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ABSTRACT

Organic-inorganic hybrid perovskites (OIHPs) have attracted extensive research interest as promising candidates for optoelectronic applica-
tions such as solar cells. Transmission electron microscopy (TEM)-based characterizations hold the key to revealing the morphological,
microstructural, physical, and chemical information of OIHPs. However, their extreme sensitivity to the electron beam illumination usually
inhibits us from obtaining the intrinsic information or even leads to significant artifacts. In this perspective, recent TEM studies on OIHPs
are reviewed, wherein the discussions focus on how the electron beam destabilizes the structure of OIHPs and how to mitigate such effects
as well as avoid misinterpretations. This perspective aims to catch researchers’ attention on the beam sensitivity of OIHPs, guide the TEM
characterization, and inspire electron microscopy development to reveal the working principle and failure mechanism of OIHPs.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0012310

1. INTRODUCTION

Organic-inorganic hybrid perovskites (OIHPs) have attracted
substantial research interest due to their great success in optoelec-
tronic devices such as solar cells,”” lasers,”™ and light-emitting
diodes.™ As a promising photovoltaic material, its power conver-
sion efficiency rapidly increased from 3.8% initially’ to 25.2% most
recently,’ which is comparable to the single-crystal silicon-based
counterparts. Despite the great improvements, commercialization
of this technology remains hindered by the instability of the materi-
als.”" It is because the weak hydrogen bonding or van der Waals
forces in OTHPs makes them easy to decompose under a variety of
environmental factors including heating,'"”'* exposure to oxygen’
or moisture,”” electrical bias,'”'” UV light illumination,'®'” and
even electron beam irradiation.'®'? These structural instabilities are
closely related to electromigration, ion migration, and the interfa-
cial relationship,”””" i.e., the ion migration induced by heating,
electrical bias, and the light illumination can lead to the significant
structural changes such as lattice distortion, interface failure, and
material degradation, which further contributes to the hysteresis in

J-V curves and the poor long-term stability.”>”’ To solve the vital
stability issue, it is of great importance to strengthen the funda-
mental understanding of the degradation mechanism, which
can guide the rational device design and synthesis of OIHPs.
Furthermore, improvements of the optoelectronic performance also
rely on a better understanding about the structure-property rela-
tionships, i.e., how the microstructural features (including crystal
defects, surface, and crystalline orientation) influence the macro-
scopic device performance.

Transmission electron microscopy (TEM)-based techniques
that can achieve multiple-scale characterizations from micrometer to
nanometer to the atomic scale contribute a lot to these fundamental
understandings and the development of OIHPs-based solar
cells.”**° Although various operation modes such as diffraction,
imaging, and spectroscopy make TEM a powerful platform for char-
acterizations, the concurrent inelastic events also inevitably bring in
various damage effects to destabilize the structure. Considering the
extreme sensitivity of the OIHP structure to the electron beam, such
damage effects can be fatal sometimes. In some cases, the observed
structural instability might come from the electron beam
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illumination during characterizations instead of intrinsic informa-
tion, unawareness of which could lead to incomplete or totally
wrong conclusions. Fortunately, although the damage is unavoidable,
its effect can be quantified to a certain degree and mitigated with
careful control of the electron dose, from which a lot of useful
information can be extracted to understand the intrinsic structure-
property relationships and further guide the optimization of material
synthesis and device fabrications.

In this perspective, we first briefly introduce the widely
applied TEM techniques in characterizing OIHPs. Then, we show
the extreme sensitivity of OIHPs to electron beam leads to the
decomposition of CH3NH;Pbl; (MAPbI;) and CH3;NH;PbBr;
(MAPbBr;). Importantly, we point out the mistakes in many litera-
ture studies that incorrectly identify Pbl, as MAPbI; and show how
to identify them correctly. Third, recent representative works that
attempt to minimize the damage and achieve atomically resolved
imaging are reviewed, and the effect of the accelerating voltage,
temperature, crystalline facets, and coating on electron beam sensi-
tivity is discussed. Finally, we summarize the earlier discussions
into several directions and give our perspectives to this subject.

Il. ELECTRON SCATTERING AND POSSIBLE DAMAGE

An electron scattering event can be either elastic or inelastic.
In a TEM, when the incident high energy electrons interact with
the thin TEM specimen, the scattered electrons carry abundant
information of the targeting specimen, leading to a variety of oper-
ating modes by collecting different signals with different energy or
momentum and bringing in comprehensive information about the
phase, atomic structure, and chemical composition of the specimen
(Fig. 1). For example, electron diffraction (ED), diffracting imaging,
and high-resolution TEM (HRTEM) are produced by elastic scat-
tering, while x-ray energy dispersive spectroscopy (EDS) and elec-
tron energy-loss spectroscopy (EELS) are associated with inelastic
scattering.”’ Although we usually selectively collect one predomi-
nant type of scattered electrons to generate an image or a spectrum,
it should be noted that elastic and inelastic scattering always
co-exist regardless of the operating modes. During scattering, the
incident electrons interact with the atoms of the specimen, making
them vibrate, displace, or excite their inner shell electrons, leading
to different types of possible beam damage during the TEM charac-
terizations. The electron beam damage mechanism is complex and
varies with materials, primarily including knock-on damage, radiol-
ysis, and heating.”**’

