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ABSTRACT: Organometal halide perovskites (OMHPs) have gar-
nered much attention recently for their unprecedented rate of
increasing power conversion efficiency (PCE), positioning them as a
promising basis for the next-generation photovoltaic devices. However,
the gap between the rapid increasing PCE and the incomplete under-
standing of the structure—property—performance relationship prevents
the realization of the true potential of OMHPs. This Perspective aims
to provide a concise overview of the current status of OMHP research,
highlighting the unique properties of OMHPs that are critical for solar
applications but still not adequately explained. Stability and perform-
ance challenges of OMHP solar cells are discussed, calling upon com-
bined experimental and theoretical efforts to address these challenges
for pioneering commercialization of OMHP solar cells. Various material
innovation strategies for improving the performance and stability of
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OMHPs are surveyed, showing that the OMHP architecture can serve as a promising and robust platform for the design and

optimization of materials with desired functionalities.

O rganometal halide perovskites (OMHPs), with their
unprecedented rate of increasing power conversion
efficiency (PCE) over the past five years,' have transformed
photovoltaic (PV) research and development. These materials,
especially methylammonium lead iodide (MAPbL;), have
shown appropriate band gaps in the visible light region,™
strong light absorption, ™ long carrier lifetime, and high carrier
mobility,”~® making them ideal for PV materials. The per-
manent dipole afforded by the organic molecule (MA) is
suggested to give rise to ferroelectricity, and the strong spin—
orbit coupling (SOC) carried by the heavy atoms (Pb and I)
introduces additional spin-related effects. The OMHP archi-
tecture therefore provides a tremendous capacity to tune the
structural, electronic, optical, and magnetic properties to achieve
various important functionalities.”

However, many challenges remain. The most fundamental
one is the gap between the rapidly increasing PCE and the in-
complete understanding of the structure—property—performance
relationship, which hinders the realization of the true poten-
tial of OMHPs. Specifically, the determination of the PCE
for OMHP-based solar cell is ambiguous due to the strong
current—voltage (I—V) hysteresis, whose origin (intrinsic and
extrinsic) is not clear. The relatively weak stability of MAPbI,
(decomposes rapidly with exposure to water and light) strongly
reduces the robustness of OMHP solar cells. Moreover,
fundamental questions such as the ferroelectricity and the
role of SOC in carrier dynamics are still elusive. Therefore,
innovative routes of manipulating these materials are motivated
not only to enhance performance and durability for solar cell

-4 ACS Publications  © 2015 American Chemical Society

4862

applications but also to bring to light new phenomena relevant
to other technological applications such as light emitting
diodes, lasers,'*"" optoelectronics,11 spintronics,lz and thermo-
electrics,">'* among others.

In this Perspective, we first outline some unique properties
of OMHPs that are critical for PV applications but still not
adequately explained. A deeper understanding of these proper-
ties will help the development of rational design principles and
engineering strategies for performance optimization of
OMHPs, as well as the discovery of OMHP-like materials
with target functionalities. Here, we identify the key challenges
that hinder the wide application of OMHPs, focusing on
material stability and I-V hysteresis. We will discuss various
material innovation strategies for improving the performance
of OMHPs and other potential applications beyond PV. This
Perspective concludes with suggestions for new directions and
approaches that could lead to new OMHPs with enhanced PCE
and stability.

