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Summary

Unique organic-inorganic hybrid semiconducting materials have made a remark-
able breakthrough in new class of photovoltaics (PVs). Organic-inorganic metal
(Pb and/or Sn) halides (-, -Br, and -Cl) are the semiconducting absorber with
the crystal structure of the famous “Perovskite”. It is widely called “perovskite
solar cells (PSCs)” in PV society. Now, the power conversion efficiency (PCE) of
PSCs is recorded in 25.5%. Prototypical composition of the absorbers is (A =
methylammonium [MA], formamidinium [FA], and Cs), (M = Pb and/or Sn), and
(X =1, Br, and Cl) in the form of perovskite AMXj3. Since the report on the stable
all solid-state PSCs in 2012, the average annual growth rate of PCE is well over
~10%. Such an outstanding PV performance attracts huge number of scientists
in our research society. Their chemical as well as physical properties are dramat-
ically different from monocrystalline Si, GaAs, other IlI-IV semiconductors, and
many oxides with the crystal structure of perovskite. In this review, different
fundamental aspects, in particular, the dynamic properties of A site cationic mol-
ecules and Pbl, octahedrons linked with their corners, from other semiconducting
and dielectric materials are reviewed and summarized. Upon discussing unique
properties, perspectives on the promising PV applications based on the compre-
hension in dynamic nature of the orientation in A site molecule and Pbl, octahe-
dron tilting will be given.

Introduction

Origin of high efficiencies exhibited by photovoltaics (PVs) and optoelectronic devices fundamentally
based on organic-inorganic hybrid metal halides with the crystal structure of perovskite remains a subject
of widespread research interest across the globe (Seo et al., 2019). The halide materials show great promise
for decreasing the grid parity taking advantages of low-cost starting materials (Kim et al., 2012, 2020; Lee
etal., 2019; Seo et al., 2019), high throughput (Brenner et al., 2016), and low-temperature fabrication tech-
niques compared with the traditional monocrystalline Si and IlI-V PV devices (Brenner et al., 2016; Ding
etal., 2020a; Kim et al., 2017; Lee et al., 2019; Seo et al., 2019). Not only the PV devices but also the superior
optoelectronic properties of the halide perovskites enable application of the materials in a variety of de-
vices including photodetectors (Chun et al., 2018; Saidaminov et al., 2015), light emitting diodes(Lee
etal., 2017, 2020), transistors (Senanayak et al., 2017), memories (Kim et al., 2019; Yang et al., 2018), nano-
generators (Ding et al., 2020b), and spintronics (Wang et al., 2019).

Organic-inorganic hybrid lead halides, typically methylammonium (MA) and/or formamidinium (FA) lead
trilodides, MAPbl3, and FAPbI3, are relatively new and unique class of materials. As a solar cell absorber,
excellent optoelectronic properties were extensively researched and reported in the literature (Shi et al.,
2015; Stranks et al., 2013; Xing et al.,, 2013; Yin et al.,, 2014). Traditionally, studies on the structure—
property relationship in functional materials are often truly essential (Stoumpos and Kanatzidis, 2015;
Zhou et al., 2020). Thus, it is important to understand the crystal structure of organic-inorganic hybrid pe-
rovskites, characterized by temperature-dependent crystal formation as well as phase transitions, consider-
able dynamic local disorder, various defects like lead cations, halogen anions and/or organic cations’ va-
cancies or interstitials, to understand the underlying physics behind its high power conversion efficiencies
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conventional inorganic solar cell absorbers like, Si, GaAs, CIGS, and, CdTe, etc., where an asymmetric and
positively charged organic unit, i.e., MA and/or FA ion, with a permanent dipole, is surrounded by the
corner-shared linkage of lead halide octahedron cages (Mashiyama et al., 1998; Poglitsch and Weber,
1987; Weber, 1978). Local vibrations of the linkage in corner-shared Pbls octahedral cages and vibration,
orientation, and rotation of the A-site molecules make not possible to determine the decisive crystal struc-
ture. As a result, the understanding of semiconducting behaviors as absorbers obscured and thus opto-
electronic performances.

Unique physical properties, for example, charge carrier generation and transport, of these perovskite ma-
terials need to be understood by focusing on the roles of (1) the motion of organic cations in screening and
protecting carriers from trapping and recombination and (2) dynamic structural fluctuations, associated
with ultrafast changes in local band structure and centrosymmetry, in facilitating charge separation and hin-
dering recombination. Thus, we believe that careful review of structural investigations of hybrid organic-
inorganic lead halide perovskites is essential for better understanding such a high performance in PV
and optoelectronic devices. In addition, ferroelectricity could be also affected to the PV performances in
perovskites. The ferroelectricity in hybrid metal halide perovskites has been originally ascribed to the col-
lective rotational motion of monovalent organic molecular cations in A site, which might change the crystal
structure of the perovskites from non-polar (14/mecm) to polar (I4cm) tetragonal at room temperature (Frost
et al., 2014; Quarti et al., 2014). Since then, many theoretical as well as experimental studies to reveal the
ferroelectricity in the perovskites have been done, but still the presence of ferroelectricity in the perovskites
at room temperature is not conclusive, yet. It is simply because that the dynamic rotational behavior of A-
site molecules (MA as well as FA) affected to structurally instability with the Pbl, octahedral cages. The
ferroelectric properties in the perovskites may affect a lot to the PV performances, for example, abnormally
large Voc, and less |-V hysteresis. And thus it is required to study the clear picture of both the A-site mole-
cule motions and structural dynamics. (See, recent review paper by one of the authors (Nandi et al., 2020))

In this review, we summarized characteristic dynamic behaviors revealed from the perovskites in terms of tools
for investigating it. The origin of the dynamic structure of the perovskites and possible optoelectronic properties
associated it were first discussed, which was followed by introduction of precedented studies investigating the
dynamic structure using various characterization tools. Finally, perspectives on the promising PV applications
based on the comprehension in dynamic nature of the perovskite materials are presented.