Knock-on (displacement) damage is caused by the interaction
between the incident electron and the atomic nucleus, which
occurs when the transferred energy from the electron to the atomic
nucleus exceeds the displacement energy threshold, generating
interstitial atoms and vacancies. This damage is always observed in
electrically conducting materials like metals and some semiconduc-
tors.”” One common way of avoiding knock-on damage is to use a
low energy incident electron beam below the threshold energy of
materials. Radiolysis (ionization) damage mainly comes from the
Coulomb interaction between the incoming electrons and the
atomic electrons surrounding the nucleus. During radiolysis,
several to hundreds of eV energy can be transferred to the atomic
electrons by the incoming electrons, generating many holes in the
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FIG. 1. TEM characterizations and inevitable electron beam damage effects.

valence band or inner shell and leading to the breakage of chemical
bonds, the loss of crystallinity, and the escape of light atoms.”” The
transferred energy can further transfer to the atomic nuclei through
phonons or excitons,”' leading to the atomic displacement, as
observed in polymers and alkali halides.”” This damage mainly
occurs in insulators and some semiconductors, because in the con-
ducting specimen, the vacancies (holes) induced by the transferred
energy can be rapidly filled by the electrons in the system.’’ For
insulating polymers and biological materials with poor thermal
conduction, phonon heating is the primary damage mechanism,
wherein the incoming electrons excite the lattice vibration via loss
of a small amount of energy. The temperature increase depends on
the beam diameter, the beam current, thermal conductivity of the
specimen, and the supporting grid. For example, the temperature
rise is about 3 K for amorphous carbon with the current of 5nA
and a diameter of 0.2 nm.””

TEM-based techniques benefit the fundamental understanding
of their intrinsic structure as well as the degradation mechanism
for these fascinating solar cell materials, greatly contributing to the
development of OIHPs-based solar cells.”***** At the same time,
the beam damage is inevitable during the TEM characterizations,
which is fatal for beam sensitive OIHPs. Therefore, it is essential to
clarify how the electron beam impacts the structural instabilities
and what factors influence the beam sensitivity and optimize the
operating conditions to mitigate or avoid the damage for OIHPs.

lll. TEM CHARACTERIZATIONS OF OIHPS

OIHPs have a general chemical formula of ABX;, where A is
the monovalent cation, such as methylammonium (CH3;NH3) or
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formamidinium [HC(NH,)3], B is bivalent metal cations like Pb**
and Sn**, and X is a halogen ion (I", CI~, Br"). In this perspective,
we mainly focus on two typical materials: MAPbI; and MAPbBrs;.
By operating under different modes, TEM characterizations deliver
comprehensive structural and compositional information for
OIHPs specimen, as shown in Fig. 2, including the micromorphol-
ogy and size of the as-grown particles from the imaging and the
crystallinity and lattice cell parameters [Figs. 2(a) and 2(b)] from
the ED,”"” both of which are important to judge the specimen
quality, thus guiding the material synthesis. It is well known that
the single crystals show periodic diffraction reflections, while the
polycrystals present diffraction rings and the amorphous materials
demonstrate diffuse and weak diffraction rings. The HRTEM image
can provide the lattice information, and the corresponding fast
Fourier transform (FFT) pattern is useful to extract the crystalline
information [Fig. 2(c)].”® However, the contrast of HRTEM image
relies on the specimen thickness, the defocus value of the objective
lens, and the coefficient of spherical (Cs) aberration and thus is
indirectly interpretable. EDS and EELS are spectroscopic tech-
niques that can probe the chemical composition, the elemental
distribution, chemical bonding, and the valence state [Figs. 2(d)
and 2(e)].”>"

Besides these basic structural and chemical characterizations,
recent advancements of in situ TEM enable the tracking of phase
transformations at atomic and millisecond scales, providing
unprecedented opportunities to probe the degradation mechanism
of OIHPs under different external stimuli such as electrical bias
and heating.”* For example, by in situ high angle annular dark field
(HAADF) scanning TEM (STEM) imaging techniques, Yang et al.
found that vacuum itself is not likely to be responsible for the deg-
radation since the formed Pb particles disappear during the pro-
longed preservation (30 days) in high vacuum conditions
(~107"Torr) while heating to ~50-60 °C causes a severe degrada-
tion, as shown in Fig. 2(£).% By using EDS techniques, Divitini
et al. observed that the migration of iodine initiates at a low tem-
perature (50-150°C) while lead migrates at a high temperature
above 175°C [Fig. Z(g)].38 By in situ HRTEM techniques, Kim
et al. illustrate the details of thermally induced degradation process
of MAPbI; and found that trigonal Pbl, is precipitated from the
amorphized MAPbI; layer via intermediated states.”” Besides
heating, Jeangros et al. also investigated the changes in the nano-
structure of MAPbI;-based solar cells under electrical bias and
found that iodide migrates into a positively biased charge transport
layer and volatilizes along with organic species, leading to the for-
mation of Pbl, and decreasing the cell performance [Fig. 2(h)]."*
Yuan et al. reported a reversible conversion between MAPbI; and
Pbl, under a small electric field at the elevated temperature at
330K.”

