations and
long chain ligands can determine the properties of perovskite
devices as steric hindrance plays an important role in these
processes.®**** There is also some burgeoning research on
rational design based on steric hindrance, which could improve
both efficiency and stability.?>***¢ These features have made the
perspective of steric hindrance very attractive to researchers to
understand the fundamental kinetics of perovskite crystalliza-
tion and film formation processes.

View Article Online
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In this perspective, we mainly focus on the role of steric
hindrance in manipulating and stabilizing perovskites. We will
discuss steric hindrance related work, reveal the wide applica-
bility of steric hindrance and promote the realization of
commercialized stable perovskite devices. We also note that the
properties of perovskite structures are not simply influenced by
one factor but determined by the combination of several
interactions between components such as ionic bonds,
hydrogen bonds and steric hindrance. Therefore, this perspec-
tive will mainly discuss the role of steric hindrance in perov-
skites and illustrate how steric hindrance and other
interactions co-determine the properties of perovskites.

Steric hindrance in 3D perovskites

3D perovskites have a general formula of ABX; where A is
a small-sized cation such as CH;NH;" (MA"), CH(NH,)," (FA"),
and Cs*, B is a divalent metal cation such as Pb** or Sn** and X
is a halide. The Goldschmidt tolerance factor (¢) within the limit
of 0.813-1.107 is usually used to determine whether a 3D
perovskite structure can be formed by using the following
equation:

ra +rx

V2(rs +rx)
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Fig.1 Schematic illustration of the steric hindrance in three-dimensional perovskites and low-dimensional perovskites, and the steric hindrance
induced stabilization of perovskites. Reproduced with permission from ref. 23. Copyright 2016 Springer Nature. Reproduced with permission
from ref. 24. Copyright 2019 John Wiley and Sons. Reproduced with permission from ref. 25. Copyright 2017 American Chemical Society.
Reproduced with permission from ref. 26. Copyright 2019 Springer Nature. Reproduced with permission from ref. 22. Copyright 2020 John Wiley
and Sons. Reproduced with permission from ref. 27. Copyright 2018 American Association for the Advancement of Science. Reproduced with
permission from ref. 28. Copyright 2019 American Association for the Advancement of Science.
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ra, s and rx are the ionic radii of A, B and X, respectively.*”
Theoretical calculations and experiments have shown that the
steric size of A, B and X will influence not only the tolerance
factor, but also structural parameters such as metal-halide-
metal (B-X-B) bond angles and B-X bond lengths which will
determine the optical properties and stability of lattice struc-
tures. In this section, we will focus on the steric hindrance in 3D
perovskites and review how the steric size of anions and cations
influences the properties, especially the stability, of perovskite
materials.

Anions

The 3D lead halide perovskite lattice structure is based on
corner-sharing [BXs]*~ frames consisting of metal cations and
halide anions. The bandgap of perovskite materials is mainly
determined by the p and s orbitals of metal cations and p
orbitals of halide anions.*®** Halides such as I, Br and Cl™ are
the most commonly used anions. However, the oxidation of
halides is one of the main challenges for realizing stable metal
halide perovskites. Halides in a perovskite lattice will form
elementary X, and further accelerate the degradation of perov-
skites.***” Replacing some halide ions with other anions of
appropriate sizes is an effective way to stabilize perovskites.*®
Pseudohalides such as SCN™ (217 pm), BF,~ (218 pm) and PF¢
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(255 pm) with a similar ionic radius to I (220 pm) are potential
candidates for improving the structural stability of APbI;
perovskites.**-*

The lone pair of electrons in SCN™ ions not only has
a stronger interaction with Pb®" than with I~, but also forms
hydrogen bonds with MA.** The calculated formation constant
for Pbl,>~ and Pb(SCN),*>" are 3.5 and 7, respectively, which
means SCN~ can improve the stability of perovskite frame
structures. Jiang et al. replaced two thirds of I" with SCN™ and
the humidity stability was significantly improved.** The PCE of
MAPDbSCN,I based PSCs only dropped from 8.3% to 7.4% after
14 days of storage. However, further studies reported that
MAPDSCN,I is in fact a layered perovskite MA,PbSCN,I, with
a bandgap of 1.53 eV (Fig. 2a).**** The stronger interaction
between Pb** and SCN™ can also be applied to stabilize the
FAPDI; perovskite by phase transition. Recent work by Lu et al.
revealed that SCN™ from MASCN or FASCN vapor treatment can
replace I on face-sharing 3-FAPbI; and induce the formation of
corner-sharing a-FAPbI; with much reduced trap density and
improved stability (Fig. 2b).*® Our work reported that SCN™
incorporated into CsPbBr; nanocrystals will cause an abnormal
blue PL shift (Fig. 2c). We revealed that the steric shape of rod-
like SCN™ will induce the expansion of the CsPbBr; crystal
lattice and increase the energy of the conduction band.**
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(a) Crystal structure of MA,PbSCN,I,. Reproduced with permission from ref. 53. Copyright 2015 John Wiley and Sons. (b) Molecular

