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TOPICAL REVIEW — Stephen J. Pennycook: A research life in atomic-resolution STEM and EELS

Revealing the microstructures of metal halide perovskite thin films
via advanced transmission electron microscopy
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Metal halide perovskites (MHPs) are excellent semiconductors that have led to breakthroughs in applications in thin-
film solar cells, detectors, and light-emitting diodes due to their remarkable optoelectronic properties and defect tolerance.
However, the performance and stability of MHP-based devices are significantly influenced by their microstructures includ-
ing the formation of defects, composition fluctuations, structural inhomogeneity, etc. Transmission electron microscopy
(TEM) is a powertful tool for direct observation of microstructure at the atomic-scale resolution and has been used to cor-
relate the microstructure and performance of MHP-based devices. In this review, we highlight the application of TEM
techniques in revealing the microstructures of MHP thin films at the atomic scale. The results provide critical understand-
ing of the performance of MHP devices and guide the design of strategies for improving the performance and stability of

MHP devices.

Keywords: perovskite, defect, inhomogeneity, transmission electron microscopy

PACS: 68.35.Dv, 68.37.Lp, 68.37.Ma, 68.37.0g

1. Introduction

Metal halide perovskites (MHPs) have emerged as
promising materials for various optoelectronic applications,
including photovoltaics,!'! light-emitting diodes,*°! and
photodetectors, ") owing to their remarkable optoelectronic
properties and simple synthesized process. The performance
and stability of MHP devices critically depend on the structure
of MHP thin films, including composition fluctuation,!'%!!]
defects,'?] grain boundaries,!'*!* phase segregation,!!>!6]
etc., which introduce unique microstructural inhomogeneity
that breaks the uniform atomic distribution. Such microstruc-
tural inhomogeneity needs to be carefully studied in terms of
the origins of formation and how it influences the electronic
and optoelectronic properties of MHPs. Revealing the mi-
crostructural inhomogeneity of MHP thin films and correlat-
ing them with the performance of MHP devices provide crit-
ical information for developing strategies to further improve
the performance and stability of MHP devices.!!7-20]

Transmission electron microscopy (TEM) and scanning
transmission electron microscopy (STEM) have emerged as
indispensable tools in materials science, providing unparal-
leled insights into the microstructure of thin films at the
nanoscale, which is crucial for elucidating the electronic prop-
erties of the studied materials.[>!=2*] TEM has been exten-
sively used to reveal the microstructures of MHP thin films.
Despite the growing interest in perovskite-based technologies,
no comprehensive review focused on the application of TEM
in studying the microstructure of perovskite thin films. Thus,
this review aims to fill this gap by providing a comprehensive
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overview of the advancements in utilizing TEM for the char-
acterization of the microstructure of MHP thin films.

Here, we summarize the utilization of TEM and STEM
imaging for direct observation of microstructural inhomogene-
ity of MHP thin films. The observation allowed the under-
standing of the formation of defects, both in intragrain regions
and at the surface/interface regions, phase inhomogeneity, and
degradation. The defects could be either intrinsic or originated
from structural degradation.

2. Transmission electron microscopy — basic and
extended methods and applications in MHPs

MHP materials exhibit greater heterogeneity and pos-
sess a more intricate and imperfect structure when compared
to conventional photovoltaic materials like silicon and cad-
mium telluride (CdTe). They often incorporate nanoparticles
and exhibit various defects or nanoscale structuring, all of
which significantly influence their physical properties and de-
vice performance. Given their complexity, TEM techniques
are well-matched for investigating these materials, offering di-
verse imaging modes and analytical capabilities. In this sec-
tion, we summarize the basic methods of transmission electron
microscopy used in previous researches for direct acquisition
of lattice- and atomic-resolved information in MHPs, as shown
in Table 1. Such advanced TEM techniques have enabled di-
rect and precise observations of microstructural inhomogene-
ity of MHPs at lattice and atomic levels, which are discussed
in the following sections.
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Table 1. Summary of basic and extended applications of TEM and STEM techniques along with corresponding halide perovskite specimens as

reported in previous researches.