Although these studies provide many valuable insights into
the structure evolution and the degradation mechanism for
OIHPs,”* the electron dose information has been missing and the
possible beam damage has been rarely discussed. It was reported
that the high energy electron beam has already caused the degrada-
tion from MAPbI; to Pbl, at small electron doses.”’ Considering
that the in situ TEM experiments require additional time to
control/adjust the imaging conditions, the beam damage should be
much severer than conventional imaging. Thus it is worth
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investigating whether or not in situ TEM experiments reveal the
intrinsic structural instability, how the electron beam impacts the
degradation, and what is the critical imaging condition for TEM
characterizations of OIHPs.

IV. STRUCTURE SENSITIVITY TO THE ELECTRON BEAM
AND THE DEGRADATION PATHWAY

Let us start the discussion with the ED technique that is
widely used to extract the crystalline information of OIHPs.
Compared to imaging and spectroscopy, the ED typically
requires the lowest electron dose due to the parallel illumination
of a large region. Thus, the possible electron damage can be
minimized in the ED mode. However, substantial mismatches
are observed between the experimental data and simulated ones
of MAPbI;, ie., some of the diffraction spots are missing or
weakened or additional spots appear, as shown in Fig. 3(a)."’
Further atomically resolved HAADF-STEM images verifying the
formation of Pbl, in Fig. 3(b)*" account for these mismatches,
indicating the degradation of MAPbI;. Rothmann et al. noticed
the extreme sensitivity to electron beam irradiation for
MAPDL;"" thus, they used a low dose rate (1eA™%s™") with
rapid acquisition conditions and successfully obtained the ED
pattern of pristine MAPbI; as shown in Fig. 3(c). Furthermore,
with appropriate dose minimization techniques, they again
acquired the ED pattern from pristine tetragonal MAPbI;, as
shown in Fig. 3(d)."” After 1min irradiation at a dose of
100e A%, additional diffraction spots that are forbidden in
tetragonal MAPDI; appear due to the structural and chemical
changes. They proposed that a new intermediated phase is
formed under the electron beam irradiation, possibly caused by
the octahedral tilts or rotations. With increased dose, the inten-
sities of some diffraction reflections decrease and finally disap-
pear due to the beam damage. Rothmann’s studies suggested
that OIHPs can be easily damaged and the critical dose to
obtain the pristine OIHPs structure is quite low.

In order to reveal the decomposition pathway, Chen et al
tracked the structure evolutions of single-crystal MAPbI; by using
the controlled low-dose ED technique.”’ At a dose rate of
1e A72s7!, the obtained ED [Fig. 4(a)] pattern is consistent with
the simulated one of tetragonal MAPDI; [Fig. 4(e)]. Similar to
Rothmann’s observation, with increased doses, additional super-
structure spots are observed [Fig. 4(b)]. Although both the octahe-
dral tilts” and ordered vacancies”’ can cause superstructure
diffraction reflections in perovskite oxides, for MAPDI;, they inter-
pret such a superstructure by ordered vacancies, since OIHPs are
prone to lose negatively charged halide ions under the electron
beam.”” The structure with ordered iodine vacancies (MAPbL, ) is
shown in Fig. 4(j), whose simulated ED pattern [Fig. 4(f)] matches
the experimental one [Fig. 4(b)]. Moreover, such an intermediated
superstructure has also been observed in MAPbBr; and inorganic
perovskites (CsPbBrs)," suggesting that vacancies in the form of
ABO, 5 are more general in OIHPs and their all-inorganic counter-
parts rather than an exception in MAPbI;, similar to those
observed in perovskite oxides in the form of ABO,s. With
increased doses, the structure keeps losing MA and the rest
of the I ions to form MAyPbL,5_, (0<y<1 and 0<z<0.5)
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FIG. 2. TEM characterizations and in situ TEM studies of MAPbl;. (a) and (b) TEM images and ED pattems of single-crystal and polycrystal MAPbls. Images are reproduced
with permission from Li et al,, Nat. Commun. 7, 11330 (2016). Copyright 2016 Nature Publishing Group; and Alberti ef al., Nat. Commun. 10, 2196 (2019). Copyright 2019
Nature Publishing Group. (c) HRTEM image and the corresponding FFT pattern. (d) EELS spectrum and () EDS mapping. The images in (c) and () are reproduced with per-
mission from Niu et al., Adv. Mater. 27, 7800-7808 (2015). Copyright 2015 Wiley-VCH. (f) Real-time cross-sectional HAADF images of a typical perovskite solar cell device
under a high vacuum condition (~10="Torr) for 30 days and then heating. The pictures in (d) and (f) are reproduced with permission from Yang et al., ACS Appl. Mater.
Interfaces 8, 32333-32340 (2016). Copyright 2016 American Chemical Society. (g) HAADF and the corresponding EDS mapping to show the migration of Pb and | with
increased temperature. Reproduced with permission from Divitini et al., Nat. Energy 1, 15012 (2016). Copyright 2016 Nature Publishing Group. (h) The iodine migration under
the electrical bias. Reproduced with permission from Jeangros et al., Nano Lett. 16, 70137018 (2016). Copyright 2016 American Chemical Society.