dynamics simulation of SCN™ induced face-sharing octahedra to the corner-sharing octahedra of the FAPbIs crystal structure. Reproduced with
permission from ref. 55. Copyright 2020 American Association for the Advancement of Science. (c) PL peak positions of CsPbBrz_,(SCN), (x =
0.06, 0.12, 0.18) nanocrystals with different SCN contents. Reproduced with permission from ref. 51. Copyright 2018 Springer Nature. (d) ToF-
SIMS depth profile of [BF4]™ in perovskite films. Reproduced with permission from ref. 56. Copyright 2019 Springer Nature. (e) 3D ToF-SIMS map
of 1°F in perovskite films. Reproduced with permission from ref. 44. Copyright 2020 American Association for the Advancement of Science. (f)
(100) peak positions in XRD patterns of FAg ggCsq.12Pbls films post-treated with FAPF¢ with different concentrations. Reproduced with permission
from ref. 58. Copyright 2018 John Wiley and Sons.
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Different from SCN~, BF,  has weak interaction with Pb**
but can also improve the stability of perovskites by steric
hindrance induced lattice strain relaxation. Zhang et al. added
a small amount (0.5-2% molar ratio) of BF, into
(FAPDI;), g3(MAPDBI3), 17 precursor solutions.* They found that
the XRD peak of (001) shifted from 14.20° to 14.14°, which
means that BF, had been incorporated into the perovskite
structure and the elongated Pb-BF, bond can cause lattice
relaxation. The PCE increased from 17.55% to 20.16%, and the
device could retain 86% of the initial efficiency after 300 h
under AM 1.5G illumination. Snaith and co-authors applied two
kinds of BF,~ based ionic liquids: 1-butyl-3-methylimidazolium
tetrafluoroborate (BMIMBF,) and 1-butyl-1-methylpiperidinium
tetrafluoroborate (BMPBF,) to modify (FAg3MAg17)o.05
Cs0.05Pb(I9.oBro1); and Csg17FAg g3Pb(Io77Bro23)s perovskite
films, respectively.**® In contrast, they found that BF,  in these
two salts cannot be incorporated into the perovskite lattice and
pairing with different cations will influence the distribution of
BF, . In the case of BMIMBF,, BF, is located mainly at the
buried interface (Fig. 2d), while BF,~ of BMPBF, is distributed
over the entire film (Fig. 2e). These two salts can improve both
efficiency and stability of PSCs. BMIMBF, treated PSCs exhibi-
ted an increase of PCE from 18.5% to 19.8% and can maintain
95% efficiency under AM 1.5G at ~75 °C for more than 1800 h.
BMPBF, based PSCs reached a PCE of 20.1%, and the unen-
capsulated device can maintain 80% efficiency for 1010 hours at
60 °C.

PF¢~ is another noncoordinating anion similar to BF, .>**’
Chen et al. post treated a FA, 3sCs¢.1,PbI; film with FAPF,. The
resulting XRD patterns show that the lattice constant increased,
which means that some I" ions were replaced by PF~ (Fig. 2f).>®
The larger steric size of PFs~ leads to the expansion of the lattice
and reduces the bandgap. The efficiency of these PSCs
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increased from 17.79% to 19.25% and the PF,  treated device
retained more than 80% PCE after 528 h under 50-70%
humidity.

Cations

Larger cations for lattice doping. Small amount of larger
cations such as CH;CH,NH;" (EA"), (CH;),NH," (DMA") and
C(NH,);" (GA") can be doped into 3D perovskites to tune the
crystal structure.® For example, incorporating larger EA" into
MAPDI; can balance the lattice distortion strain and induce the
tetragonal-cubic phase transition.*® The secondary amine DMA
can also reduce the lattice mismatch.®*** When less than 20%
DMA was used, the tetragonal-cubic phase transition was
obvious without any sign of phase segregation.** The steric
hindrance of larger DMA molecules in the framework stabilizes
the I-Pb bond length and increases the rigidity of the perovskite
lattice (Fig. 3a).** The large size of DMA makes it incapable of
forming 3D perovskites, but instead forms one-dimensional
(1D) face-sharing perovskite DMAPbI;. Our group found that
this 1D DMAPDI; is an appropriate intermediate phase for the
realization of stable B-phase CsPbI;.*

The incorporation of GA can stabilize the perovskite struc-
ture by reducing the degree of octahedral tilting. The lattice
rigidity is enhanced and the defect formation energy is
increased.®***®” The amount of larger cations incorporated into
the lattice can be controlled by adjusting the sizes of the mixed
A and X ions.” Zhou et al. found that the ratio of GA incorpo-
ration into a Csg 15FAq gsPb(Iy g5Br.15); based perovskite can be
improved by increasing the amount of Cs and Br. This is
because their smaller size can provide more space for the larger
GA. GA introduced into the lattice can then interact with I and
improve the stability of the perovskite and the PSC can maintain
80% efficiency under AM 1.5G for 8 h.

006664 gm“
Hollow 3D
ethylenediamine

(a) Rigidity changes for MAPblz and DMAg 1,5MAq g75Pbls structures at different temperatures. Reproduced with permission from ref. 61.

Copyright 2019 John Wiley and Sons. (b and c) lodide migration pathway for MAPbls and Aceg 2sMAg 75Pbls, respectively. Reproduced with
permission from ref. 21. Copyright 2020 John Wiley and Sons. (d) Ethylenediamine induced formation of hollow 3D perovskites. Reproduced with

permission from ref. 71. Copyright 2018 American Chemical Society.
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Ion-migration in perovskites can be inhibited by the steric
hindrance of larger cations.”>* Tan et al. compared the activa-
tion energy for iodide migration in MAPbI; and CH;C(NH,),"
(Ace) incorporated perovskite Aceg ,5sMA, ;5PbI;.* In the case of
MA, I migrates directly from the lattice. When MA is partially
replaced by Ace, the I migrated along an S-shaped curve because
of the larger steric size of Ace (Fig. 3b and c). The inhibited I
migration can help improve the stability of PSCs and the Ace
based device can retain 55% of the initial efficiency after 2100 h
under AM 1.5G.

Besides the all corner-sharing 3D structure, some larger
cations can replace the position of Pb/I and form a deficient
perovskite (d-perovskite).®®*7* Leblanc et al. reported d-MAPDI;
prepared by mixing MA" and hydroxyethyl ammonium (HEA")
cations. These d-MAPbI; perovskites have similar absorption
profiles to that of MAPbI; but with reduced Pb*>" concentration
(Pbg.gs12.83), as well as improved flexibility and stability. Spa-
nopoulos et al. also found that hollow 3D perovskite structures
can be realized by introducing ethylenediammonium (EDA)
cations (Fig. 3d).”* Addition of EDA can help improve the air
stability of Sn based perovskites. The XRD pattern of MA ¢
EDA, 4Sn, 7,1, g4 remains unchanged for 9 days which indicates
its greater stability than MASnI;.