General understanding of dynamic structural property

MAPblI3, in particular, crystallizes in a perovskite crystal structure of AMX3 type, where Pb and | atoms
occupy M and X sites, respectively, and the inorganic cages consist of Pbls corner-sharing octahedra, which
define a cuboctahedral cavity occupied by MA molecule as cation. Most of these perovskite materials crys-
tallize in orthorhombic phase at even lower temperatures and have high/room temperature cubic phase
depending on halide ions, with an intermediate tetragonal phase (Swsainson et al., 2003). At low temper-
ature MAPbI3 is in orthorhombic perovskite structure where MA (CH3NH3") dipoles ordering in an antiferro-
electric arrangement, that is oriented in a head-to-tail fashion such to maximize the hydrogen bonding with
the iodine atoms (Chi et al., 2005; Deretzis and La Magna, 2017; Mahale et al., 2016); however, the behavior
of this dipole and their possible roles in determining the structural chemistry and material’s properties in
high temperature tetragonal and cubic phase is still developing (Baikie et al., 2013; Govinda et al., 2017). It
is also suggested that the halogen ions exhibit disorder; i.e., PbX, octahedron is distorted in tetragonal/
orthorhombic phases. In the tetragonal phase of MAPbI3, stable at room temperature, the inorganic struc-
ture shows a characteristic octahedral tilting of the type a%a®c™ (Bernasconi and Malavasi, 2017; Stoumpos
etal., 2013; Wei et al., 2014), followed by the Glazer notation (Glazer, 1975). In other words, the tetragonal
crystal structure resulted from PbXy octahedral tilting. In the halide perovskites, primary electronic band
structures were determined by the octahedral network through the interaction between Pb and halides’
orbitals, and thus, the octahedral tilting in the perovskites significantly affects the overlap between the
atomic orbitals. Such a wide range of distortions, including polar distortions, has fueled the possibility
of efficient charge separation and transfer in this type of materials (Beilsten-Edmands et al., 2015; Fan
etal, 2015; Réhm et al., 2019). Alternate claims regarding the crystallographic structure of hybrid perov-
skite in tetragonal phase suggests itis in either polar (non-centrosymmetric) l4cm (Dang et al., 2015; Stoum-
pos et al., 2013) or centrosymmetric 14/mcm (Baikie et al., 2013; Poglitsch and Weber, 1987) space groups.
Theoretical calculations demonstrated that the preferred stability of a set of polar structures over apolar
ones, with an energy difference only within 0.1 eV and a conversion barrier in 0.2 eV per unit cell, thus
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Figure 1. Local symmetry breaking in MAPbI; at 350 K

(A) Cubic nonequilibrium structure (free of distortions) and (B) Distortions from cubic symmetry generate anisotropic
cavities and couple to motion of the MA cation, which was represented by off-centered and oriented along the long axis
of the cavity.

(C) DFT-based lattice dynamic calculations show that the energy minimum at the R point at 350 K is displaced in a double-
well potential that causes local symmetry breaking.

(D) Comparison of the experimental PDF (purple) to cubic (Pm3m), centrosymmetric (14/mcm), and noncentrosymmetric
(l4cm) tetragonal models (blue) shows a superior fit for the low-symmetry models at low r (2-8 /&). However, the models
perform oppositely at high r with the high-symmetry cubic structure giving the best agreement to the data in the 12-50 A
region. The residuals (orange) are scaled %3 for clarity.

Credit Adapted from Beecher et al. (2016).

possibly accessible at room temperature. The l4cm and 14/mem types of structure have markedly different
in electronic band structures, despite showing a relatively small band gap variation (Quarti et al., 2014).
Hence, careful high-resolution temperature dependent synchrotron X-ray diffraction measurements and/
or Rietveld refinement are essential to understand the crystal structure of hybrid perovskites. High resolu-
tion synchrotron XRD revealed that preferred symmetry of hybrid perovskites is centrosymmetric rather
than non-centrosymmetric. However, this description is often inconsistent with many different dynamic ob-
servations of MA ion dipoles such as: (i) totally free rotating of MA cation, (ii) rotating in a correlated
manner, and (iii) not rotating, but freezes in an uncorrelated/random manner and results a glassy state.
It is extremely difficult to probe the timescale of these dipoles accurately and identify the exact dynamic
behavior of MA ions (Ren et al., 2016). Spatial anisotropy and selective ionic bonding of MA ions with
the halide atoms of the inorganic cage influence the bond-length and bond-angle distributions, and conse-
quently, the structural features of the crystal (Egger et al., 2018). It is also noted that molecular dipole ori-
entations fluctuating on a picosecond timescale with the octahedral halide cages exhibit large anharmonic
thermal fluctuations. The anharmonic effects are not limited to hybrid perovskites with molecular cations,
but are also present in the all-inorganic, for example, CsPbBrs, investigated by combining low-frequency
Raman scattering with molecular dynamic simulations (Yaffe et al., 2017). Local symmetry breaking with a
small cost of energy in MAPbl3 at room temperature (R.T.) make the decisive determination of the crystal
structure even characterized by the advanced techniques quite difficult (Figure 1) (Beecher et al., 2016) The
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Figure 2. A PDF method providing atom to atom
distances in bulk MAPbI;