TEM technique

Perovskite (specimen morphology)

Brief description of application

SAED MAPDI; (microplate, (241 hanonet!(23]) Selected area electron diffraction, SAED
patterns can be employed to determine crys-
tal orientation, lattice constants, or examine
its defects.

HRTEM MAPbDI; (particle),m] MAPbBr3 High-resolution transmission electron mi-

(nanocrystal), [27] MAPb(Iy ¢Bro4)3
(film),?8)  CsPbBr3 (nanosheet),*’!
(2T),Pbly (single crystal), 1301
(2T)2PbBry (single crystal)3%!

croscopy, an imaging mode of the TEM en-
abling visualization of the atomic-scale crys-
tallographic structure of a sample.

CTF-corrected HRTEM

MAPbBr3 (nanocrystal)mJ

Correction for contrast transfer function is
essential to extract high-resolution details
from TEM images affected by imperfect
imaging conditions, thereby enabling the
creation of an accurate representation of the
specimen at high resolution.

In situ TEM MAPDI; (film)[3!] In situ transmission electron microscopy of-
fers real-time observations of material be-
havior as it responds to various external stim-
uli like temperature changes, alterations in
gas environment, applied stress, and electric
or magnetic fields.

Cryo-TEM MAPDI; (particle, nanowire),?6-3%! Transmission electron cryomicroscopy is

MAPDBr3 (nanowire)!3?! subtype of transmission electron microscopy
that involves studying samples at cryogenic
temperatures.

HAADF-STEM CsPbBr3 (nanocrystal, nanowire), [33-34] High-angle annular dark-field imaging, a

CsPblz (nanocrystal, nanorod), 13334 technique in STEM, is utilized to pin-

(RNH3)2(A)n—1BnX3n+1 point regions containing elements with high

(nanosheet)! 3! atomic numbers (Z) within a matrix of mate-
rials possessing lower Z, particularly in het-
erogeneous materials, owing to its signifi-
cant reliance on atomic number Z.

LAADF-STEM FAPbI; (film)!1?! Low-angle annular dark-field STEM serves
as a substitute for HAADF-STEM when ex-
amining specimens composed solely of light
elements.

iDPC-STEM CsPbl3 (nanocrystal, quantum  Integrated differential phase contrast STEM

dot) 133301 enhances the ability to detect light elements
amidst heavy elements within a single im-
age, allowing for the imaging of both light
and heavy atoms in a thin sample.

STEM-EDX K" -doped Energy-dispersive x-ray spectroscopy in

Cs.05(FA(.8sMA.15)0.905sPb(Ip.85Bro.15)3  STEM is commonly employed for analyzing
(film),37! MAPbI; (film) 38! composition and mapping elements within
samples.

EELS MAPbI; (film, quantum dot)[3%:40! Electron energy loss spectroscopy in STEM

can be utilized for both spectroscopic chem-
ical mapping and atomic-resolution elemen-
tal mapping.

Despite being a powerful tool for studying the structural
properties of MHPs at the nanoscale, challenges still remain
when it comes to using TEM effectively. A primary challenge
is the beam damage, which refers to the structural changes
induced by the high-energy electron beam used in TEM imag-
ing. Beam damage can result in distortions in MHP structures,
changes in chemical composition and phase transformations,
compromising the accuracy and reliability of the obtained re-
sults. To mitigate the beam damage of MHPs when utilizing
TEM, one can reduce the electron dose which limits the total
electron dose received by the sample. Lower beam energies
and shorter exposure time also help to minimize beam damage

while maintaining sufficient imaging resolution.