Bulky cations for surface passivation. Cations with bulky
groups cannot partly replace native A-site cations of perovskites,
but they show potential for surface and grain boundary defect
passivation and can improve the hydrophobicity of the perov-
skite films,2:24:32:67.68,72-75 The transformation of CsPbl; from the
cubic phase to orthorhombic phase can be suppressed by
controlling the steric hindrance imposed by additives. Organic
cations with a bulky alkyl chain as the organic terminal group

) CsPbl,-0TG
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(Csl + HPbI,+OTG)

B
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- R
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(OTG) can suppress octahedral tilting and increase the energy
barrier of phase transition (Fig. 4a).>* Bulky cation phenyl-
ethylammonium (PEA") added into the precursor solution can
also control nucleation for oriented crystallization and hinder
phase transition via steric effects (Fig. 4b).>° Besides addition to
the precursor solution, bulky cations can also be used to post-
treat perovskite films. Our group applied PEAI to post-treat
CsPbl; films and found that PEAI would not interact with the
CsPbI; film but form a defect-passivating organic termination
layer (Fig. 4c).” This PEAI layer can inhibit the structural tilting
through steric hindrance and improve the stability of CsPbl,
films.

The alignment of bulky cations influences the water-
resistivity of perovskite films. Wang et al. compared three phe-
nylalkylamines: aniline, benzylamine, and phenethylamine.
They found that benzylamine molecules are aligned perpen-
dicularly on the film, therefore increasing the water penetration
distance.”” Post-treatment may also leave a crystalline layer of
salt on the surface of the perovskite film, which could inhibit
the charge transfer in the device. This unwanted aggregation
can be prevented by applying cations with larger steric repul-
sion. For example, 4-tert-butyl-benzylammonium iodide (¢BBAI)
has a tert-butyl substitution, which could increase the steric
hindrance and form an amorphous morphology on the perov-
skite film.”®

Some post-treatment cations, such as pyridine, not only
passivate trap states but also may further react with perovskite
films which could reduce the stability of PSCs. By rational
molecular design, 2-Py with a long alkyl chain substituted at the
o-position can effectively inhibit the further reaction between
the perovskite and pyridine (Fig. 4d).”® Since halogen migration

Distorted CsPbly
orthorhombic phase
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Fig. 4 (a) Octahedral tilting of CsPbls is suppressed by the steric hindrance of OTG. Reproduced with permission from ref. 24. Copyright 2019

John Wiley and Sons. (b) PEAI additive induced formation of distorted CsPbls. Reproduced with permission from ref. 20. Copyright 2018 Springer
Nature. (c) Surface termination of CsPbls by PEAI post-treatment. Reproduced with permission from ref. 76. Copyright 2018 Elsevier. (d) The
reaction of pyridine with perovskite is inhibited by using 2-Py with long alkyl chains. Reproduced with permission from ref. 79. Copyright 2016
John Wiley and Sons.
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and its reaction with a metallic electrode is one of the main
reason for device degradation, using a hole-transporting layer
(HTL) with high steric hindrance can restrain halogen migra-
tion and improve the stability of perovskite solar cells.** Li et al.
compared two HTLs: HL-1 and HL-2, where HL-2 has a longer
chain alkyl group compared with HL-1. They found that PSCs
based on HL-2 show reduced iodide migration and improved
stability.”

Bulky cations are also commonly used in the synthesis of
perovskite NCs. Perovskite NCs will undergo aggregation after
long term storage; thus rational design of ligands with steric
hindrance can help to maintain the colloidal and optical
stability. Luo et al. reported a comparison between two kinds of
branched ligands: (3-aminopropyl)triethoxysilane (APTES) and
polyhedral oligomeric silsesquioxane PSS-[3-(2-aminoethyl)
amino|propylheptaisobutyl substituted (NH,-POSS).** The
steric hindrance of APTES can inhibit the dissolution of NCs
back into DMF, therefore preventing the penetration of protic
molecules into the surface of perovskite NCs. As a result, NCs
with uniform crystal size and improved long-term stability can
be achieved and well-maintained.

Steric hindrances in low-dimensional
perovskites

When larger or bulky cations are the main cations in the
perovskite component, the perovskite structure cannot main-
tain a 3D framework and a low-dimensional perovskite may be
formed.* 2D perovskites with a corner-sharing inorganic layer
structure, especially quasi-2D perovskites, have similar optical
and electrical properties but much higher stability than 3D
perovskites. This is because long chain cations can lock the
unstable octahedral frame and inhibit the penetration of water
molecules owing to the steric effect. As we mainly discuss the
steric effect at the interface between organic layers and inor-
ganic layers, we will combine the discussion on 2D perovskite,
quasi-2D perovskite and 2D capping layers in this section.
Most commonly reported 2D perovskites are (100)-oriented,
and they can be further classified into Ruddlesden-Popper (RP),

——~—-R\

zﬁiﬁz | ﬁiﬁzﬁiﬁ

(a) Crystal structure of the RP phase (left) and DJ phase (right) 2D perovskites. Reproduced with permission from ref. 85. Copyright 1999

Fig. 5
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Dion-Jacobson (DJ) and alternating cations in the interlayer
space (ACI) phases because of the different stacking modes and
displacements of inorganic layers.*»** RP phases have two
spacer layers of large organic cations (Fig. 5a).** ACI phases have
one layer of large size cations and one layer of small size cations.
DJ phases have one spacer layer of organic cations between the
inorganic layers.*® Different structures are mainly affected by
the chemical and spatial structure of cations. We will focus on
the influence of steric hindrance on the structure and the
optical and electrical-properties of 2D perovskites and perov-
skite based devices.