(A) A PDF of bulk MAPbI3 perovskite. The first peak
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large polar fluctuations may result in local dynamical movements of the electronic band gap, for instance,
the conduction band splitting into lower indirect conduction energy bands, and thus play a key role in
determining electronic properties of hybrid crystals (Motta et al., 2015; Quarti et al., 2016).

Softness and anharmonicity characterized by X-ray and neutron scattering/diffraction

As stated earlier, one-unit cell has eight octahedral cages (MX4) and the cation "A” is situated between
each octahedra. Here the site, “A”, represents the monovalent organic (MA or FA) or inorganic Cs™ cation
and "M" is mostly Pb?*, while the anion, “X", is the halide ions (17, Br~ or CI7) (Nandi et al., 2016). APbX5 (X =
I, Br, Cl) crystallizes in cubic perovskite structure at high temperature, satisfying Goldschmidt's tolerance
factor, tg = (ra + r)/y/2(rg + rx) = 0.912 (MAPbl3), 0.927 (MAPbBrs), 0.938 (MAPbCls), 0.987 (FAPbl3),
1.008 (FAPbls), 1.023 (FAPbCls), 0.807 (CsPbls), 0.815 (CsPbBr3), and 0.820 (CsPbCls) (Kim et al., 2020). It
is noted that values of tg < 1 result in octahedral tilting. Further, octahedral factor (u = rg/rx) are 0.541,
0.607, and 0.657 for APbls, APbBr3, and APbCls, respectively (Kim et al., 2020).

Decisive structural determination of the phase of MAPbl; has been hindered by the inherent complexity
with disorder in both organic and inorganic components. The inherent limitations of X-ray diffraction tech-
niques; these include an inability to distinguish the near isoelectronic atoms, i.e., carbon and nitrogen, and
difficulty in locating the light atom positions in the presence of the heavier atoms, Pb and |. The orientation
of MA molecular cations and identification of hydrogen atomic position remained yet to be clarified. The
atomic distortions in local structures and subtle compositional changes in MAPbl; were characterized by
pair distribution function (PDF) analysis of X-ray total scattering data (Choi et al., 2014; Sanchez et al.,
2019). This analysis revealed a presence of two nearly amorphous intermediate phases with local structures
that share subtle but significant correlations with the Pbl, precursor and the desired perovskite phase.
Despite nearly identical crystal structure observed by powder X-ray diffraction, the local coordination envi-
ronment reveals deviations in the octahedral lead-halide distances observed in PDF analysis of X-ray exper-
imental data. A typical example for the tetragonal MAPbI; characterized by PDF is shown in Figure 2 (Choi
et al., 2014). It is simply because of anharmonic lattice dynamics, which is modeled as rotational distortion
of the PbX4 octahedra. Tyson et al. also indicated a large degree of anharmonicity in the PbX, octahedra
and speculate that the halide atoms can move considerably within the lattice at very low cost in energy (Ty-
son et al., 2017). It is also argued that the softness of the lattice which underlies the high anharmonicity,
enable deformation of the lattice in response to the defect but limits its extension to a very small region
of space yielding a material with resilient high carrier mobility in the presence of defects (Whitfield
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etal., 2016; Zhu et al., 2016b). The atomic distortions due to off-center displacement of halogen atoms in
local structures of MAPbI3 were characterized by PDF analysis of X-ray total scattering data (Choi et al,,
2014) and extended X-ray absorption fine structure measurement, which are powerful techniques to pro-
vide information on the local structure around a specific type of atoms (Sanchez et al., 2019; Worhatch
et al., 2008). These local structure analyses showed that the PbX4 octahedra is far from the undeformed
model inferred from a traditional crystallographic description of Pm-3m structure. Collectively, the results
from the local structure indicate that the halogen atoms can move considerably within the lattice at very low
costin energy, which create a high density of defects each with limited spatial extension. This high flexibility
of halides makes the system less structural stable than typical oxide perovskites, however, this halide flex-
ibility maybe the reason of relatively high charge carrier mobility of hybrid perovskites.