3. Intragrain defects and surface/interface de-
fects induced microstructural inhomogeneity

Generally speaking, inhomogeneity in MHPs can be
roughly categorized as defect-related and defect-irrelated. In
this section, we focus on discussing the direct observation
of defect-related homogeneity in MHPs at the atomic level
via the transmission electron microscopy, including intragrain
point defects, line defects and planar defects, and nanoscale
observation of defects on the surface and interfaces of per-
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ovskites, as discussed accordingly below.

3.1. Intragrain line defects

Edge dislocations are the mostly observed line defects
in MHPs and they exist in both three-dimensional and two-
dimensional perovskites. Edge dislocations are present in
FAPbI; perovskite, which are classified as climb-dissociated
because the dislocations exhibit dissociation along the direc-
tion perpendicular to their glide planes. And a region of Pbl,
that forms planar fault joining the dislocation was also clearly
observed.!'? Microstructures of CsPbBr3 films prepared by
one-step sintering (OSS) and two-step sintering (TSS) meth-
ods were also unveiled by TEM and HRTEM. [*!] Tnverse FFT
analysis along the [111] direction showed large amounts of
edge dislocations in the OSS film, while there was no dislo-
cation observed in the TSS at 300 °C film. The observation
indicated that the TSS process improved crystallinity and re-
duced edge dislocations for cubic CsPbBr3 crystals, which led
to lower density of line defects and thus enhanced the effi-
ciency of CsPbBr3 optoelectronic devices.

Similar threading dislocations were observed in remote
epitaxial CsPbBr3 perovskite via HRTEM.*?! Figure 1(b)
shows inverse FFT analysis of its inset with zone axes [112],
indicating the existence of threading dislocations in remote
epitaxial CsPbBr3; samples, which are formed likely due to the
large grain coalescence stage. The inset is FFT from HRTEM
image of remote epitaxial CsPbBr3/Gr/NaCl (CsPbBr; flakes
grown on monolayer graphene buffered NaCI(001) substrate,
Fig. 1(a)). High density of edge dislocations in a local re-
gion results in the formation of fringes in perovskites.*3] The
TEM imagery, accompanied by SAED patterns of poly(triaryl
amine) (PTAA)-based reveals a substantial density of fringes,
indicative of an elevated defect density along the [100] zone
axis. HRTEM analysis further elucidates that these fringes are
constituted by a significant concentration of edge dislocations.
This assertion is confirmed by the distinct evidence provided
through the application of FFT and its inverse, utilizing the

[011] spatial frequencies.

a

Fig. 1. (a) HRTEM images for remote epitaxial CsPbBr3/Gr/NaCl. (b) In-
verse FFT of the inset. The inset is FFT from (a) with additional white
spots. Dislocations are indicated by the red “T”. (c) HRTEM images
showing step edges in a nanoplatelet with an accumulated electron dose
of ~7.88 e-:A~2. Panels (a) and (b) are reproduced with permission from
Ref. [42]. Panel (c) is reproduced with permission from Ref. [45].

Despite the negative influence of edge dislocation on
charge transport and internal structural stability of MHPs,
it helps relax the strain accumulating on the interface and

thus stabilizes the interfacial connection of heterostruc-
ture. The atomic-scale misfit dislocation of two-dimensional
(2T),PbBr4/(2T),Pbly perovskite heterostructure was directly
observed by the Fourier filtered AC-HRTEM method.3%:44]
The edge dislocations on the interface occur periodically every
~15 nm. Such interfacial mismatch enables the crystal struc-
tures to return from the mismatched regions at the interface to
the original region in the bulk.

Apart from the atomic-scale line defects in MHPs, larger
scale step edges that appear across the length of more than
100 nm were discovered by the HRTEM images.!*! Cryo-
HRTEM images demonstrate obvious large-scale step edges
in a single-phase MAPbI3; nanoplatelet, and the FFT analy-
sis indicates the tetragonal phase (Fig. 1(c)). It was observed
from the magnified view of the step edges that these regions
maintain perfect tetragonal phase.