Defect Tolerance. Defects in semiconductors that generate
deep gap states (near the middle of the band gap) are known to
play an important role in carrier scattering and nonradiative
recombination. First-principles calculations have been used to
study various point defects (vacancies, interstitials, and antisite
substitutions) in lead halide perovskites.">™*° The results show
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that these materials exhibit remarkable defect properties
because point defects creating deep gap states have high forma-
tion energies, whereas those with lower formation energies only
create shallow donor and acceptor levels. Furthermore, electron
beam-induced current (EBIC) imaging of MAPbI,_,Cl, shows
a uniform distribution of charge extraction efficiency through-
out the film, indicating that structural defects such as grain
boundaries (GBs) are electrically inert for charge separation
and recombination.”’ DFT calculations show that £ 5(310)
GBs (with the grain boundary at the (310) plane and the
misorientation angle between two adjoining grains of 36.87°) in
MAPDI; do not generate any states in the gap and, therefore,
will not significantly influence the bulk electronic properties.””
These special defect properties are attributed to the strong
antibonding between Pb lone pair s and halogen p, the ionic
characteristics, and the large lattice constants.”>>* First-
principles calculations show that the valence band (VB) in
pristine MAPbI; mainly consists of I p orbital character with
small components of Pb s orbital character, whereas the
conduction band (CB) mainly consists of Pb p orbital
character. Due to the strong Pb-s—I-p antibonding coupling,
the valence band maximum (VBM) is higher than the I p
atomic orbitals. Additionally, because of the weak covalent
coupling between Pb p and I p (due to the ionic character of
Pb—I bond and large lattice constant), the conduction band
minimum (CBM) is not significantly higher than the Pb atomic
p states. Consequently, the defect states that are derived from
Pb or I atomic states (e.g, Pb and I vacancies) should be close
to band extrema, yielding shallow levels. It is noted that the
interstitial defects can create deep levels.””*® However, the
role of the organic cations in defect tolerance is still mostly
unknown (besides serving as a large A-site cation to maintain
the perovskite structure).

The migration of charged defects has been suggested, based
on impedance spectroscopy measurements”* and switchable
photocurrent effects.” Mi§rati0n is suggested to be highly
relevant for I-V hysteresis,* " giant low-frequency dielectric
constant,”’ self—healing,30 chemical charge storage,g'1 and mate-
rial stability. Yang et al. demonstrated recently that MAPbI; has
higher ionic conductivity than electronic conductivity due to
the diffusion of I".>* The observed room temperature lattice
migration of the large I" anion is likely responsible for both the
giant dielectric constant measured at low frequencies as well as
the hysteresis in the cyclic sweep experiments. A recent first-
principles study of hydrogen migration in MAPDI; highlights
the structural flexibility of hybrid perovskites which enables
proton diffusion with low migration barrier via collective
iodide displacements, suggesting mobile hydrogenic interstitial
impurities under device-relevant conditions.>> Moreover, ion
migration (forming interstitial defects) could create deep
charge trapping states,”* which can strongly affect the per-
formance of OMHP solar cells. Recent computational studies
revealed that iodide vacancies and interstitials can easily
migrate,35’36 and cation molecules can also move under bias
voltage."’7 Thus, including the effect of ion and defect diffusion
is important for guided performance optimization and material
innovation via doping.

Ferroelectric Domains and Domain Walls. The presence of
ferroelectricity in OMHPs remains elusive. Using first-
principles calculations, Frost et al. predicted a large polarization
value of 38 uC/cm* for MAPbI; with PBEsol,*® whereas
Fan et al. reported a polarization of ~8 ;C/cm?” for the most
stable tetragonal structure,” and Zheng et al. found that an
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Thus, including the effect of ion
and defect diffusion is important
for guided performance
optimization and material
innovation via doping.

antiferroelectric (AFE) tetragonal structure with nearly zero
polarization was more stable than its ferroelectric counterpart.*’
Recent DFT investigations from Stroppa et al. reported a
polarization of 4.42 uC/cm? for the globally stable tetragonal
structure, whereas a structure with AFE alignment is close in
energy within room temperature thermal scale.'