Cubic perovskite structure contains only one formula unit (Z = 1); hence the non-centrosymmetric MA
ion must be randomly oriented to satisfy O, symmetry. As the temperature is lowered, tetragonal and
orthorhombic phases are stabilized with an accompanying ordering of MA™ molecular ions (Wasylishen
et al., 1985). Phase transition between cubic and tetragonal phases in MAPbl; was studied by temper-
ature-dependent X-ray diffraction (XRD) in an interval between 30 and 100 °C. Using by normal XRD
the phase transformation can be clearly observed. From the both phases of cubic and tetragonal of
MAPbI; as drop- and spin-coated films several diffracting peaks are located at almost the same 26
angle, even though the indexing differs. In higher symmetry, cubic phase, a few peaks disappeared,
and some double peaks emerged into single peaks (Jacobsson et al., 2015). It has been studied
the crystal structure in more detail by using a combined single crystal neutron/XRD and solid-state nu-
clear magnetic resonance (ss-NMR) (Baikie et al., 2015). They suggested hexagonal/rhombohedral cell
with lattice constants of a = 8.9426(5) A, b = 8.9428(6) A, ¢ = 10.9465(4) A, alpha = 90.009(4), beta =
90.007(4), and gamma = 120.000(6) (the equivalent rhombohedral cell is a = 6.3222(4) A and alpha =
beta = gamma = 90.021(4)) for MAPbls, while only cubic symmetry was suggested for MAPbBr; and
MAPbCIs;. Stoumpos et al., also indicated the high temperature ‘cubic’ phase to be metrically tetrag-
onal with small differences in a and c lattice parameters (Stoumpos et al., 2013). A transformation from
tetragonal to a rhombohedral cell would require a first-order phase transition. Previously calorimetry
studies have shown that the high temperature phase transition for MAPbl; is of the first-order (but
close to second order) (Onoda-Yamamuro et al., 1990). It is now clear that the MA units do not adopt
fixed positions in the perovskite and are instead tumbling within the cages formed by Pbls octahedra
in ambient and high temperature crystal structures. In the tetragonal modification, the MA molecule
appears in eight different but symmetry-related positions because of the orientational disorder at
each site. This orientational disorder of the MA molecule vanishes in the ordered orthorhombic
(Pnma) low-temperature phase (Schuck et al., 2018). The geometrical arrangement of the MA group
is not known in detail. At low temperature, the crystal adopts an orthorhombic (Pnma) structure, in
which the Pbls octahedra are strongly deformed. Such deformation can restrict the rotational degrees
of freedom of MA, thus imposing a spatial ordering to MAPbIs, i.e., antiferroelectric. In this case the
MA is pinned and can only rotate along the C-N axis. As the temperature is increased, the MA mol-
ecules become free to rotate between the octahedral cages. Above room temperature, such rotation is
too fast to determine the exact location of MA groups. In any chance, the phase transition in perov-
skites could be driven by the organic component and not Pb-l network. Heat capacity along with tem-
perature dependent XRD showed crystallographic phase transition from cubic (Pm-3m) to tetragonal
(14/mcm) at a temperature of 330.8 K, 236.1 K, 177.2 K, 238 K and 403 K for MAPbl;, MAPbBr3,
MAPbCI3, and CsPbBr; (Hirotsu et al., 1974), respectively. It is quite unusual that during the phase tran-
sition clear anomalies were observed in heat capacity measurements in MAPbl; and/or MAPbBr3 as
indicated the first-order phase transition without breaking any major bonding in the structure instead
of just tilting of Pbls octahedra and disorder of organic molecules, and thus the phase transition seems
to be like the order-disorder type.

FAPbl3-based perovskite's compositions are widely used for the fabrication of perovskite solar cells with
the record high efficiency. The FAPbl3-based compositions were reported to have superior charge carrier
transporting properties, better thermal and light stability and a more ideal bandgap compared to the pro-
totypical MAPbl;-based ones. Comparing with the MAPbls, FAPbI3 was relatively less studied. FA cation
has relatively larger ionic radius of 253 pm than that of MA cation (217 pm), resulting in ~8.2% larger tg
of 0.987. Such increase in tg causes metastability of high temperature cubic phase at room temperature,
and relatively complex phase evolution depending on the temperature profiles.
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Figure 3. Neutron diffraction patterns of FAPbI;

Measured at (A) 390 K, (B) 220 K for as synthesized powder. The data measured at (C) 200 K and (D) 100 K after ex-situ
heating at 450 K for 30 min to induce the phase transition from hexagonal to cubic perovskite phase. Refined structures
are on the right side of the measured data (A) cubic Pm3m (B) hexagonal Pé3/mmc (C) tetragonal P4bm and (D) tetragonal
P4/mbm structure. The spheres in dark gray, violet, pink, and light blue represent Pb, |, H/D, and N atoms, respectively.
Credit adapted from Chen et al. (2016).