J. Appl. Phys. 128, 010901 (2020); doi: 10.1063/5.0012310 128, 010901-4
Published under license by AIP Publishing.


https://aip.scitation.org/journal/jap

Journal of
Applied Physics

PERSPECTIVE

scitation.org/journalljap

@112
. * @®
i08

" 8101]

< w100 A2

. . " ..

- T A
202112 212
000" 110 000 ‘110‘

FIG. 3. ED characterizations of MAPbI; structure. (a) The mismatches between the simulated and experimental ED patterns of MAPbI; and the corresponding atomistic
structures. (b) The atomically resolved HAADF-STEM images of Pbl, along different viewing directions. The images in (a) and (b) are reproduced with permission from
Chen et al., Nat. Commun. 9, 4807 (2018). Copyright 2018 Nature Publishing Group. (c) TEM image and the corresponding ED pattern from the pristine MAPbl; at a low
dose rate of 1e A=%s~". Reproduced with permission from Rothmann et al., Nat. Commun. 8, 14547 (2017). Copyright 2017 Nature Publishing Group. (d) ED patterns
from pristine MAPbI; to an intermediated phase with additional reflections. Reproduced with permission from Rothmann et al., Adv. Mater. 30, 1800629 (2018). Copyright

2018 Wiley-VCH.

[Figs. 4(c), 4(g), and 4(k)]. Finally, the perovskite structure frame-
work collapses and transforms into layered PbI, phase [Figs. 4(d),
4(h), and 4(1)]. Such a degradation pathway has also been observed
in MAPbBr;, suggesting that the decomposition of OIHPs, regard-
less of being cubic or tetragonal, starts with the loss of ordered
halogen ions, followed by the loss of remaining halogen and
methylamine ions, leading to eventual crumble of perovskite frame-
work and decomposition into PbX,.**

Note that pristine MAPbI;, intermediate phase, and final
product Pbl, share similar ED patterns with similar symmetry and
lattice parameters judging from the primary Bragg reflections

(Fig. 4), although the relative intensity of different reflections
changes dramatically. In fact, such a case with only changes in rela-
tive intensity while the overall symmetry remains similar can be
easily confused especially for non-specialists in crystallography,
because extinction (forbidden reflections) and double diffraction
(multiple scattering) that commonly occur in the ED can lead to
the same phenomena. Therefore, in many previous studies,”**~**
such inconsistent ED patterns were largely ignored and incorrectly
identified (Table I), and the electron beam induced damage during
the TEM characterizations has been rarely discussed. To avoid such
mistakes in future, we have compared the differences in structure
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FIG. 4. The structural evolution during decomposition from MAPbl; to Pbl,. (a)-(d) Time-series SAED patterns showing the structure transformation under a dose rate of
1e A=25". The cumulative electron dose and time are labeled on each ED pattern. (e)-(h) The corresponding simulated ED patterns and (i)~(I) atomistic structures.
These images are reproduced with permission from Chen et al., Nat. Commun. 9, 4807 (2018). Copyright 2018 Nature Publishing Group.

and ED patterns between MAPbI; and Pbl,, as shown in Fig. 5.
Pbl, has a variety of structures with different connections of Pb-I
octahedron and the Pbl, decomposed from MAPbI; is hexagonal *’
(Space group: R-3m:H, a= b=0.4557nm, c¢=2.0937 nm,
a=B=90° and y=120°)." Figure 5(a) shows the atomistic struc-
ture and the corresponding simulated ED pattern along the [001]
direction of MAPbI;, which is easy to be mistaken as the ED
pattern of Pbl, along the [441] zone axis because of their extremely
close reciprocal space distance [Fig. 5(b)]. Considering the critical
dose for MAPbI;-Pbl, transition is as low as 2200 e A~2 as shown
in Fig. 4, the obtained ED patterns are usually Pbl, rather than
MAPDI; once the {110} reflections of MAPbI; are absent. Similarly,
the ED patterns along the [101] and [021] directions of MAPbI;
are also easy to be identified as the [8 10 1] and [111] direction of
Pbl,, respectively, as shown in Figs. 5(c)-5(f). Despite the similar
ED patterns, the corresponding atomistic structures are different,
which helps to distinguish MAPbI; and Pbl,. In contrast, the mis-
interpretation of ED patterns seems to rarely occur for

MAPbBr;**"" likely due to its better stability.”” Therefore, atten-
tion must be paid additionally while analyzing the electron micros-
copy data for these materials especially for MAPbI;.