A large-sized spacer cation often consists of an ammonium
and a terminal component such as an alkyl or aromatic group.
Inorganic layers are bridged by cations by hydrogen bonding
between the ammonium groups and octahedra, as well as van
der Waals interactions between terminal groups. The steric
effect caused by organic spacers will influence the configuration
of inorganic layers and thereby the optical and electrical prop-
erties of 2D perovskite materials and optoelectronic devices. We
will therefore discuss the steric effect on 2D perovskites with
respect to the ammonium group, alkyl/aryl group and func-
tional group.

Ammonium groups

Ammonium groups that can immobilize on the surface of
inorganic layers by interacting with metal atoms have a direct
influence on the properties of 2D perovskites. Stoumpos et al.
studied different kinds of ammonium cations based on tin
iodide.”” They found that single ammonium (CHj,),,NH,_,,"
cations have very different structures. The number of methyl
groups (m) on the N atom will influence the connectivity of the
octahedra and face-sharing 1D perovskites will be formed when
m = 2, such as in DMA", (CH;3);NH' (TMA') and (CHj),N"
(NMe,") (Fig. 5b). Very recently, our group reported that tetra-
butyl ammonium (TBA') can intercalate into the CsPbl; film
and form a 1D TBAPbI; layer which is quite hydrophobic.?®
TBAPDI; single crystals can remain unchanged even when
immersed in water for 12 hours. In the case of (NH,),CH;_,",

[wve o

John Wiley and Sons. (b) Crystal structures of NMe4 based 1D perovskites. Reproduced with permission from ref. 87. Copyright 2017 American

Chemical Society.
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the number of ammonium groups will also influence the
structure of 2D perovskites. These 2D perovskites will have
a combination of corner-sharing and face-sharing structures
which is defined as hexagonal perovskite polytypes such as GA".
When GA is mixed with MA, a (GA)(MA),,Pb,I3,.1 (n =1, 2, and 3)
perovskite will form an ACI phase perovskite.*>*°

The position of the N atom will also influence the steric
hindrance. Ruben and co-workers compared the substitution
position of a N atom on pyridinium based cations.”* For
example, 3BrPyH can form a 2D (3BrPyH),Pbl, perovskite, while
2BrPyH and 4BrPyH will form 1D (2BrPyH)Pbl; and (4BrPyH),-
Pb;l;, respectively. The steric size of the unconnected part will
influence the face sharing or corner sharing mode and thereby
define the structure of perovskites. Li et al. reported that 2-
(aminomethyl)pyridine  (2AMPY), 3-(aminomethyl)pyridine
(3AMPY) and 4-(aminomethyl)pyridine (4AMPY) which have
different N positions will form 2D, 0D and 1D perovskites,
respectively.”> Mao et al. also studied DJ phase 2D perovskites
based on 3-(aminomethyl)piperidinium (3AMP) and 4-(amino-
methyl)piperidinium (4AMP) which have different N posi-
tions.® The position of N in the piperidinium organic backbone
yields different hydrogen-bonding modes. The H-bonds in
3AMP and 4AMP are formed with terminal I and bridging I
respectively. Therefore, the steric hindrance of the penetrated
ring will induce different hydrogen-bonding modes and thereby
influence Pb-I-Pb angles and optical band gaps.

View Article Online
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Alkyl or aryl groups

Besides the ammonium groups that directly interact with
inorganic layers, the steric hindrance of the alkyl or aryl groups
connected with ammonium groups will also influence the
perovskite properties.

Size of spacer cations. First of all, the size of cations can
directly influence the interlayer distance and displacement
between inorganic layers. Ishihara et al. investigated (C,Hyy.1-
NH;)Pbl, with n = 4, 6, 8, 9, 10, and 12, and found that the
interlayer distance increases with longer carbon chains, from
15.17 A (n = 4) to 24.51 A (n = 12).°* However, the optical
properties remain almost unchanged, suggesting that there are
weak interactions between inorganic layers with longer
distances. Paritmongkol et al. found that the Pb-I tilting angle
decreases as the number of CH, groups increases. They
explained such an observation as the result of the stress
between organic spacers being more absorbed by the longer
chains and less transmitted to the inorganic slabs.**

The interlayer distance can also directly influence the
conductivity of 2D perovskites. Yu et al. compared the interlayer
distances of cations with different sizes. The reduced distance
can obviously improve the charge carrier mobility of perovskite
films (Fig. 6a).°® Polymer cations such as polyethylenimine (PEI)
can provide a more compact organic layer between inorganic
layers which can facilitate the charge transport of 2D films.*®
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(a) Mobilities of different 2D perovskites with different interlayer distances. Reproduced with permission from ref. 95. Copyright 2018 John

Wiley and Sons. (b) Schematic illustration on steric hindrance of PRA, PRMA and PREA, their interaction distance and measurements by transient
reflection spectroscopy. Reproduced with permission from ref. 36. Copyright 2021 American Association for the Advancement of Science. (c)
The FWHM of PL spectra for PhC2 and C4 based 2D perovskites under different temperatures. Reproduced with permission from ref. 100.
Copyright 2018 Springer Nature. (d) The orientations of BTA and PEA based 2D perovskites. Reproduced with permission from ref. 102. Copyright
2018 Springer Nature. (e) GIWAXS data of iso-C4 based 2D perovskites. Reproduced with permission from ref. 104. Copyright 2017 John Wiley
and Sons.
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The stronger steric hindrance of polymer cations can also make
the 2D films more hydrophobic, thereby improving the mois-
ture stability of perovskite solar cells. The length of the organic
spacer will further influence the stability of perovskites.***” Koh
et al. reported that CH;(CH,);NH;" (C4) and CH;(CH,),NH;"
(C8) can both form 2D perovskites by post-treatment to the
Cs0.05(MAg 17FA¢ 83)0.0sPb(Iy g3Bro.17); surface and C8 exhibits
a better passivation effect and water repelling effect.”® Spano-
poulos et al. found that the higher tilting angles of CHj(-
CH,),NH;" (C5) yield a more distorted structure. The resulting
heat stability and light stability are both improved for C5 than
for C4 and CH;3(CH,)sNH;" (C6).” The length of spacer cations
will influence cation penetration which influences the Pb-X-Pb
bond angle. Du et al. synthesized several acene alkylamine
cation based 2D perovskites.?® They found that the number of
methyl unit plays a more important role than the number of
acene groups. 2-(2-Naphthyl)ethanammonium (NEA) and PEA
have larger NH; penetration and Pb-X-Pb bond angles than
phenylmethylammonium (PMA) and 1-(2-naphthyl)meth-
anammonium (NMA). Very recently, Xue et al. compared three
conjugated organic cations, pyrene-based ammonium (PRA),
pyrene-based methylammonium (PRMA) and pyrene-based
ethylammonium (PREA).*® They found that the A-site cations
can modify the band-edge state of perovskites. PRA without
alkyl chains has shallow interaction depth because of the steric
hindrance from the pyrene group. PREA with long alkyl chains
can relieve the steric hindrance, thus leading to deeper vertical
intercalation with inorganic layers (Fig. 6b).