Initially, high temperature perovskite phase of the FAPbI; was reported to be trigonal space groups with 3-fold
disordered FA cation by XRD (Stoumpos et al., 2013). However, Weller et al. later reported that the high tem-
perature phase adopts a cubic unit cell with a lattice constant of a = 6.3620(9) A using a Neutron powder diffrac-
tion measurement (Weller et al., 2015). The trigonal planar FA cation was found to be in the central mirror plane
of the unit cell with 12 disordered orientations with the fast re-orientational time constant of ~2 ps like the highly
disordered MA cation in the cubic MAPbls. Chen et al. utilized the temperature dependent neutron diffraction
measurement to investigate temperature dependent structural change of FAPbI3 (Figure 3) (Chen et al., 2016).
They confirmed a cubic structure of the high temperature FAPbl; phase with Pm3m symmetry and lattice con-
stantof a = 6.3855(2) A. They suggested almost random orientation of FA cations (480 possible sites) in the cubic
lattice at 390 K. The synthesized FAPbI; analyzed at 220 K, however, showed a hexagonal structured non-perov-
skite phase with Pé3/mmc space group and lattice constant of a = b = 8.6226(5) Aandc= 7.9458(5) Awhere FA
has 12 preferred orientations in the lattice. This indicates that the cubic perovskite phase of FAPbl; at room tem-
perature is thermodynamically not favorable, which might be related with the relatively larger ionic radius of FA
than that of MA. As formed hexagonal FAPbl; phase is transformed to cubic perovskite phase upon heating to
~400K. Interestingly, the formed cubic phase remains stable upon cooling down to 8.2 K, which is far lower than
the phase transition temperature. Based on the first-principle calculation, it was suggested that the freely
rotating FA cation inside the cubic lattice has entropic contribution to the free energy of the cubic structure,
which stabilize the cubic structure well below the hexagonal structure with energy barrier of ~0.6 eV for the
reverse phase transition. Later, Chen et al. investigated band-edge carrier lifetimes in the low temperature
FAPbI3 perovskite phases (Chen et al., 2017). Using synchrotron XRD patterns, they found that the low temper-
ature FAPbI3 perovskite adopts P4bm and P4/mbm tetragonal structures at the temperature range of ~140 K <
T < 280K and < ~ 140K, respectively. In the tetragonal phase, the organic molecules were found to have strong
preferential orientations, indicating that change in the rotational dynamics of FA cation induces the temperature
dependent phase transition. By correlating the phase transition behavior and photoluminescence (PL) lifetime,
they also suggested that the rotational motion of the FA cation largely affect the band edge carrier lifetimes by
inducing polaron effects to screen electrostatic interaction of the photo-excited charge carriers. As the temper-
ature increases, isotropic rotational motion of the FA cation become active to induce phase transition from a
tetragonal to cubic polymorph, and the charge carrier lifetime was significantly elongated with the screening
effect of the freely rotating FA cation in the cubic lattice. This observation highlights important roles of dynamic
organic cations not only in thermodynamic stability of the perovskite phase but also in charge carrier lifetimes in
the crystals.

Rotational disorder of A-site molecules characterized by infrared spectroscopy

MA molecular cations occupied in A sites of perovskite AMX;3 crystal structure as stated earlier. Hydrogen
bonding plays an important role in the interaction of the MA molecules and the inorganic metal halide octahe-
dral building blocks. At room temperature, MA molecules can be occupied by eight different positions resulted
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Figure 4. Comparison between the measured infrared spectra of the low-temperature orthorhombic phase (black
curve) and the room temperature tetragonal phase (blue curve) of the MAPbI; perovskite

For clarity, the infrared spectrum of the tetragonal phase is offset vertically by 0.5 au. The spectra are measured at 10 and
295 K, respectively, at normal incidence. Differences in baseline are due to the fact that the room temperature data is
reflection-corrected but the low temperature data is not. The vertical dashed lines are guides to the eye and are centered
at the peaks of the orthorhombic phase. Credit adapted from Pérez-Osorio et al., 2015.

by orientational disorder at each site. While the organic cation does not directly participate in the formation of
electronic transport levels, it influences the lattice constants and thereby indirectly the band gap. In particular,
the orientational disorder is critical to determine crystal structure as in tetragonal phases and thus resulting elec-
tronic processes and transport. The disorderness of MA molecules was found to become even more significant
for their excited states under illumination. It was also shown that the light-induced rotational disorder resulted
hot-electron scattering and/or cooling characterized by time-resolved electron-scattering experiments (Wu
et al., 2017). Earlier years before applying for PVs, the orientation and dynamics of the MA cations inside the
inorganic structures has been already investigated (Chi et al., 2005; Knop et al., 1990; Poglitsch and Weber,
1987; Swainson et al., 2003; Wasylishen et al., 1985). Recent progress has also been made in understanding
the interaction between MA molecules and lead halides cages by analyzing the fundamental frequencies of
the MA molecules with infrared (IR) spectroscopic methods. Understanding the structural properties of the
organic-inorganic metal halides, taking into consideration of their intrinsic dynamical disorder, is of critical
importance to provide a complete picture for the highly efficient PVs.

Ab initio Car-Parrinello molecular dynamics simulations on the MAPbI; perovskites combined with the IR spec-
trum in the low frequency region, where the vibrational motions of the MA cations are expected, showed fast
rotational motion of the organic cation inside the inorganic structure with rotational times of the order of 4-6 ps.
The strong coupling of the dynamics of the organic ions and the inorganic counterpart results in a clear spec-
troscopic marker in the broad and not clearly defined band in between 200 and 300 cm™ in the IR spectrum of
MAPbI3 (Mosconi et al., 2014). Glaser et al. also measured IR spectrum in the range of 700-3700 cm™ at room
temperature and assigned the IR peaks above 900 cm™ to internal vibrations of MA (Glaser et al., 2015). More
detailed analysis of the vibrational eigenmodes and frequencies calculated with density functional perturbation
theory including a comprehensive factor group theory was reported. They calculated the intensities in the IR
spectrum of MAPbl3 compound at the low-temperature orthorhombic Pnma structure. According to their anal-
ysis, the IR spectrum consists of three regions, namely, the internal vibrations of the MA cations (800-3100 cm™),
the vibration of the MA cations (140-180 cm™), and the internal vibrations of the Pbl; network (<140 cm™) (Pérez-
Osorio et al., 2015). Focusing on the interactions between the organic cations and the inorganic cage, complete
vibrational study of MAPbI; including the infrared and non-resonant Raman spectra in the entire frequency
range of 30-3400 cm™ and in the temperature range 80-340 K was reported (lvanovska et al., 2016; Leguy
etal., 2016). See, the reported IR spectra of the low temperature orthorhombic phase and R.T. tetragonal phase
of the MAPbI3 in Figure 4 (Pérez-Osorio et al., 2015). Orientational dynamics of the organic cation in a range of
pure- and mixed-halide perovskite materials is also reported (Selig et al., 2017).