Experimentally, the possible contributions from trapgin
and detrapping charge carriers,”*** ion migration,24’ 53
and large leakage currents complicate the interpretation of
hysteresis loops obtained from macroscopic measurements
such as current—voltage (I-=V)*°™** and polarization—electric
field (P—E) loops.”* Microscopic determination of ferro-
electric domains in MAPbI; with piezoresponse force micro-
scopy (PFM) is complex due to the presence of various surface
phenomena, such as electrochemical effects (promoted by
humidity),** charge accumulation, and surface morphology.
Kutes et al. reported direct observations of ferroelectric
domains in MAPbI, with PEM,* whereas Xiao et al. and
Fan et al. reported the absence of ferroelectricity at room
temperature.”*” Coll et al. obtained piezo-phase loops for
MAPbDI; films with PFM, demonstrating that MAPbI; has large
polarizability but poor polarization retention.*® They found that
the coercivity decays in the time scale of seconds, indicating
that MAPDI; is not ferroelectric at room temperature. On the
other hand, Kim et al. reported spontaneous polarization in the
absence of electric field for MAPbI; with PEM, and polarization
retention was longer (>60 min) in larger crystals (700 nm
length) than smaller ones (400 and 100 nm)."” These incon-
sistent observations are attributed to the differences in scan
voltage and rate,*® crystal size and morphology,”” and defect
levels.

Full structural determination of MAPDI; single crystals, in
particularly the orientational order of MA™ cation, has been the
focus of several experimental** ™" and theoretical works.”' ~>*
Weller et al. characterized the structures of MAPbI; with
neutron powder diffraction and found that the MA* cation at
room temperature exhibits a high level of orientational motion,
adopting four possible orientations along [100].*’ Several
theoretical investigations with ab initio molecular dynamics
(MD) suggested that the presence of a strong hydrogen bond
network keeps the organic cations oriented along specific
directions in the tetragonal phase.””** However, limited by
the computational cost, the length and time scales explored in
ab initio MD may not be sufficient to capture the relevant
dynamics of the organic cations.”’ ~>* Recent quasielastic neu-
tron scattering measurements combined with Monte Carlo
simulations suggested that MA" may form AFE or ferroelectric
domains.®® These observations indicate that MAPbI, at room
temperature, even if it does not possess robust ferroelectricity,
is still likely to exhibit voltage-induced local polarization caused
by the hindered rotation of molecular dipoles.*’

The presence of polar domains will result in internal electric
fields that aid electron—hole separation.”****” The domain
walls, defined as the interfaces separating domains with dif-
ferent polarities, are suggested to serve as separated channels
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Figure 1. Spin dynamical properties in OMHPs. (a) Schematic illustration of switchable Rashba effect by flipping the molecular dipole direction.
Rashba SOC splits the originally degenerate spin-up and spin-down bands. In this case, the spin states in momentum space form “vortex” spin
textures (oriented loops in the diagram) with opposite spin rotation directions for inner bands and outer bands, coupled with polar direction. By
switching the polarization direction, the spin textures can be flipped for conduction and valence bands. J = 1/2 indicates the fully spin—orbital-
entangled subspace stemming from intraorbital and interorbital terms. S = 1/2 only consists of interorbital term. Reprinted from ref 65. Copyright
2015 National Academy of Sciences. (b) Diagram to show how applied magnetic field affects e—h pairs and gives rise to different photocurrent and
magneto-photoluminescence. e—h pairs with parallel spin state are preferably formed under applied magnetic field. Hence, the number of singlet
excitations that can recombine radiatively generating photoluminescence signals is reduced, resulting in enhanced photocurrents. Reproduced with
permission from ref 68. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

for the motions of electrons and holes, thereby preventing
recombination.”® However, the dynamics of domains and
domain walls, their relationship with the rotational dynamics of
the MA* cations,”*” and their influence on charge separation
remain open questions.52

Spin Dynamics and Magnetic Field. One highly interesting
feature of MAPDI, is its juxtaposition of A site polar molecules
that break inversion symmetry with heavy atoms that bring
SOC. SOC must be included to correctly describe the
electronic structures of both lead and tin OMHPs.*>*°~%*
When inversion symmetry is broken and strong SOC is present,
a strong Rashba effect can be observed, and this has been shown
in MAPbL,.*"*>% The Rashba Hamiltonian is shown in eq 1