Shape of spacer cations. The shape of spacer cations
significantly changes the spatial distributions and thereby
defines the properties of perovskite materials. Gong et al.
explored several organic ammonium cations based on different
aliphatic chain groups and phenyl groups: C4, CH3(CHy);
(C12), C¢Hs (Ph), C¢HsCH, (PhC), C¢Hs(CH,), (PhC2, also
defined as PEA before) and C¢Hs(CH,); (PhC3)."* They found
that C4, C12, PhC and PhC2 can form 2D structures, while Ph
and PhC3 result in non-2D structures. This phenomenon could
be attributed to the steric effect caused by the bulky group
which inhibits the corner connectivity of the octahedra as we
discussed before.”” A PhC2 based perovskite single crystal has
much higher photoluminescence quantum efficiency (PLQE)
than C4 because of the more rigid crystal structure and reduced
electron-phonon interactions measured by the deformation
potential (Fig. 6¢). Recently, time-domain ab initio simulations
also demonstrated that fluctuating (C4),PbBr, has a much
higher nonradiative recombination rate than rigid (PEA),-
PbBr,.'" During the formation of 2D perovskite films, the
rigidity difference between C4 (defined as BTA in Fig. 6d) and
PEA will also make C4 more easily redistributable which will
increase the formation of in-plane distributed 2D perovskites.**
The structure of 3AMPY with aromatic rings is more rigid than
3AMP with the aliphatic ones and they have a reduced interlayer
distance.' The exciton binding energy is also decreased
because of the increased dielectric constant. The rigidity caused
orientation difference is also studied by grazing incidence wide-
angle X-ray scattering (GIWAXS) when replacing C4 with iso-C4,
which has short branched chains (Fig. 6e).'**
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Functional groups

Large size spacer cations can be further modified by other
elements or groups such as halides (F/Cl/Br/I), -OH, MeO-,
unsaturated bonds, and so on. These functional groups will also
have steric interactions with the inorganic framework or
between the organic layers.”® Mitzi and co-workers compared
the crystal structure of (2-XC¢H,C,H,NH3;),Snl, (X: F, Cl, Br)
with halides of different sizes.'”® They found that (2-CICH,C,-
H,NH;),Snl, and (2-FC¢H,C,H,NH3;),Snl, have a similar gauche
conformation while (2-BrC¢H,C,H,NHj;),Snl, exhibits anti
conformation. The larger Br will cause structural distortion
effects such as reduced Sn-I-Sn angles and blue shift on the
absorption spectra (Fig. 7a). Their recent work revealed that
functional group induced steric effects will influence the
formation energies and thermal properties.'*® Knutson et al.
also reported that the steric impact of organic cations can tune
the bandgap of perovskites by more than 1 eV.*” Steric bulk
near the ammonium head such as 2-bromophenethylammo-
nium (2-BrPEA), 2-trifluoromethylphenethylamine (2-CF;PEA)
and 1-pyreneethylamine (1-PYREA) will inhibit the penetration
of ammonium into the perovskite sheet, thereby reducing in-
plane distortion.

Functional groups with unsaturated bonds may form a cross-
linked structure and improve the connectivity of organic layers,
which can efficiently improve the conductivity and stability of
2D perovskites. For example, double bonds and triple bonds
can lead to the formation of a cross-linked structure upon UV
light or thermal annealing.'®®'* The vinyl group at the para
position of benzylammonium (BzA) can form new covalent
bonds under UV light, which can improve the operational
stability and reduce the hysteresis of PSCs (Fig. 7b)."*® Cross-
linking combined with oxygen or iodine doping will also
change the energy bandgap of organic layers from 3.0 to 1.4 eV
and induce a thousand-fold conductivity increase.'® In some
conditions, in order to obtain tunable perovskite quantum
wells, functionalized groups with methyl groups impart steric
effects, which can inhibit intermolecular 7w—7 interactions.**

Similar to the position of ammonium groups, the position of
functional groups will also influence the steric effects. Recently
4-fluorophenethylammonium (4FPEA) was shown to have
potential for high efficiency 2D perovskite solar cells because of
its enhanced m-orbital overlap and decreased interlayer
distance.”®**"** Several groups have found that the position of
monofluorination on PEA will influence the organic cation
packing arrangements (Fig. 7c-f).>****> The formation energy of
4FPEA is lower than that of other positions and will promote the
formation of phase pure, flat and oriented 2D perovskites.