3.2. Intragrain planar defects

Twinning domain is among common planar defects ob-

[46-521 Intragrain twin do-

served at atomic level in MHPs.
main was examined in FAq sCsgsPbls perovskite as shown
in Fig. 2(a).*"1 The FFT pattern derived from the STEM-
HAADF image, captured at the twin boundary region, is char-
acterized by two intertwined arrays of distinct patterns, which
correspond to an orthorhombic lattice configuration. This
analysis showed the intricate atomic configurations of the twin
boundary as well as the adjacent MHP lattices. It was observed
that the lattice structures flanking the twin boundary exhibited
a high degree of symmetry, aligning with the atomic structure
model of a [100],-projected orthorhombic MHP. This finding
was in strong concordance with the outcomes derived from the
FFT analysis. Intrinsic twin domains were also observed in
MAPbI; perovskite.!5!! A bright-field TEM image of a room
temperature MAPDI; thin film is shown in Fig. 2(b), which ex-
hibits strip contrast that consists of parallel bands of alternate
dark and bright strip. Further SAED patterns (Fig. 2(c)) for in-
dividual MAPDI3 grain show split spots that are related to the
twin domains. The SAED pattern consists of two overlapping
diffraction patterns of tetragonal MAPbI; phase with a mir-
rored reflection relationship, which indicates twin domains.
Common diffraction spots from both sides of domains are co-
incident along the twin axis, while the other diffraction spots
from the two domains separate slightly, which is characteristic
of twinning.

Another common planar fault observed at atomic scale
in MHPs is stacking faults.[1%:26:4647.52-54] Hioh density of
(002)r stacking faults were discovered in MAPbI3 particle
via lattice-resolution TEM image and HRTEM image.[?%! It
is noted that the type of stacking fault in MAPbI3 crystal is
related to additional MAI layers along (002)t surface, which
is similar to the inorganic halide perovskite where the domi-
nated type of stacking fault is AX—AX along (001)¢ direction
with additional AX layers. The stability of stacking faults in
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MAPDI; against beam exposure indicates the intrinsic char-
acteristic of such type of planar defect. Similarly, in another
research, high density of stacking faults and twins were found
in MAPbI; grains with negative Cs corrected (NCs-) HRTEM,
as shown in Fig. 2(e).[*]

Ruddlesden—Popper (RP) planar faults are a lattice mis-
match along the interface between two identical structures
on both sides in the same way as the formation of RP per-
ovskite structure.5>3! A typical RP planar fault was found in
CsPbBr3 crystal, where two CsBr layers with rock-salt stack-
ing were sandwiched between two CsPbBr; domains.>> The
atomic resolution HAADF image of the RP planar fault is
shown in Fig. 2(d), which demonstrates rock-salt stacking of
CsBr bilayers.
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Fig. 2. (a) Atomic-scale Bragg filtered STEM-HAADF image reveal-
ing atomic-scale details of the twin boundary in FA( sCs sPbls grains.
(b) Bright-field TEM image of the pristine CH3NH3Pblj3 thin film at room
temperature, displaying stripe contrast within some grains (examples cir-
cled in blue). (c) Near [110];-oriented diffraction pattern captured from
a grain with stripe contrast, illustrating two single-crystal patterns with
a mirrored relationship. (d) HAADF-STEM image of the detection area
encompassing both the matrix (top-left) and nanodomain (bottom-right)
regions. (e) A supercell arrangement and simulated HRTEM images be-
low showing the progressive evolution of three stacking faults from left
to right, leading to the formation of twins. Panel (a) is reproduced with
permission from Ref. [49]. Panels (b) and (c) are reproduced with per-
mission from Ref. [51]. Panel (d) is reproduced with permission from
Ref. [55]. Panel (e) is reproduced with permission from Ref. [39].