(1)

where & is the Pauli matrices coupled with wavevector k and aR
indicates the Rashba SOC strength. In this case, the originally
degenerate spin-up and spin-down bands are lifted, creat-
ing helical spin textures in momentum space. By applying an
external electric field to control the orientation of mole-
cular dipole moments, the spin helicity can be switched
(Figure 12).° However, the study of the Rashba effect is still
limited to ground state properties. Its possible role in pro-
moting the high carrier mobility and long lifetime in OMHPs has
been proposed theoretically and merits further experimental
investigation.67 The magneto-photoluminescence and photo-
current were measured under magnetic field.”**” It was found
that by changing the spin state of electron—hole pairs from
singlet to triplet via magnetic field, they have lower probability to
form excitons and recombine radiatively, thus giving rise to
higher photocurrent as shown in Figure 1b. Multiferroics that
couple polarization and magnetization have drawn intensive
investigations for their promising device applications. Magnetic
ordering has not been observed in MAPbIL;, but by inserting
magnetic ions as defects or solid solutions, this material may
simultaneously present ferroelectricity, magnetization and SOC,
offering a great platform to study the interplay of these
phenomena and to open additional potential applications.
Furthermore, Giovanni et al. reported using polarized light to
probe the spin relaxation time in MAPbI;, showing that the
electron spin-relaxation time scale is approximately 10 ps, and

holes have faster relaxation (~ 1 ps).12 The Elliot—Yafet
mechanism is believed to be the dominant source of spin
relaxation, in which the spin of carriers is flipped mainly due to
impurities and grain boundaries. This illustrates potential role of
MAPDI, as a new candidate for ultrafast spintronics applications.

Beyond Photovoltaic. Further functionality is proposed, as
lead- and tin-based OMHPs have been considered for
thermoelectric applications because of their large Seebeck
coefficient®”*”" and low thermal conductivity.”” On the basis of
first-principles modeling, He and Galli proposed that the
thermoelectric figure of merit (ZT) for MAPbI; and MASnl,
may reach values of 1 to 2 by suitable doping to increase carrier
density."” Experimental investigations found that both MAPbI,
and MASnI; show very low ZT in pristine form, though
chemical doping of MASnI; enhances its ZT by 3 orders of
magnitude, reaching 0.13 at room temperature.14 It remains a
challenge to make these materials attractive for thermoelectric
applications (ZT = 3)."*”* In addition, OMHPs are recently
introduced as new materials for nanolasers due to their high
fluorescence yields and wavelength tunability.”*~"” The lasing
performance in lead halide films’* and nanoplates’® was not
optimal because of their high threshold carrier density required
for lasing. Zhu et al. synthesized single-crystal OMHP nano-
wires realizing room-temperature and wavelength-tunable lasing
with very low thresholds (220 nJ cm™) and high quality factors
(Q ~ 3600)."" These findings highlight the potential applications
of OMHPs to miniaturized lasers. However, as also illustrated in
ref 11, under continuous laser irradiation, the material degrades
over a few tens of minutes. Investigating and improving the
stability of OMHPs have become critical challenges.

Further functionality is proposed,
as lead- and tin-based OMHPs
have been considered for ther-
moelectric applications because

of their large Seebeck coefficient.