Steric hindrance stabilization
Quaternary cations

Compared with the commonly used ammonium cations,
quaternary ammonium cations with larger steric hindrance
were shown to have a significant effect on passivating the MA"
vacancy and improving the ambient stability of PSCs.****¢ Zheng
et al.*® found that quaternary ammonium halides such as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Absorption spectra of the (2-XCgH4C,H4NH3),Snl, (X: F, CL, Br) perovskite. Curve a, F; curve b, Cl and curve ¢, Br. Reproduced with

permission from ref. 105. Copyright 2003 American Chemical Society. (b) Formation of new covalent bonds under UV light for BzA with a vinyl
group at the para position. Reproduced with permission from ref. 108. Copyright 2019 American Chemical Society. (c—f) Organic cation packing
arrangements of PEA,Pbl,, 2FPEA,PbI4, 3FPEA,Pbls and 4FPEA,PDbI,, respectively. Reproduced with permission from ref. 26. Copyright 2019

Springer Nature.

choline iodide (CHI) and choline chloride (CHCI) can passivate
both positive traps and negative traps on the surface of perov-
skites. This passivation can improve V,. significantly for more
than 100 mV. Our group also found that CHI can passivate the
cracks and pinholes in B-CsPbl; films.®* The PCE of all inor-
ganic PSCs can be improved to 18.4%. The PSC can be retained
at 92% of the initial PCE under 1 sun for 500 hours.

Several works have shown that light or temperature induced
lattice expansion will improve the efficiency and stability of
perovskite solar cells.™”'** As we have mentioned before, the
steric size of ammonium will influence the tilting angles of Pb-
I-Pb. This steric effect on the perovskite lattice can inhibit ion
migration and improve the structural stabilities of perovskites.
Recently, we reported that the passivation of phenyl-
trimethylammonium iodide (PTAI) to MAPbI; can form
a mixed-2D PTAMAPDI, perovskite, which can construct
a dynamic barrier for MA" migration and thereby inhibit the
degradation of perovskite films (Fig. 8a). The MAPbI; film
exhibits exceptional stability with unchanged properties even
when soaked in PTAI/IPA solution.”” The work by Yangi et al.
also reported the formation of mixed-2D perovskites with
cations of phenylformamidinium (PFA)."*® We also discovered
that bifunctional PTABr post-treatment to CsPbl; can further
improve the phase stability by gradient Br doping and the PCE
can reach 17.06%."*° Furthermore, PTACI treatment to CsPbl;

© 2021 The Author(s). Published by the Royal Society of Chemistry

can passivate the surface traps effectively and boost the PCE to
more than 19%."*

The steric hindrance provided by bulky quaternary cations
can also prevent the interaction between the lone pair of elec-
trons of water molecules and the perovskite surface. Yang et al.
compared five bulky cations and classified them into three
types: MA has one methyl group, tetra-methyl ammonium
(TMA) and hexadecyl trimethyl ammonium (CTA) have three or
four methyl groups, tetra-ethyl ammonium (TEA), TBA and
tetra-hexyl ammonium (THA) have four longer alkyl groups.
Among them, TEA with stronger steric hindrance can induce
larger Pb-I tilt angles and reduce the tendency of water
adsorption.” The steric effect of quaternary cations is also
certified by the fabricated PSCs based on the P3HT hole trans-
port layer. Jung et al prepared a wide-bandgap layer on
a perovskite film by n-hexyl trimethyl ammonium bromide post-
treatment (Fig. 8b).** The stability is significantly improved and
the PSC can maintain 80% efficiency after 1008 h under
a humidity of 85%.

Bifunctional cations

Diammonium cations. Diammonium cations with two
ammonium groups have recently shown to have potential for
efficient and stable PSCs as they can form D] phase perov-
skites.””#%122123 Ag discussed before, 2D RP phase perovskites

Chem. Sci., 2021, 12, 7231-7247 | 7239
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(a) Schematic mechanism for the stabilization of MA* by PTAI intercalation. Reproduced with permission from ref. 22. Copyright 2020

John Wiley and Sons. (b) PSC based on a P3HT hole transport layer with an n-hexyl trimethyl ammonium bromide (HTAB) based wide-bandgap
perovskite as the interfacial layer. Reproduced with permission from ref. 35. Copyright 2019 Springer Nature.

based on single ammonium cations are over-layered by organic
layers with van der Waals interactions which are weaker than
ionic interactions. DJ phase perovskites based on diammonium
cations can link two inorganic layers directly by ionic bonds,
hence increasing the binding energy and dissociation energy
(Fig. 9a).?®'*>'2* There is only one organic layer between inor-
ganic layers in the DJ phase perovskite. Therefore, reducing the
barrier length of quantum wells can improve the charge carrier
mobility of the 2D perovskites.’***** The conductivity compar-
ison between RP phase BA,Pbl, and D] phase BDAPbI, also
shows that the DJ phase perovskite has better carrier transport
and energy transfer properties (Fig. 9b)."*****'*” Ahmad et al.
studied the moisture and light stability of a 1,3-propanediamine
(PDA) based DJ phase perovskite. They found that eliminating
the van der Waals energy gap in a propylamine (PA) based RP
phase perovskite can significantly improve the stability of
PSCs."®

Black phase CsPbl; perovskites are believed to be unstable at
room temperature as they tend to transform to the yellow phase
perovskite that is unsuitable for photovoltaics.* In 2017, our
group reported that EDA based 2D EDAPbI, can cross link
CsPbI; crystals and the extrusion by the steric effect of EDA can
inhibit the phase transition.”” The film condition can keep
unchanged upon annealing at 100 °C for a week (Fig. 9¢c). The D]
phase EDAPbI, can also maintain the conductivity of CsPbl;
films and CsPbl;-0.025EDAPbI, based PSC achieved a record
PCE of 11.8% at that time.