V. MINIMIZATION OF THE BEAM DAMAGE

It is important to investigate how to increase the critical
damage-free doses during characterizations to extract the intrinsic
information of the pristine samples. Recently, the electron beam
sensitive lithium dendrites and the solid electrolyte interphase have
been successfully characterized at an atomic scale by using the
cryo-TEM,”” which can freeze the native state of the specimen,
capture reaction intermediates, and preserve volatile species.”®
Encouraged by the effectively decreasing beam damage under cryo-
genic condition, Li et al. established a cryo-EM protocol to reveal
the atomic structure of MAPbI; as shown in Fig. 6.”* The as-grown
MAPbI; nanowires (NWs) were dropcast onto a Quantifoil TEM
grid and then were plunge-frozen directly into the liquid nitrogen
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TABLE 1. Literature studies reporting on ED and FFT patterns of tetragonal MAPblI;
from different directions.

Zone axis Absent reflections  Details or method Reference
[001] {110} SAED and FFT 45
Unidentified {110} {012} FFT 46
[110] {110} {002} SAED and FFT 47
[-201] {112} FFT 48
[001] {110} SAED 49
[110] {110} {002} SAED and FFT 50
[110] {110} {002} SAED and FFT 51
[110] {110} {002} FFT 52
[001] {110} SAED 53
Unidentified {101} FFT 54
[001] {110} SAED 55
[201] {112} SAED 55
[001] {110} SAED 35
[001] {110} SAED 56
[001] {110} SAED 57
[001] {110} SAED and FFT 58
[001] {110} FFT 59
Unidentified {110} FFT 60
Unidentified {110} SAED 61
Unidentified {101} {200} SAED 62
[110] {110} {002} SAED 63
[001] {110} SAED 64

to prevent the side reactions, which can help retain the original
state of the perovskite NWs at the cryogenic temperature, as shown
in Fig. 6(a). Then, the specimen was transferred into the TEM
column without exposure to the air and kept at —175°C for TEM
imaging, performed at 200kV by using the direct-detection
electron-counting (DDEC) camera. With the high detective
quantum efficiency (DQE) of the DDEC camera, they have
acquired the HRTEM images of MAPbI; and MAPbBr; NWs at
doses of 12eA™* and 46e A™* [Fig. 6(b)], respectively. The higher
dose for MAPbBr; suggests its better stability under the electron
beam irradiation compared to that of MAPbI;.”” The structure evo-
lution at —175 °C is further presented by the FFT patterns with the
increased dose from 7.6 to 22.8eA™% as shown in Fig. 6(c).
MAPbI; began to lose its crystallinity at the dose of 15.2e A~ and
showed severe structural damage at the dose of 22.8e A™2. Despite
that MAPbI; undergoes a tetragonal-orthorhombic transition at
—108°C,” Li et al. believed that such a structure change does not
occur in their case likely due to the fast cooling of the plunge-
freezing procedure. In a very recent cryo-TEM work by Zhu et al.,
the atomic steps of surface and stacking faults are observed in
MAPbDI; at 70-100e A72,° as shown in Fig. 6(d). The FFT is con-
sistent with the simulated ED along the [310] direction, suggesting
the successful acquisition of pristine MAPDI; structure. They
further performed HRTEM simulations to interpret the observed
structure and found the brightest atomic columns are identified to
be MAI layers. Thus an MAI-MAI stacking fault along the (002)
surface is observed by the red arrows, which alters the bandgap
from 1.56 eV to 1.84 eV as verified by the density functional theory
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(DFT) calculations. Such stalking faults are found to be stable
under an exposure time of 32's (1504 € A7) under electron beam
irradiation at the cryogenic condition. However, in the work by Li
et al,’”* the FFT pattern at 7.6e A~ already shows the superstruc-
ture spots as highlighted by the blue circles in Fig. 6(c), although it
was not discussed in the paper. These additional reflections are
either from the orthorhombic phase or caused by the ordered
iodine vacancies, indicating that the damage has already occurred
according to a previous study.”” Whether or not the cryo-condition
is beneficial to reduce the beam damage needs further evidence.

In another work, ED patterns have been used to study the
effect of low temperature on beam damage by a liquid nitrogen
side-entry specimen holder, as shown in Fig. 7. Rothmann et al.*’
cooled a single grain in polycrystal MAPbI; down to —180 °C and
studied the structural evolution by ED under electron illumination,
as shown in Fig. 7(a), wherein the pristine selected area electron
diffraction (SAED) pattern is near the [216] direction of the ortho-
rhombic MAPDI;. It is observed that the sharp diffraction reflec-
tions continuously disappear and finally change into an
amorphous ring within 1440 e A™% In contrast, MAPbI; presents a
crystal-crystal transition at room temperature (RT) within
3720e A™%, despite the final product is not well recognized. Based
on these observations, they proposed that the low temperature
might not be helpful to reduce the beam damage. The atomic
defects (interstitials and vacancies) generated by the electron irradi-
ation are frozen at low temperature and become much less
mobile;>"”” thus, they are prone to be accumulated as clusters,
further becoming amorphous. In another recent work,”® Chen
et al. also observed a similar fast crystal-amorphous transition at
—180°C within ~150e A~ along the [001] direction of single-
crystal MAPbI; as shown in Fig. 7(b), while it takes about
450e A2 to induce the MAPbI;-Pbl, transition at RT. From the
[100] direction, MAPbI; becomes amorphous within 129e A™2 at
—180°C [Fig. 7(c)], while it transforms into PbI, within 474 eA™?
at RT. Such a crystal-amorphous transition at low temperature has
also been observed in MAPbBr; and CsPbBr;.”*”” These data show
that the dose for the crystal-amorphous transition at —180 °C is
about 1/3 of that at RT to induce the MAPbI;-Pbl, transition,
indicating the low temperature (—180 °C) does not slow down the
beam damage but instead induces a rapid amorphization for
OIHPs. As a result, the cryo-condition is not always suitable for
TEM characterizations of OIHPs.