Stability Challenges. Strategies to prolong the stability of
OMHPs must be developed to enable the commercialization of
its novel applications. Their low stability includes degradation
upon exposure to moisture, light, or heat.””~*" Initial strategies
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Figure 2. Enhancement in structural stability via material innovation. (a) Atomic structure of the [PEA],[MA],Pbsl,, 2D hybrid perovskite proposed to
enhance the lifetime. (b) Powder X-ray diffraction comparing the presence of Pbl, residue in [PEA],[MA],Pb,],,, in MAPbI; formed from Pbl,, and in
MAPDI; formed from PbCl, after more than 40 days exposed to 52% humidity. Reproduced with permission from ref 91. Copyright 2015 Wiley-VCH
Verlag GmbH & Co. KGaA, Weinheim. (c) Reflectivity measurements of MAPbI, films after accelerated exposure to 95% humidity; inset image shows
advanced degradation after 30 days. (d) Reflectivity measurements of MAPb(SCN),I films after accelerated exposure to 95% humidity; inset image shows
no significant degradation after 30 days. Reproduced with permission from ref 92. Copyright 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

against moisture include encapsulation of the film with
hydrophobic materials to enhance its stability."” However,
moving toward a better understanding of the mechanisms of
degradation could enable material design and engineering
schemes to achieve long-term stability. New material design
tools can focus on increasing the hydrophobicity of the material
to prevent the formation of a hydrate state, which is considered
to be the initial stage of the degradation mechanism.

New material design tools can
focus on increasing the
hydrophobicity of the material to
prevent the formation of a
hydrate state, which is considered
to be the initial stage of the
degradation mechanism.

The initial stage of the degradation process starts with surface
of the material interacting with its environment. To date, the
thermodynamically stable terminations of the tetragonal® and
orthorhombic** MAPbI, surfaces have been studied theoretically,
but the degradation mechanism is still an open question. One
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proposed mechanism is that MAI and Pbl, can be gen-
erated within the material leading to further breakdown to
CH;NH, and HI, concluding with L(solid) and H,(gas) after
exposure to oxygen and sunlight.*"*> Additionally, a recent work
explores MA fragmentation as part of the degradation process.*’
It has also been suggested that water undergoes an acid—base
reaction with the MA* cation, leading to HI, CH;NH,, H,0, and
PbL,** The initial steps of the degradation process have been
studied in more depth. Leguy et al. observed that MAPbI;
responds differently to moisture, depending on the concen-
tration.*® A transparent monohydrate (MAPbL,-H,0) is formed
at low humidity, which can be dehydrated back to MAPbI; by
raising the temperature. However, if the system is further
exposed to water vapor, the monohydrate converts to a dihydrate
([MA],Pbl;-2H,0), which eventually irreversibly decompo-
ses."”% Interestingly, the idea of water penetrating into OMHPs
along grain boundaries has also been proposed.*® Both Christians
et al. and Yang et al. found that hydrate states are formed in the
system®”® with at least partial recovery of the perovskite when
the system is dehydrated. Illumination plays a significant role in
the recovery process, as it was reported that the perovskite
decomposes differently in dark and light conditions.”” Moisture
and illumination cause the perovskite to degrade to Pbl, but in
the dark, Pbl, is not formed. Additionally, recent theoretical
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studies reported results from ab initio molecular dynamics® and
first-principles calculations™ of MAPbI, in contact with liquid
water environment, suggesting that Pbl,-terminated surfaces are
resistant to water and that the MA dipole direction plays a role in
the energetics of water penetration inside the material.

Although detailed understanding of the degradation mecha-
nism remains an active research area, material design efforts
have recently yielded progress in enhancing the stability of
films. One promising approach in the design of new materials is
the modulation of the phase dimensionality of the inorganic
framework and the organic component. Recently, the 2D hybrid
perovskite [PEA],[MA],Pb;I,,, where [PEA] = C;H(CH,),NH,,
has been proposed and synthesized. It exhibits high quality films
with greater resistance to moisture than MAPbL; (formed from
either Pbl, and PbCl,”"), as shown in Figure 2a and b. This
approach gives 2D hybrid perovskite films without signs of
degradation even after more than 40 days. Another material
design approach, which relies on anion substitutions, has recently
led to significant stability as the film is exposed to high levels of
humidity,” as shown in Figure 2c and d. In this specific case,
SCN™ anions are substituted for iodide ions in MAPbI; while
maintaining a competitive PCE. These results hint at the benefits
of complementing current stability enhancement efforts such as
interfacial engineering,”® encapsulation,”*” and improved fabri-
cation techniques™ with material design tools to drive new
breakthroughs in OMHP stability. New material design tools can
focus on increasing the hydrophobicity of the material to prevent
the formation of a hydrate state, which is considered to be the
initial stage of the degradation mechanism.