3.3. Intragrain point defects

As point defects and their effect on charge transport
and charge-defect interaction have drawn much research at-
tention, the exact nature of these defects was revealed by
Butterworth-filtered atomic-resolution low-angle annular dark
field (LAADF) STEM.!'?] The presence of aligned vacancy
defects on the I/Pb lattice sites in FAPbI3 crystal can be seen.
In addition, doping sites originating from external elemental
replacement can also be identified by combining the HAADF-
STEM and EDS mapping image techniques.>’! The location
of Yb** doping in CsPbCl3:Yb?* perovskite nanocrystals was
clearly identified, and its successful substitution for Pb%t lat-
tice sites was further validated by STEM-EDS mapping.

3.4. Surface/interface defects

Surface and interface regions are prone to the formation
and retention of defects and traps.!33-6%1 A virtual bright-field
image obtained by PEEM measurements with low-dose scan-
ning electron diffraction (SED) microscopy of a region of
(Csp.05sFA0.7sMAg.17)Pb(Io.83Brp.17)3 perovskite thin film was
reported by Doherty et al.!%'! The STEM-EDX map of the
bulk parent perovskite region that does not contain trap cluster
shows uniform halide distribution. In comparison, an inho-
mogeneous grain with I aggregation is shown in the STEM-
EDX map. The interface of this grain with adjacent pristine
perovskite grain exhibits nanoscale trap cluster, and this grain
cannot be indexed to a typical cubic perovskite phase by the
diffraction pattern.

Surface traps are also common on the surface of per-
ovskite quantum dots (QDs) and can be observed as black
spots in the TEM measurements.®*] ZnX, treatment facilitates
the removal of black spots on the surface of CsPbX3 (X = Cl,
Br, I) QDs, which is illustrated by the comparison of TEM
images of CsPbX3 QDs before and after ZnX; treatment. The
disappearance of these black spots enhances the stability of
CsPbX3 QDs.

Computational simulation techniques, including struc-
tural modeling and density functional theory (DFT) calcu-
lations, offer deep insights into the mechanisms linking mi-
crostructural features with device performance that are related
to electronic structures, defect formation energies and charge
transport properties. Zhao et al. applied DFT calculations to
investigate the defect level via density of states (DOS) of FA
and Br vacancies on the FAPbBr3; crystal surface with FABr
termination, where a Br vacancy on the surface induces a
donor gap state while an FA vacancy on the surface induces
an acceptor gap state.[3] Such surface defects act as trap sites
for charge carriers, leading to non-radiative recombination and
reduced device performance. Different surface/interface en-
gineering strategies have been widely developed and adopted
to boost MHP-based device performance.[®3-%1 Ammonium
bromide was introduced as a functional group to pas-
sivate the FA vacancies, uncoordinated lead and Pb-Pb
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dimers deep traps on FAPbBr3 surface, which enabled near-
unity charge collection efficiency in gamma-ray spectrum
devices.[%3] Chen et al. incorporated potassium citrate (PC)
into the poly(3,4-ethylenedioxythiophene):poly(styrene sul-
fonate) (PEDOT:PSS) hole-transport layer to passivate halide
defects, prevent Sn>* oxidation and suppress defect formation,
which enabled efficient low-bandgap Sn—Pb perovskite solar
cells and all-perovskite tandem solar cells.[®
emphasize the significance of surface/interface engineering in

1 These results

developing efficient and stable MHP photodetectors and solar
cells. Li et al. found by DFT calculations that the molecular
additive 1,3-bis(diphenylphosphino)propane (DPPP) is more
energetically favorable to bind two adjacent perovskite slabs
than to bind the same perovskite slab. (] Likewise, the binding
energy for the DPPP to bind both perovskite and NiO, slabs
is larger than to bind the same NiO, slab. The results indi-
cate that DPPP is able to bind, bridge, and stabilize perovskite
GBs and the perovskite/NiO, interface, which provides charge
transport channel for charge extraction, minimizes recombina-
tion loss and thus facilitates device efficiency.