Tin-based perovskites are attractive as nontoxic, efficient
PSCs because of their lead-free composition and broader
absorption properties. However, Sn(u) in tin based perovskite
can be easily oxidized to Sn(iv) and induce the degradation of
perovskites. The strong binding energy and rigid structure of D]
phase perovskites show potential for realizing stable tin based
perovskites. Chen et al. reported that (4AMP)(FA);Sn,l;; based
PSCs can obtain a PCE of 4.22% and retain 90% PCE for 100 h
under AM 1.5G.**° They suspected that the synergistic effect of
reduced vacancy formation, improved binding energy and
charge transport together improved the efficiency and stability
of tin based PSCs. Li et al. reported that adding 1,4-butanedi-
amine (BDA) ligands into a tin based perovskite can inhibit the
oxidation of Sn>".*** BDA has a large penetration depth between

7240 | Chem. Sci., 2021, 12, 7231-7247

NH;" and terminal iodides. This steric effect can reduce the
electronic interaction and hydrogen bonding, thereby reducing
the octahedral distortion, resulting in the DJ phase 2D perov-
skite having a similar band gap to 3D perovskites.'***3*

The energy quantum well (QW) distribution and orientation
will influence the optical and electrical properties of DJ phase
perovskites.”*>*** Zheng et al. compared 1,3-propanediamine
(PDA), BDA, 1,5-pentamethylenediamine (PeDA) and 1,6-hex-
amethylenediamine (HDA) with 3, 4, 5 and 6 carbon chains
respectively.*****> They found that PDA and BDA that have
shorter chain lengths can yield oriented and shallow distributed
QWs. The chain length of diammonium cations will also
influence QW barrier thickness, charge carrier mobility and the
3D-to-2D transformation activation energy.”>'*¢ Lu et al
compared the perovskite structures induced by PDA, HDA and
EDA. They found that PDA and HDA will induce 3D to 2D
transformation more easily than EDA because of their longer
chain lengths (Fig. 9d).**” Zhao et al. also compared a series of
diammonium iodides, BDA, 1,8-octamethylenediamine (ODA)
and 2,2-(ethylenedioxy)bis(ethylamine) (EDBE)."** They found
that BDA and EDBE can induce the transformation of 3D
MAPDI; to 2D perovskite by post treatment, while ODA only
passivates the grain boundary without phase transformation.
They suspected that the unique anti-gauche isomerization of
ODA elevated the 3D to 2D activation energy.

Other terminal groups. Besides the diammonium cations,
some cations with multiple functional groups, such as phos-
phonic acid ammonium and amino acid, can also form
a crosslinked structure.”*®*™° Cross-linked structures can
improve the binding energy and charge carrier transfer between
perovskite crystals. Li et al. applied bifunctional butylphos-
phonic acid 4-ammonium chloride (4-ABPACI) to modify the
surface of perovskite crystals.’*® Both the ammonium group and
phosphonic acid group will interact with the perovskite surface
and crosslink perovskite crystals (Fig. 10a). This kind of cross-
linked perovskite can help the formation of smooth perov-
skite films and facilitate the contact between the perovskite and
TiO, substrate. 4-ABPACI based devices can maintain 80% of
the initial PCE at 85 °C for 350 h.

Han and co-workers applied 5-ammoniumvaleric acid iodide
(5-Aval) in MAPDbI; based mesoscopic perovskite solar cells and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(a) Schematic structure of HDAPbIl4. Reproduced with permission from ref. 122. Copyright 2016 Royal Society of Chemistry. (b) Schematic

structures of BA,Pbl, and BDAPbI4. Reproduced with permission from ref. 126. Copyright 2018 IOP Publishing Ltd. (c) XRD patterns of fresh and
aged CsPblz—0.025EDAPDbI, perovskite films at 100 °C for 1 week. Reproduced with permission from ref. 27. Copyright 2017 American Asso-
ciation for the Advancement of Science. (d) Effect of diammonium cations with different lengths on the formation of 2D perovskites or lattice
expansion. Reproduced with permission from ref. 137. Copyright 2017 John Wiley and Sons.

achieved a PCE of 12.8%."*° The effect of 5-Aval was considered
to be the result of passivating traps and improving the contact
with mesoporous TiO,. Our group applied 5-Ava in the MAPbBr;
system and further revealed that the COO~ and NH;" groups on
5-Ava can cross-link perovskites via Pb—-COO bonds and the
interaction between NH;" and [PbBrg]*~ units. We found that 5-
AvaBr will be incorporated into the perovskite lattice and forms
the RP phase Ava,MA, ,PbBr; structure as reported in previous
work."**> In contrast, 5-Ava will form the crosslinked DJ phase
Ava(MAPDBr3), structure because the COOH on 5-AvaBr will not
form such Pb-COO bonds (Fig. 10b and c). This cross-linked
structure will sterically reduce the interlayer distance and
improve the PLQE of the in situ formed MAPbBr; QD films up to
80% (Fig. 10d)."* The 5-Ava also shows potential for cross-
linking and stabilizing the FASnI; based perovskite by reducing
the Sn** content.'*

© 2021 The Author(s). Published by the Royal Society of Chemistry

Steric hindrance design for PeLEDs

Perovskite materials are also attractive for light-emitting diodes
benefiting from the high PLQE and high emission purity. PSCs
and PeLEDs have a similar layered device structure, i.e., anode/
HTL/perovskite layer/ETL/cathode. The generation of the
excited state is the key step for them. They all require low trap
density and reduced nonradiative recombination. That is to say,
efficient PSCs are usually efficient PeLEDs. There are also some
different requirements between PSCs and PeLEDs because the
excited states are separated by an electrical field in PSCs, but are
recombined to emit photons in PeLEDs. Therefore, tuning of
steric hindrance in perovskite materials can enable us to design
specific films for different optoelectronic devices.

In order to separate charge carriers effectively, PSCs usually
have a type-II band alignment which can drive electrons and

Chem. Sci., 2021, 12, 7231-7247 | 7241
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holes to different electrodes.** In the case of LEDs, a type-I
band alignment can accumulate electrons and holes to
increase the charge carrier density and to improve the radiative
recombination rate and PLQE."™*'* Yuan et al. changed the n
value in PEA,(CH3NH;), 4Pb,ls,; and found that a film
prepared with a certain z value will consist of a variety of quasi-
2D perovskites with different n values.**® This type-I structure
can act as an energy funnel and significantly improve PLQE
(Fig. 11a). Besides the addition of different kinds of cations, the
steric hindrance induced band alignment can also be modified
by changing the concentration of cations. Quintero-Bermudez
et al. found that the ligand density at the surface influences
the work function of the material and shows tunable type-I or
type-1I properties.