Structural dynamics by ss-NMR

ss-NMR is a promising tool for characterization of dynamics for elements in a solid-state perovskite lat-
tice. While diverse ss-NMR measurements enable a probe of the chemical environment and dynamics for
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Figure 5. Solid-state "*N echo-detected variable-temperature magic angle spinning (MAS) nuclear magnetic

resonance (NMR) spectra of the perovskite powders with different compositions

(A-C) (A) MAPbI3, (B) FAPbls, and (C) FAq ¢7MAq 33Pbls. The MAS rate was either 3 or 5 kHz (between 240 and 327 K) and 20

kHz for the two top 333 K spectra in panels b and (C) The top insets (red) show a close-up of the central peak with a

characteristic splitting due to the familiar J-coupling between the nitrogen and the proton.

Credit adapted from Kubicki et al., 2017a.

most of the nuclei present, it is particularly useful for characterization of the dynamics for A site organic
cations in the hybrid perovskite. The combination of 2H and "N NMR spectroscopy was already used for
investigating the thermally induced dynamic motion of the MA cation in MAPbX3 (X = Cl, Br, I) in 1980s.
In the study by Wasylishen et al. and Knop et al., temperature-dependent 2H and "*N NMR measure-
ments were performed to extract the corresponding relaxation time (T4) and to observe the splitting
of resonance lines at the given temperature, enabling elucidation of cation reorientation properties of
the MAPbX3 perovskites (Knop et al., 1990; Wasylishen et al., 1985). The results indicate that the C-N
bond in cubic MAPDbI3 phase at high temperature (cubic) reorientates in an isotopically at a rate compa-
rable to that of freely rotating MA cation which becomes increasingly anisotropic (tetragonal) and then
arrested in a lower temperature phase (orthorhombic). They correlated the reduction of the thermal mo-
tion of the cation on cooling with the observed structural change in lattice structure to induce the phase
transition of the MAPbX3 perovskites. Recently, several attempts have been made to utilize ss-NMR to
study the local order and dynamics in the hybrid perovskite materials (Roiland et al., 2016; Rosales
et al.,, 2016; Senocrate et al., 2017). For example, based on the change in chemical environment of
the Pb ion upon interacting with different halide anions, stoichiometric uniformity of mixed halide perov-
skite (e.g. MAPbX3,X,) was investigated using a 207ph solid-state NMR (Rosales et al., 2016). The '3Cs,
87Rb, 37K, "3C and "N ss-NMR spectra were effectively used to study the microscopic composition of the
double-, triple-, and quadruple-cation containing perovskite compositions (Kubicki et al., 2017b). As the
roles of the dynamic motion of the A site cation on charge carrier behaviors in perovskite has been stud-
ied, Kubicki et al. utilized the ssNMR for quantitative study of the cation reorientation dynamics and its
relationship with the carrier lifetimes (Kubicki et al., 2017a). They used a stochastic Liouville formalism to
simulate the experimental solid-state "N magic angle spinning (MAS) NMR spectra (Figure 5) and ex-
tracted the quantitative information on the rate of cation dynamics. The cation reorientation correlation
time extracted from "*N MAS NMR spectra were 108 + 18 ps for MAPbl3 at 300 K and 8.7 + 0.5 ps for
FAPbI; at 294 K. It was noted that the FA cation rotates faster than MA cations in the cubo-octahedral
cage regardless of its bulkier size. It is correlated with the longer charge carrier lifetime in FAPbl; than
that in MAPbl3 and the previous works that attributed the longer charge carrier lifetimes of the hybrid
perovskites to a large polaron effect by interaction of charge carriers and dynamic cations (Miyata
et al., 2017a, 2017b; Zhu et al., 2016a). For example, Chen et al. studied the composition and tempera-
ture dependent PL lifetime of the perovskite crystals and found that (1) FAPbl; shows longer PL lifetime
(~260 ns) than MAPbl3 (~11 ns) when they are in both cubic phase, (2) in both MAPbl; and FAPbI3, PL
lifetime dramatically increases as they converted from tetragonal to cubic phase as temperature rises
(Chen et al., 2017). Such composition and temperature-dependent PL lifetime can be both correlated
with change in rotational mode of the organic cation in the lattice and thus the polaron effect. We noted
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that IR spectroscopy has been mostly used for studying dynamic motion of the organic cation in simple
compositions (e.g. MAPbl3) and that of lead halide lattice. On the other hand, the ss-NMR was used for
characterizing the dynamic motion of the organic cation in the various compositions including mixed-
cation perovskites (e.g. FA1,MAPbls) and their local order. In terms of studying the dynamic structure,
one primary advantage of the ss-NMR over other characterization tools might be that it can study the
dynamic motion of the individual cations in the mixed cation compositions by decoupling the spectra
originated from each cation (Figure 5). For example, the cation reorientation correlation times in FAg 47
MAg 33Pbls perovskite were acquired as 133 + 46 ps for MA and 12 + 5 ps for FA ; the cations in the
mixed phase rotate at the same rate as they were in the respective pure phase. They also applied the
same approach to study the dynamics of guanidinium (GA) cation in the mixed cation perovskites
(GAMA;_Pbl3) (Kubicki et al., 2018). The observed cation reorientation rate for the GA cation in GAg 2s.
MAg 75Pbls was in the rage of <18 + 8 ps, which is faster than that of MA in the same composition. Faster
reorientation rate of the GA cation was correlated with the longer charge carrier lifetime in the GAg »s.
MAg 75Pbls (369 £4 ns) than that in pure MAPbI; (8142 ns) perovskite, resulting in enhanced PV perfor-
mance of the device with the GA incorporation. Because of the Pb-X octahedral networks directly
affecting optoelectronic properties of the perovskite materials, engineering of the A site cation becomes
one of the promising approaches to tune physico-chemical and optoelectronic properties of the perov-
skite film, and thus performance and stability of the devices (Alanazi et al., 2019; Lee et al., 2018; Tan
et al., 2020). Accordingly, the solid-state NMR may become an important characterization tool to inves-
tigate not only the local ordering of the crystals but also the dynamics of the organic A site cations in the
crystal lattice to find the perovskite compositions with better performance and stability.