4. Multidimensional, grain and phase segrega-
tion induced microstructural inhomogeneity

Not all structural inhomogeneities in MHPs are associ-
ated with defect formations. Some are introduced intention-
ally to boost the optoelectrical performance of MHP-based
devices, such as multidimensional perovskite solar cells and
molecular additives between grain boundaries, while the oth-
ers occur intrinsically, such as phase segregation. The obser-
vation of this non defect-related inhomogeneity in MHPs is
demonstrated and discussed in this section, with TEM images
playing a critical role.

4.1. Multidimensional distribution

Massive reports about multidimensional perovskite solar
cells including 2D-3D, 1D-3D and 1D-2D-3D solar cells uti-
lized TEM and HRTEM measurements to demonstrate the lat-
tice alignment of these heterostructures.!®”7"1 As Fig. 3(a)
shows, fingerprint inter-planar spacing of 3.2 A was ob-
served in HRTEM images, characteristic of 3D perovskite. %]
The inter-planar spacings of 6.7 A and 7.1 A were ob-
served in nearby regions, corresponding to (080) (n = 3) and
(0120) (n = 5) for 2D (NpMA)2(MAo.15FA0.85)n—1Pbulz41
perovskite, respectively. This result confirmed the successful
integration of 2D perovskite into 3D perovskite from the lat-
tice scale towards multidimensional regulation of perovskite
solar cells for enhanced longevity.

The 1D perovskites were also widely used for multi-
dimensional regulation of perovskite solar cells.!”>7% Fig-
ure 3(b) shows the microstructure of the 1D-3D perovskite
heterostructure, which was obtained by HRTEM measure-
ments. The junction region of hybrid 1D-3D, comprising 1D

FAI-PbIz-PZPY and 3D CS()_04MA0416FA()_8PbI().85Br0.15 per-
ovskites, was clearly exhibited. The characteristic inter-planar
spacing of 3.17 A for the (200) plane of 3D perovskite and
4.87 A for the (002) plane of 1D perovskite were determined,
which confirmed the coexistence of 1D and 3D perovskites
and the formation of heterostructure.

Target-1

Fig. 3. (a) HRTEM images and FFT analysis of perovskite films incorpo-
rating NpMALI into the Pbl, precursor solution, generating 2D-3D hybrid
perovskite film. (b) HRTEM image of a 1D-3D perovskite heterostruc-
ture. (¢) HRTEM image of a 1D-2D-3D hybrid perovskite film. Panel (a)
is reproduced with permission from Ref. [69]. Panel (b) is reproduced
with permission from Ref. [75]. Panel (c) is reproduced with permission
from Ref. [77].

Simultaneous integration of both 1D and 2D perovskites
into 3D perovskite was also reported.!””l HRTEM characteri-
zation was performed to explore the lattice matching in hybrid
1D-2D-3D perovskite heterostructures as shown in Fig. 3(c).
In the control 3D CsPbl;Br perovskite, the spacing between
planes was measured 3.0 A for the (200) plane and 6.0 A
for the (100) plane, aligning with values derived from XRD
analysis. Furthermore, two additional types of lattice fringes
were observed: one with an interplane distance of 8.9 A cor-
responding to the (013) plane of 1D-Tpy,Pbsl¢ and the other
with 13.0 A corresponding to the (001) plane of 2D-TpyPbs1¢
perovskites. These observations were consistent with XRD
findings.

4.2. Grain boundary modulation

Grain boundary passivation enabled by molecular ad-
ditives was widely explored in the past few years.[!378-90]
TEM characterization was utilized to examine the intri-
cate nanoscale configurations of P123-functionalized MAPbI3
OIHP thin films.%¢) Figures 4(a)-4(f) present a lower-
magnification bright-field TEM image, illustrating the mi-
crostructure of the MAPbI3-0.5P thin film. Notably, the
crystalline MAPDI3 grains or grain clusters and the P123-
functionalized grain boundary (GB) walls are distinguished
due to the bright contrast. HRTEM images of the MAPbI3-
0P, MAPbI3-0.5P, MAPbI3-1.0P, and MAPbI3-10P thin films
are depicted respectively. The P123-free MAPbI3-OP thin
film exhibits complete crystallinity without evident amor-
phous regions at GBs. In contrast, the P123-functionalized
thin films conspicuously reveal the presence of P123-derived
The thick-
ness of these walls increases with a higher concentration of

amorphous walls between the MAPbI3 grains.