Hysteresis and Optical Effects. In addition to the stability
challenges, another serious concern before market viability is
the optimization of the PCE value, which is extracted from
current—voltage (I-V) curves. The determination of the PCE
of OMHP-based solar cells is somewhat ambiguous, as the
measured -V is found to depend on the fabrication/age of
the 521mple,26’97_101 the scanning direction, and the rate of
voltage change. 9,102,103 Although the origin is still unclear,
the observed anomalous IV hysteresis is due to multiple factors
occurring concurrently, either independently or coupled. It is
suggested that the interfaces between the OMHP absorber
and the electron/hole transporters contain defect states, where
carriers will be trapped differently depending on the voltage
scanning direction and rate.”®>*”%'9%1%195 Wy et al. show that
these trap states can result from electron—phonon coupling even at
the defect-free interfaces and surfaces.'® Interface engineering that
reduces trap states, such as modifying electron transporter TiO,
with a Cy, self-assembled monolayer, has proven to be an efficient
way to suppress the hysteresis.'”’ """ Abate et al. use the
supramolecular (iodopentafluorobenzene) halogen bonds to
passivate the undercoordinated I site, which is shown to reduce
trap sites near the perovskite surface.' '’ Fabricating a prototype cell
with a mesoporous TiO, layer, incorporating Zr into TiO,
electrodes, and treating the interface with pyridine are all
demonstrated to reduce hysteresis and increase the PCE.”*''!
Similarly, OMHPs with large %rajns are found to give rise to
hysteresis-free I—V curves,*”"*"' as the large grains can effectively
reduce the number of trap states in the grain boundaries. In
addition, the aforementioned ferroelectric response originating
from permanent molecular dipole moments is also suggested to
play an important role in I-V hysteresis.”*>*>***'% In particular,
shift current as the main mechanism of the bulk PV effect may
produce Ehotocurrent and contribute to the measured hyste-
"3 Because shift current emerges in systems lacking

28,98,9

resis.
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inversion symmetry, the magnitude of shift current will be larger
when all the molecular dipoles aligned in para.llel.40 Moreover, as
raised by Dualeh et al, ion migration can also cause the I-V
hysteresis.”***”” This is further supported by the change in X-ray
diffraction peaks, which suggests a reversible photoinduced ion
migration.'® The bulk properties of OMHPs become quite
different under light illumination. For example, substantial enhance-
ment of the dielectric and piezoelectric responses are observed with
light illumination.””** Wau et al. found a photoinduced change of
dipole moments using a modulation electroabsorption spectros-
copy method."'® Additionally, a theoretical work indicates that
the molecules can rotate more easily under excitation because of
the charge transfer from I to Pb."'” This may also be related
to various hysteresis observations. These findings illustrate that
the structural and electronic properties of OMHPs after light
absorption may deviate from their ground-state properties
significantly. More subtly, the phonon vibrations can be strongly
affected by excitation and high concentrations of free carriers.
Therefore, understanding the dynamics of the excited state is
significant to understand the properties and provide further
guidelines to enhance the device performance.

Material Design Innovation. Besides the solar cell application,
the OMHP architecture has become a promising platform for
the design and optimization of functional materials. These
design schemes aim to leverage on the material’s defect tolerance
while improving hysteresis, stability, and further functionality.
This crystal architecture, consisting of ABX; (organic mono-
valent cation, A; divalent metal, B; and inorganic or organic
anion, X), provides a tremendous capacity to tune the structural,
electronic, optical, and magnetic properties to achieve a variety of
target functionalities. To achieve this, The current theoretical and
experimental material design efforts have exploited the struc-
tural flexibility of these materials at different size scales by varying
atomic compositions, modulating phase dimensionality, and
controlling nanoscale particle shape.