Besides the temperature, accelerating voltage is another impor-
tant factor during the TEM characterizations. The low voltage is
well known to be beneficial to decrease the knock-on damage,
which has been widely used to image carbon nanotube and gra-
phene.””*" However, a low voltage increases the radiolysis damage.
It is reported that the decomposition of CsPbBr; is mainly due to
the radiolysis damage; thus, a high accelerating voltage is helpful to
reduce the damage.”” So far, the successful examples of imaging
OIHPs were mostly performed at a high voltage (200 or 300 kV),
while the damage mechanism of OIHPs has not yet been investi-
gated in detail. Thus, a recent work used the critical total dose (D;)
before the appearance of the superstructure spots as a reference to
compare the beam sensitivity at 80 kV and 300kV.”® As shown in
Fig. 8(a), D, at 300 kV (38-39e A™?) is about 2-3 times larger than
that at 80kV (13-16e A™2). Thus, a lower voltage is expected to
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[101], and [021] directions, respectively. (b), (d), and (f) The atomistic structures and simulated ED patterns of Pbl, along the [441], [8 10 1], and [111] directions,

respectively.

cause severe beam damage, suggesting that knock-on damage is not
the primary damage mechanism for OIHPs. Moreover, lowering
temperature should help to reduce the heating damage, but instead,
a rapid crystal-amorphous transition is observed at low tempera-
ture. Accordingly, the predominant damage mechanism for
MAPDI; is radiolysis, which is consistent with its semi-conductor
nature.”” The identified electron beam damage mechanism can
guide the future TEM characterizations of OIHPs that should be
performed at a high voltage. Note that increasing the acceleration
voltage higher will not only decrease the cross section of radiolysis
but also increase the cross section of knock-on damage of OIHPs,
leading to a change in the dominant damage mechanism;**
whether or not ultrahigh voltage (e.g., MeV) is more suitable to
characterize OTHPs needs further investigations.

Moreover, it is reported that the stability of MAPDI; is related

with the exposure surface.”” Lv et al. observed that (001) facet

exhibited higher sensitivity and faster erosion rate to water than the
(100) face.”” Chen et al. found that D, for a (100) exposed plane
ranges from 210 to 500 e A™2, which is about ten times larger than
a (001) exposed plane (30-41e A7) for MAPbL;, as shown in
Fig. 8(b),”® suggesting a facet-dependent electron beam sensitivity.
This is likely due to an easier diffusion of iodine on (001) surface
(0.32eV) compared to that on (100) surface (0.45 eV).% Besides
the TEM characterization, this finding also indicates that proper
facet engineering such as growing (100)-textured perovskite films
might improve the stability and performance of perovskite solar
cells (PSCs).

Since OIHPs are easy to degrade under electron beam irradia-
tion, it is vitally important to suppress the degradation and stabilize
the structure of OIHPs for enhanced stability of PSCs. Fan et al.
revealed a layer-by-layer degradation pathway of MAPbI; by TEM
observations and DFT simulations.”® Thus, they believe it is
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FIG. 6. Characterizations of MAPblI; by cryo-TEM. (a) Schematic illustration of the specimen preparation for cryo-TEM. (b) Low-magnification TEM and HRTEM images of
MAPbI; and MAPbBr; under cryogenic conditions obtained at 200 kV with a dose of 12 e A=2 and 46 e A2, respectively. (c) In situ FFT patterns to show the structure evo-
lution of MAPbI5 with increased dose. The blue circles highlight the additional superstructure spots at 7.6 ¢ A=2 These images are reproduced with permission from Li
et al., Joule 3, 2854-2866 (2019). Copyright 2019 Elsevier. (d) MAI-MAI type stacking faults observed in tetragonal MAPbl; along the [310] direction at a dose rate of
~47 e A=2s™" for 2's. Reproduced with permission from Zhu et al., Nano Energy 73, 104820 (2020). Copyright 2019 Elsevier.

possible to slow down the layer-by-layer degradation by suppress-
ing the structure transition on the surface layer. To verify this, they
used hexagonal boron nitride (hBN) thin flakes as the encapsula-
tion layer on the top and bottom surface of MAPDI; to fabricate
the BN-MAPDI;-BN heterostructure, as shown in Fig. 9(a). In situ
SAED patterns show no distinguished structure changes after
30 min at 85°C [Fig. 9(b)], while the non-encapsulated MAPDI;
begins to decompose within 1 min and totally transforms into tri-
gonal PbI, within 7 min, which suggests a much enhanced thermal
stability of MAPDI; because of the hBN encapsulation. Further
DEFT calculations show that the degradation barrier increases by
0.05eV for hBN encapsulated MAPDI; surface than that of the
unencapsulated surface. Although the experimental design and
conclusions seem rational, the authors ignored the effect of the
electron beam irradiation and in fact the SAED pattern at Os
before heating is hexagonal Pbl, along the [441] direction rather
than the [110] direction of MAPbI; as discussed in Fig. 5. Thus,
whether or not the hBN encapsulation can improve the thermal
stability still requires more experimental evidence.