P123. Similarly, another work using CPPA (fullerene deriva-
tive 4-(1',5'-dihydro-1'-methyl-2'H-[5,6] fullereno-C60-Ih-
[1,9-c]pyrrol-2’-yl) phenylphosphonic acid) as grain bound-
ary modulator to consolidate the perovskite crystal structure
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to enhance the tolerance against illumination, heat, and mois-
ture, was reported.[””) More functionalized molecular addi-
tives were incorporated into perovskite films to facilitate facet
orientation tailoring,’8! enhance device stability, 808285871
improve charge transfer across grain boundaries3!-%4! and mit-
igate grain boundary issues. %3]

To enhance the stability of FA-based perovskite films,
a novel strategy involving the encapsulation of each per-
ovskite grain with nanoscale-thin layers of amorphous silica
was proposed.®] Characterization via TEM was conducted
to unveil the microstructure within the FAPI-silica film. Fig-
ure 4(g) presents a bright-field TEM image of the FAPI-silica
film. By analyzing the image contrast, distinct regions of per-
ovskite grains (dark-contrast) and silica-based grain bound-

f
5

edge

530 5!

MAPbI3-1.0P

MAPbI,

Energy (eV)

MAPbI5-0.5P |

aries (light-contrast) were easily discerned. For a more de-
tailed view, a higher magnification TEM image is provided in
Fig. 4(h), offering clearer visualization of the amorphous silica
and crystalline perovskite grains. The thickness of the amor-
phous silica layer was approximately 6 nm.

Perovskite grains with polycrystalline characteristics
widely exist in perovskite solar cells.!!38%91 Figure 4(i) de-
picts a cross-sectional HRTEM image of the MAPbI3 capping
layer within the mesoscopic-planar hybrid sample, revealing
sizable MAPDI; perovskite grains.!'3] The abrupt change in
the orientation of lattice fringes serves as indicators for es-
timating the locations of grain boundaries (represented by
dashed lines). The measured lattice-fringe spacings corre-
spond to the (002) and (022) planes of the MAPbI; perovskite.

Fig. 4. (a) Low-magnification TEM image depicting the MAPbI3-0.5P thin film. (b)-(e) HRTEM images of thin films: (b) MAPbI3-0OP,
(c) MAPbI3-0.5P, (d) MAPbI3-1.0P, and (e) MAPbI3-10P, with yellow lines delineating grain boundary regions. (f) EELS spectrum (O K-edge,
indicated by arrows) obtained from the P123 region. (g) Bright-field TEM image showcasing the FAPI-TEOS film comprising silica-encapsulated
perovskite grains, with one typical amorphous silica layer marked (light contrast). (h) SAED pattern of the center of a typical silica-encapsulated
grain, illustrating its single-crystalline nature. (i) Cross-sectional HRTEM micrographs showing the MAPbI3-capping layer in the mesoscopic-
planar hybrid. Panels (a)-(f) are reproduced with permission from Ref. [86]. Panels (g) and (h) are reproduced with permission from Ref. [88].

Panel (i) is reproduced with permission from Ref. [13].