Possible imaging of structural dynamics in transmission electron microscopy

Although the significance of elucidating the unique properties of halide perovskite is via analytical
methods, the understanding of the structure-property relationship of halide perovskite is still underdevel-
oped. For example, it has not been fully understood how organic A-cations were arranged in halide perov-
skites crystal, whether they were localized or delocalized (Egger et al., 2018). Local vibrations of [PbX,]*
octahedral cage in halide perovskite are also unclear, which leads to the possibility of changes in properties
and crystal symmetry (Miyata et al., 20172). This is different from the successful structure-property analysis
by transmission electron microscopy (TEM) in the case of oxide perovskites and other inorganic semicon-
ductors (Jia et al., 2003), relatively ‘softer’ halide perovskite undergo severe damage during electron beam
irradiation, which makes the precise analysis much more challenging (Bekenstein et al., 2015). Several reli-
able examples of TEM observations of halide perovskites were reported by reducing the amount of accu-
mulated electron dose to the specimen. We will briefly introduce these recent progresses coupled with
important issues of halide perovskite.

The most studied proto-typical material, MAPbl3, shows obvious electron beam sensitive nature during
TEM experiments, which leaves structural analysis elusive. Initial literatures on electron diffraction or FFT
(fast-Fourier transform) patterns of MAPbl; results did not exactly match the tetragonal phase that is
original room temperature phase of MAPbI3. Diffraction spots, typically observed in X-ray diffraction,
are absent in TEM observation along the [001] zone axis direction in many reports (Kollek et al., 2015;
Long et al., 2017; Son et al., 2016; Zhu et al., 2015). Kim et al. proposed the missing are due to the dif-
ficulty of the detecting the spots under the low electron beam intensity (Kim et al., 2018). It is also ad-
dressed that a high energy electron beam can induce side effects in halide perovskite such as the defect
formation and intermediate phases by electron irradiation (Xiao et al., 2015). In TEM measurement, the
electron dose rate can commonly reached to 104-105 e A? s in high resolution (magnification) condi-
tion, which is enough to cause degradation in several phases (Dang et al., 2017). The reducing electron
dose has been considered to be the minimum requirement for the precise observation of halide perov-
skite TEM specimen. Kim et al. addressed the coexistence of cubic and tetragonal phases in MAPbl; was
identified by TEM measurement with low electron dose condition while non-perfect tetragonal diffrac-
tion spots were obtained. The distinguished two phases are revealed by the line profile of electron
diffraction intensity. Rothmann et al. have investigated the structural and compositional change of
MAPbI3 during TEM observation by varying the amount of electron dose (Rothmann et al., 2018). They
found some original diffraction spots of MAPbl; were blurred and forbidden spots were displayed
over the time evolution even under the low electron dose rate of ~2 e A? s It was also confirmed
that the lattice constant decreased over the time elapsed while the iodine to lead ratios decreased simul-
taneously. They argued that diffraction patterns of MAPbls claimed in many publications more closely
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Figure 6. HRTEM of organic-inorganic hybrid perovskite MAPbBr3;
(A) CTF-corrected denoised HRTEM image. The squares highlight two ordered domains with off-centered MA cations

that have differing orientations.

(B and C) The structural model (left) and the simulated projected potential map (right) of MAPbBr; with different MA
orientations, corresponding to region 1 and 2 in (A), respectively. In (B) and (C), the off-centered MA cations exhibit
normal and parallel configurations (relative to the projection direction), giving rise to in-plane and out-of-plane electric
dipoles, respectively.