Besides hBN, other surface coating materials on both sides of
the TEM specimen are also effective to decrease the mass loss and
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suppress the loss of the crystallinity.”” The thin carbon layers were
coated on both sides of MAPbI; with a thickness of about 6-10 nm
as shown in Fig. 9(c)."* Under electron beam illumination, the
uncoated MAPDbI; decomposes into PbI, within 791e A% with
the disappearance of the characteristic (002)c spot. The
HAADF-STEM image of Pbl, is shown in Fig. 9(d). In contrast,
the (002)c. reflection of the coated MAPbI; maintains at 7600 e A~>
[Fig. 9(f)]. The (002)c intensity changes vs time for coated and
uncoated specimen are shown in Fig. 9(e), suggesting that the
carbon coating can stabilize the MAPDI; structure framework and
thus suppress the degradation of MAPbI;. The enhanced stability is
because the coating layer can serve as a diffusion barrier, reducing
the escape rate of the volatile species,”””” as proved by the EDS
results. Such a coating method is easy to achieve and effective to
stabilize the structure, which might be useful to design more
stable PSCs.

VI. ATOMIC IMAGING OF THE STRUCTURE

Although the ED pattern of pristine OIHPs is feasible once
the electron dose is carefully controlled, the atomic imaging of
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FIG. 7. The effect of cooling on the structure evolution of MAPbIs. (a)~(c) Time-series SAED patterns of MAPbI; at —180 °C along the [216], [001], and [100] directions,
respectively. The image in (a) is reproduced with permission from Rothmann et al., Adv. Mater. 30, 1800629 (2018). Copyright 2018 Wiley-VCH. The images in (b) and (c)
are reproduced with permission from Chen et al., “Transmission electron microscopy of organic-inorganic hybrid perovskites: myths and truths,” Sci. Bull. (2020). Copyright
2020 Elsevier.
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300 kV for SAED imaging. The images in (c)(f) are reproduced with permission from Chen et al., Adv. Mater. 2001107 (2020). Copyright 2020 Wiley-VCH.

OIHPs that typically requires much higher dose remains challeng-
ing.">** To solve the problem, it requires strategies to capture the
structure with a sufficient low electron dose before the damage
occurs, via either increasing the critical dose with optimized
imaging conditions mentioned above or using better data recording
equipment to collect the signals at ultralow doses. One solution is
to use the DDEC camera with a high DQE,”"* which has been
widely used to improve the resolution for biological macromole-
cules.” However, to obtain the atomic structure of these beam sen-
sitive crystalline materials by the DDEC camera, it requires a rapid
on-axis adjustment for crystals to decrease the beam damage,
precise alignment of the successive short-exposure images to avoid
the loss of resolution, and accurate determination of the defocus to
interpret the image.”® To overcome these obstacles, Zhang et al.
developed a simple program to achieve a direct alignment of the
zone axis within 1eA™ for a small deviation in the crystal

orientation (—5°< ¢ <5°), an “amplitude filter” to extract the high-
resolution information hidden in the image stack, and a method to
determine the defocus value.”® With these solutions, they success-
fully obtained the atomic-resolution HRTEM image of MAPbBr; at
a dose of 11e A% After correcting the “contrast inversion” caused
by the contrast transfer function (CTF) of the objective lens, it is
revealed that MAPbBr; crystals contain ordered nanodomains with
off-centered MA cations showing normal and parallel configura-
tions [Fig. 10(a)], which suggests the possible ferroelectric order in
this material or specimen mistilt/residual coma.”’ With the similar
method, the HRTEM image of MAPbI; [Fig. 10(b)] was also
obtained recently at a dose of 3.1e A™> wherein the corresponding
FFT [Fig. 10(c)] is consistent with the simulated ED pattern of
tetragonal MAPbI; without any superstructure reflections. Besides
the HRTEM imaging, Song et al.’' acquired the STEM image of
MAPDbBr; at a dose of 280e A™2 as shown in Figs. 10(d) and 10(e)
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FIG. 10. Atomic imaging of OIHPs. (a) CTF-corrected HRTEM image of MAPbBr;. Regions 1 and 2 show two nanodomains with different orientations of MA cation.
Reproduced with permission from Zhang et al., Science, 359, 675-679 (2018). Copyright 2018 American Association for the Advancement of Science. (b) HRTEM image
and (c) the corresponding FFT pattern along the [001] direction of MAPbl; acquired at 3.1e A=2 at 300 V. Reproduced with permission from Chen et al., “Transmission
electron microscopy of organic-inorganic hybrid perovskites: myths and truths,” Sci. Bull. (2020). Copyright 2020 Elsevier. (d) iDPC-STEM image and (e) the corresponding
FFT pattern of MAPbBr; (pixel size: 0.51 A; beam current: 2 pA; dwell time: 6s; and total dose: 280 e A=2). Reproduced with permission from Song et al., Adv. Energy

Mater. 1904006 (2020). Copyright 2020 Wiley-VCH.

by using the low-dose integrated differential phase contrast
(iDPC)-STEM imaging technique,”” which again suggests that
MAPbBr; has better stability.