The bifunctional effect of 5-Ava is also applied in the fabri-
cation of high efficiency PeLEDs. Cao et al. found that 5-Ava not
only reduces the trap density of perovskite films but also
undergoes a dehydration reaction with ZnO/polyethylenimine
ethoxylated (PEIE) to form an organic layer which reduces the
leakage current, thus boosting the EQE up to 20.7%.® They re-
ported that 6-aminocaproic acid (6-ACA) and 7-aminoheptanoic
acid (7-AHA) with longer chain lengths can also improve the
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efficiency of PeLEDs. Wang et al. found that y-aminobutyric
acid (3-ABA) which has a similar structure to 5-Ava can control
the distribution of n values in the PEA,Cs,_,Pb,Brs,.; perov-
skite and suppress the formation of thicker quantum wells.***
Bifunctional 3-ABA can also passivate trap states of perovskite
films and achieve a high EQE of 6.3% for blue PeLEDs.

It's more difficult to realize stable PeLEDs because of the
higher current density and internal electrical field under
working conditions. 2D perovskite materials with bulky cations
can significantly improve the stability of PeLEDs. Wang et al.
reported that adding 1-naphthylmethylamine iodide (NMAI)
into FAPbI; precursor solution can also realize quasi-2D
perovskite films with multiple quantum wells.”*® The PeLED
reaches a T, lifetime (time to 50% of the initial brightness) of
2 h under a current density of 10 mA cm ™2, while the control
device without NMAI can only work for 1 min. The steric
hindrance from large cations contribute to both type-I energy
transport and improved stability. DJ-phase 2D perovskites with
cross-linked inorganic layers also show potential for stable
PeLEDs. Shang et al. fabricated 2D PeLEDs with 1,4-bis(ami-
nomethyl)benzene (BAB) and PEA.*® BAB based D] phase
perovskites exhibit higher molecule dissociation energy than

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a) Charge transport in MQW based films. Reproduced with permission from ref. 148. Copyright 2016 Springer Nature. (b) Molecule

dissociation energy of BAB and PEA based perovskites. Reproduced with permission from ref. 28. Copyright 2019 American Association for the
Advancement of Science. (c) Stability of PeLEDs with different phenylalkylammonium iodide molecules. Reproduced with permission from ref.

34. Copyright 2021 Springer Nature.

PEA based RP phase perovskites (Fig. 11b). BAB based PeLEDs
have a Tj, lifetime of 100 h under a current density of 25 mA
cm 2. Surface passivation is another way for improving the
stability of PeLEDs while keeping the high conductivity of 3D
perovskite materials.®* Guo et al. passivated FAPbI; films with
four kinds of phenylalkylammonium iodide molecules of
different alkyl chain lengths (phenylmethylammonium iodide
(PMAL, n = 1), phenethylammonium iodide (PEAI, n = 2),
phenpropylammonium iodide (PPAI, n = 3), and phenyl-
butanammonium iodide (PBAIL, n = 4)).** They found that the
lifetime of PeLEDs is significantly improved with longer alkyl
chain lengths (Fig. 11c). Density functional theory (DFT)
calculations show that phenylalkylammonium with longer
chain lengths exhibits larger steric hindrance and inhibits the
iodide migration. The PPAI treated PeLED reached a peak EQE
of 17.5% and a record Ts, lifetime of 130 h under a current
density of 100 mA cm™>.

Conclusion and outlook

In conclusion, the past decade has witnessed the rapid devel-
opment of metal halide perovskite materials and perovskite-
based optoelectronic devices. The key structure for metal
halide perovskites is the [BX]s'~ octahedron. This structure
endows perovskites with “flexible” properties and can be easily
formed. However, this “flexibility” also makes the perovskite
structure more prone to degradation. Among various strategies
to stabilize the perovskite structure, steric hindrance mainly
stabilizes the cations and halide anions by inhibiting their
migration. Other than the well-known tolerance factor tuning,
steric hindrance can relieve the lattice strain of the crystal
structures of 3D perovskites, which effectively improves the
intrinsic phase stability of perovskites. Surface termination and
incorporation of additives in 3D perovskites by large-sized
cations can also passivate surface defects and suppress the
degradation of perovskites caused by humidity. In low-
dimensional perovskites, the steric hindrance of spacer
cations can significantly change the spatial distance, orienta-
tion, conductivity and optoelectronic properties of layered
perovskites. There are several specific cations that can

© 2021 The Author(s). Published by the Royal Society of Chemistry

significantly stabilize perovskites such as quaternary cations,
diammonium cations and bifunctional cations. Steric
hindrance has proved to be a promising strategy for both effi-
cient and stable perovskite optoelectronic devices. However, the
current development of steric hindrance in perovskites is still in
the early stages without enough rational molecular design and
detailed fundamental mechanism understanding.

The concept of steric hindrance has been widely used in
selective chemical reactions, especially asymmetric synthesis,
and tremendous molecular design samples and theoretical
rules have been developed in this field.””>*** Therefore, we
believe that there is still enough potential for making good use
of steric hindrance with a rational molecular design strategy to
further improve the efficiency and stability of perovskite
devices. Especially, the combination of previous knowledge on
asymmetric syntheses based on steric hindrance and the latest
advances in in situ material characterization and theoretical
investigations would help us to further explore the mechanism
of steric hindrance. With ongoing fundamental investigations
and interdisciplinary studies, we believe that more and more
molecular and crystal structure design strategies based on steric
hindrance will be realized to help achieve the goal of high
efficiency and high stability for perovskite materials and their
optoelectronic applications.
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