Credit adapted from Zhang et al. (2018).

matches the patterns when the degradations happen. The pristine diffraction pattern of MAPbl; corre-
sponding to the tetragonal phase could be obtained by reducing the total amount of dose accumulated.
Although the accurate and pristine diffraction patterns of tetragonal MAPbl; were successfully obtained,
there is still a lack of understanding of fine structure such as local vibration and MA cation dynamics
which can be observed by high resolution TEM imaging.

The atomic resolution images of halide perovskite have been reported by several groups with more stable
MAPbBr3; or inorganic CsPbBr; materials. To reduce electron dose rate, Yu et al. have succeeded in imag-
ing the pristine structure of 2-dimensional CsPbBr3 ultrathin (2-3 monolayers, MLs) nanosheet in atomic
resolution using low does-rate in line holography (Yu et al., 2016). This technique achieves high signal to
noise by reconstructing the electron exit-wave function. They confirmed that co-existing phase (cubic
and orthorhombic) is present in a pristine structure in 2-dimensional CsPbBr3 nanosheet at a dose rate
of ~100 e A2 5" using in line holography method. A region is assigned to cubic phase and another region
is orthorhombic, where distinct two phases are locally distributed, and the difference between two regions
is further revealed through the FFT, which is corresponding to simulated results. This is the first reliable
atomic resolution image observed via TEM under low electron dose conditions, and interestingly demon-
strated that both phases can be co-existing in the halide perovskite. In the subsequent study, they obtained
atomic resolution images of little thicker CsPbBr3 of ~11 MLs by applying in line holography AC-STEM (Yu
et al., 2017). They found 2-dimensional crystal structure of Ruddlesden-Popper phases coexist with cubic
and orthorhombic phases in a single nanosheet. However, it cannot be ruled out the possibility of damage
to the sample by high electron dose (50 pA electron probe). Zhang et al. has developed a one-step align-
ment of the zone axis method to observe atomic resolution images of electron beam sensitive materials
with a low dose rate (3.7 e A? s for MAPbBr) (Zhang et al., 2018). They found MAPbBr3 nanocrystals of
1-2 nm sized domains having locally distinct orientations of MA cation molecules (in-plane and out-of-
plane direction of electrical dipoles relative to the projection, respectively) as shown in Figure 6 (Zhang
et al., 2018). It is expected to be useful for understanding the ferroelectric characteristics derived from
the structure-property relation by observing the movement and arrangement of MA cation molecules at
the atomic scale. TEM is a powerful characterization tools to understand the structure-property relation-
ship in halide perovskites that is not fully understood. It is still remained to be explored that how organic
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cations are arranged inside the crystal structures and is it really having distinct local phase difference in
these materials, which some results agree while others not. The unique properties of halide perovskite
can be elucidated by further TEM-related research through answering some of interesting issues.

Summary and perspectives

The characteristic dynamic structure of the halide perovskites was suggested to be one of the origins of the
superior optoelectronic properties such as long charge carrier lifetimes. As a result, noticeable efforts to
elucidate the dynamic structure of the perovskite materials have been made based on a variety of charac-
terization tools such as X-ray scattering/diffraction, IR spectroscopy, solid-state NMR measurement, and
advanced TEM. Analyses of X-ray scattering/diffraction assist in identification of local structure indicating
considerably mobile halogen atoms with relatively low activation energy, creating a high density of defects
each with limited spatial extension. While the commonly used X-ray scattering/diffraction has some limita-
tion on characterization of light and resonant organic cations, the IR and NMR spectroscopy effectively un-
raveled the dynamic motion of the A site cation, which was correlated with charge carrier lifetimes as well as
the temperature dependent phase transition behavior of the halide perovskites. Nevertheless, funda-
mental understanding on the dynamic structure still remain as a challenge because of the ‘soft’ and thus
vulnerable nature of the perovskite materials. In particular, observation of atomic scale microstructure
by a TEM measurement was found to be extremely challenging due to severe degradation of the lattice
structure under electron beam irradiation. Although reliable TEM images of the compositions with a rela-
tively higher stability were acquired based on low dose measurements, characterization of the commonly
used compositions are still missing.

While the material engineering of the perovskites has been relied on conventional ‘static’ crystal structure of
the perovskite materials so far, understanding on the dynamic structure seems to be a prerequisite for
design of advanced perovskite compositions with more reliable design rules. For example, precise elucida-
tion of dynamic landscapes for A site cations and their interaction with photo-excited charge carriers would
facilitate design of optimum A site cation for the longer charge carrier lifetimes. Investigation of various sys-
tems with many different A site cations not only under the ambient condition but also under realistic oper-
ational conditions with photo-excited charge carriers might be helpful to construct the design rules.
Furthermore, dynamics of halide ions and their degree of freedom might be important not only for carrier
lifetimes but also for operational stability of the devices. Although many strategies have been devised to
suppress or mitigate ion migration in the perovskite materials detrimental to operational stability of the de-
vices, design of new compositions of high energy barrier for ion migration would be fundamental solution
toward the operational stability, which requires an accurate blueprint on local structure surrounding the
halide ions. Finally, construction of atomic resolution images of pristine perovskite lattices as well as the
different kinds of defects at bulk and grain boundaries will enable cogitation of effective strategies toward
structural and defect engineering of perovskite materials.
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