The current theoretical and
experimental material design
efforts have exploited the
structural flexibility of these
materials at different size scales
by varying atomic compositions,
modulating phase dimensionality,
and controlling nanoscale particle
shape.

Substituting ABX; atomic constituents guides the structure—
property—function framework and contributes to the under-
standing of MAPDI; performance and stability. This design
scheme should comply with Goldschmidt’s tolerance factor
(t),""® which was recently adapted for sulfide perovskites''*~"*'
and organic—inorganic perovskites.'””'*’ Kieslich et al.
reported ¢ for hybrid perovskites by treating all ions as hard
spheres or cylinders taking into consideration the molecular
free rotation around its center of mass to deduce effective jonic
radii for organic ions."*> The t values for all the possible ABX;
combinations accounting for ionic charge based on the lists shown
in Figure 3a were computed, suggesting that 742 of the resulting
compounds could form a cubic gerovskite phase, since they have
tolerance factors of ~0.8—1.0."** Only 140 of these are known

DOI: 10.1021/acs jpclett.5b01830
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Figure 3. Material design strategies from atomic manipulation to nanoscale particle shape. (a) Recently proposed combinations of A = organic
cation, B = metal cation, and X = organic or inorganic anion. The approach of this study was to systematically permute 13 protonated amines (Note:
this list includes a nonamine system, tropylium, C,H,"), 21 divalent metal ions, and 8 anionic species to compute the tolerance factor (t) of 2184
structures, identifying which ones are within the stability range of perovskite cubic and related structures. This initial survey does not account for the
electronic structure and the nature of the bonding character. Reprinted from ref 123. Copyright 2015 Royal Society of Chemistry. (b) Schematic of
the atomic structure of the 2D layered hybrid perovskite. The (R—NH;),MX, structure is analogous to Ruddlesden—Popper phases, whereas the
(NH;—R—NH;),MX, structure is analogous to layered perovskites, where the quasi-2D perovskite layers are separated by long organic chains.
Reprinted from ref 144. Copyright 2010 Royal Society of Chemistry. (c) Scanning electron microscopy images of MAPbI, as (1) cubic nanoparticle,
(2) hexagonal nanoparticle, and (3) nanorods. Reprinted from ref 151. Copyright 2014 IOP Publishing Ltd. Scanning electron microscopy images of
MAPDCI, as (4) a function of time [1 min, 30 min, and 15 h] and (5) nanotubes. Reprinted from ref 11. Copyright 2015 Nature Publishing Group.

materials, leaving an extensive number of not-yet-explored
OMHPs. This approach does not account for the bonding
character of the constituents in the predicted materials,
suggesting the exploration of alternative design schemes.

The discovery of new materials can be achieved by tailoring
the atomic structure of known hybrid perovskites. Explicitly
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modifying the A-site organic cation has led to improved
structural stability of the MAPbI;-based solar cell. For example,
[HC(NH,),]Pbl,, where HC(NH,)," is formamidium, shows
thermal stability advantages, as it does not undergo a phase
transition around operating temperatures;'>* however, the
initially reported PCE is not competitive.'”> An improvement
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in the PCE was achieved in mixed-organic-cation systems,
[MA],[HC(NH,),].4PbL;."*® A theoretical approach to replace
the MA" cation with a zero-dipole organic cation, C(NH,)", was
proposed, with the objective of reducing I—V hysteresis in
MAPbI, while maintaining the electronic properties.””” In order
to produce lead-free hybrid perovskites, researchers have modu-
lated the B site with two main candidates, Ge and Sn.'**™'*
Polar Ge-based hybrid perovskites with multiple A-site organic
cations were successfully synthesized very recently,"”" exhibiting
large second harmonic generation response. In the case of
MASnl,, the electrical properties are promising; however, Sn** is
easily oxidized to Sn*, leading to poor stability.'*”'** Enhanced
properties can be obtained by doping the material with Pb,
MAPbD,_,Sn.I;, as it has been reported experimentally and
theoretically'**'*> to slow down the Sn oxidation. Mixing Cl
onto the X-site yields even better stability for both Sn- and
Pb-based OMHPs,'*° although the role of CI is still not
explained. It has been reported that the inclusion of Cl into
MAPbI; generates improved film morphology'”” and more
uniform films."*® These efforts have provided key insights to
tackle the performance and stability challenges of the hybrid
perovskite solar cell.