VIl. SUMMARY AND OUTLOOK

In this perspective, we mainly discuss how the electron beam
destabilizes the OIHPs during characterizations and what are the
degradation pathway and the optimal TEM operation conditions.
We are intending to catch researchers’ attention on electron beam
sensitivity, guide the TEM characterization, and inspire the devel-
opment to reveal the real degradation mechanism of the OIHPs
and the practical failure mechanism of OIHP-based solar cells.

In a large number of studies, TEM characterizations were per-
formed at a large dose with the beam sensitivity being ignored.
Therefore, there are inconsistencies between the expected and
experimental data of MAPbI; even for the ED patterns that require
relatively low doses. Considering the dose rates under HRTEM,
STEM, EELS, and EDS are comparably higher than that of ED,
severe damage is expected. The positive side of the damage helps
us understand the failure mechanism of these materials and the
devices based on them. Considering that the energy transfer is
essential for the electron-beam-induced damage, which is similar
to that caused by heating, light illumination, and electrical bias, the
discovered degradation pathway in the electron microscope delivers
some useful insights into understanding the failure mechanism in
practical devices. Indeed, it has been reported that the degradation
pathway observed under electron beam illumination, i.e., MAPbI;
degrades into PbL, with the removal of MAL" is in good

agreement with the decomposition processes observed under light
illumination,'® heating,”” and DFT calculations’ but with much
better spatial resolution and greater structural details. On the other
hand, the suppression strategy for the degradation of OIHPs such
as coating”*”” and the corresponding working mechanism can also
be mimicked in the microscope. It should be noted that although
there are some in situ TEM studies on the failure mechanism of
OIHPs and devices based on them, the electron beam induced
damage likely makes some contributions to the observed phenom-
ena considering the large electron doses they used.

Therefore, to avoid misinterpretation of experimental data,
great attention should be paid during the characterizations to keep
the dose low not only for in situ TEM but also for regular electron
microscopy characterizations. High voltage, coating, thin sample,
and proper zone axis should be helpful to mitigate the damage due
to the radiolysis nature, while for the cryo-TEM method, the valid-
ity is still under debate. The inconsistencies between previous liter-
ature studies’>’*’*’® may be due to the difference between the
cryo-holder and cryo-microscope methods, or the discrepancy of
specimens in different studies. Actually, the specimens prepared by
cryo-EM method are naturally coated with an amorphous ice
layer,”” which may serve as a protective layer to slow down the
beam damage, while the general cryo-holder can only produce low-
temperature without any coating layer. Nevertheless, further con-
trolled studies are needed to clarify if low-temperature or coating
dominates the cryoprotection for OIHPs.

Besides, the data recording system is also vital to reduce the
damage. Atomically resolved images of MAPbBr; were successfully
acquired by iDPC-STEM, and the HRTEM images of MAPbI; were
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captured by the DDEC cameras, suggesting that atomic imaging of
these materials is certainly feasible. We can expect other low-dose
imaging techniques or recording systems such as electron ptychog-
raphy and 4D-STEM will also be employed to study these materials
in near future to explore not only the structure but also the poten-
tial and charge information.

In any case, as a rough estimation, the electron dose should be
below ~100eA~2 for MAPDI;; otherwise, substantial damage
occurs during TEM characterizations. The ED data are generally
reliable for MAPbBr; and inorganic CsPbBr; is typically safe even
for regular STEM and spectroscopy characterizations.

The reliable and robust imaging would enable more extensive
investigations on the structure-property relationships for these
materials. For example, previous piezoresponse force microscopy
characterizations show the striped domain structures in MAPbI3,96
and whether they are polar or non-polar are still under intensive
debate.” In fact, Zhang et al. have made great progress based on
the HRTEM image of MAPbBr;; they propose possible ferroelectric
order in this material,”® although more careful and quantitative
studies are needed to verify this conclusion because the atomic dis-
placement in the image is also sensitive to the specimen mistilt/
residual coma,”’ which can cause significant artifact and misinter-
pretation for experimental data. Nevertheless, ultimately, the atomi-
cally resolved electron microscopy imaging and convergent beam
electron diffraction would answer these polar and non-polar ques-
tions once the damage issue is overcome. Besides, the atomic struc-
ture of defects such as point defects,”® stacking faults,”® and
domain walls*' can be determined, and their roles on the optoelec-
tronic and electromechanical properties’®”” can be revealed by the
atomic arrangements combined with the theoretical analysis based
on the atomic-resolution images. Furthermore, many in situ TEM
studies on not only the thermal stability'’>'"" and degradation
process’*” but also the working principles under optical illumina-
tion'’> and possible ferroelectric domain switching'’>'* can be
performed with the microscopes.
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