The crystal phase dimensionality and composition of the
hybrid perovskite can be varied by incorporating either a small
radius divalent metal or a long organic cation chain suggesting
many additional inventive directions, as illustrated in Figure 3a,
that could further enhance the functionality of these materials.
For instance, small radius transition metals, such as Mn?*, Fe?*,
Co®*, Ni*', can be used to design new multifunctional OMHPs,
which could extend to other crystal phases. These modifications
could enable the presence of functional electronic, optical, and
magnetic properties within the hybrid perovskite material as is
the case for (RNH;),FeX,, where R = CH,, C,H;, C;H,, and
C¢H,CH, and X = Cl, Br."*”'* This structure is analogous to
the inorganic Ruddlesden—Popper phase. The magnetic
properties of this family of materials has been studied, finding
a canted spin system as its magnetic ground state,"*"""** but no
further study on how magnetism couples with optical or
electrical properties has been reported. Another material that
has been realized is [MA],CuX,, with X = Cl, Br, or an alloy of
both, yielding promising electronic properties.'*> As shown in
Figure 3b, these materials have a 2D layered structure where
the layers of BX octahedra are separated by layers of organic
molecules,** leading to flexible mechanical properties and
useful light emission. *'** Another material that was recently
introduced is Cs,Snlg; its unique electronic and optical pro-
perties make it a promising candidate for the basis of new
high-efficiency, lead-free solar cells.'*” Additionally, this design
strategy has also advanced the understanding of the structural
stability for the hybrid perovskite solar cell, as a 2D hybrid
perovskite of the form [PEA],[MA],Pbsl;, has shown higher
resistance to moisture’’ potentially due to the hydrophobicity
of the benzene ring.

The ability to synthesize OMHP nanostructures represents
a significant step forward on the quest for novel applications.
Nanoparticles of MAPbBr; have demonstrated remarkable
optical properties and functionalities as quantum dot solar
cells. *&147 Additionally, these nanoparticles showed high
selectivity and sensitivity for detection of acidic phenols,
specifically picric acid."*® The control of nanocrystal shapes has
been achieved, as shown in Figure 3c, including (1) cubic and
(2) hexagonal nanoparticles, (3) nanorods, (4) nanowires, and
(5) nanotubes. These efforts led to the observation of new

phenomena with technological relevance such as nano-
optoelectronic devices'" and lasing.""

In summary, OMHPs with exceptional properties, such as
ferroelectricity, long carrier lifetime, and strong SOC, provide a
great deal of opportunities not only in photovoltaics but also in
a wide range of potential applications including thermal power
and optics. Understanding these properties is essential to the
design of new sets of materials for specific applications. How-
ever, the challenges raised by extending the chemical stability
and reducing the I/V hysteresis must be overcome to unlock
their potential. Material innovation has been demonstrated to
be an effective way to strengthen the chemical stability and
optimize energy conversion, which are central and active topics
in the OMHPs field. Exploring compositional and structural
variations within this perovskite family is a promising way of
optimizing OMHP performance, and it can also inspire ideas to
transplant these valuable properties into other material families
for applications of technological relevance.
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