4.3. Phase segregation

Phase segregation limits the homogeneous distribution of
band gap energies and electronic properties within perovskite
grains.['115:16911 For MHPs, phase inhomogeneity within a
grain originating from phase segregation can be generated
by inhomogeneous distribution of crystal structure,®>%3 A-
site cation distribution, ' molecular orientation?”! and halide
composition.!'!l Figure 5(a) shows the AC-TEM image of
CsPbBr3 perovskite. In this image, the detailed atomic struc-
tures in the lower region (marked as II) and upper region
(marked as I) are different.?! The contrast becomes partic-
ularly apparent when examining the Fourier transforms of re-

gions I and II, as depicted in Figs. 5(b) and 5(c), respectively.
Figures 5(d) and 5(e) offer simulations of the electron diffrac-
tion patterns for cubic and orthorhombic CsPbBr3; in a [001]
zone axis orientation. By comparing the experimental data
with the simulations, a mixed structure scenario, region I crys-
tallized in the cubic structure, whereas region II adopted the
orthorhombic structure, is observed. The corresponding mag-
nified images of regions I and II with atomic structures over-
laid are shown in Figs. 5(f) and 5(g).

Inhomogeneous phase distribution caused by out-of-
plane A-site cation segregation results in efficiency deficit in

[10

perovskite solar cells.['”) The potential influence of out-of-

plane cation inhomogeneity on the perovskite lattice structure
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can be observed through investigation into induced structural
variations. The out-of-plane A-site compositional heterogene-
ity was visualized by examining lattice diversity across vari-
ous perovskite phases. Cross-sectional TEM images were ac-
quired to examine three distinct regions within the perovskite
films: surface, bulk, and bottom. These regions were chosen
to assess the interplanar spacing of the lattice (d), which serves
as a direct indicator of phase heterogeneity. Comparison of the
values of dyq0y indicates vertical gradients in the cation dis-
tributions. In the reference film, the three measured interpla-

nar spacing values were found to be dgyface = 3.20 A, dpuic =
3.15 A, and dpoom = 3.11 A (Fig. 5(h)). In contrast, for
the PSP-treated film, negligible variation of dyface = 3.13 A,
dpuie = 3.13 A, and dpoom = 3.13 A was found (Fig. 5(i)).
Accumulation of relatively smaller Cs atoms at the bottom of
the reference film generates Cs-rich region therein and thus
induces lattice mismatch and contraction, which brings about

lattice strain.[®*

1 Oppositely, the PSP treatment improves the
alignment of the lattice in the out-of-plane direction and alle-

viates lattice stress by suppressing phase segregation.

Fig. 5. (a) An experimental AC-HRTEM image featuring two designated regions, labeled as I and II. (b)—(c) Experimental Fourier transforms
obtained from regions I (b) and II (c). (d)—(e) Simulated electron diffraction patterns for cubic (d) and orthorhombic (e) CsPbBr3 structures. (f)—
(g) Magnified images extracted from regions I (f) and II (g), with overlaid cubic and orthorhombic structure models, respectively. (h)—(i) HAADF
TEM images of the reference CSFAMA perovskite device (h) and the PSP-treated CSFAMA perovskite device (i). (j)—(k) HRTEM micrograph
displaying the initial structure of CsPb(Brg glp2)3 and the same structure after 4 minutes of irradiation. (1) Diffraction pattern covering the entire
area of panel (j). (m)—(n) Bromide-rich phase CsPbBr3 extracted from inner and iodine-rich phase CsPb(Br( ¢lo.4)3 from outer regions of interest
of the particle, indicated with green and violet squares, respectively. (0)—(q) Diffraction patterns obtained via the algorithm corresponding to the
FFTs shown in panels (1), (m), and (n). Panels (a)—(g) are reproduced with permission from Ref. [92]. Panels (h) and (i) are reproduced with
permission from Ref. [10]. Panels (j)—(q) are reproduced with permission from Ref. [11].

In inorganic mixed halide perovskites, phase segregation
can also occur due to the inhomogeneous distribution of halide
composition when exposed to irradiation.!'"] Using TEM im-
ages of both the whole and local regions of interest in the ini-

tial CsPb(Brg.glp.2)3 perovskite, along with the corresponding

FFT analysis (Figs. 5(j)-5(n)) and diffraction patterns gener-
ated by the algorithm aligned with the FFTs (Figs. 5(0)-5(q)),
the initial structure was identified as CsPb(Brg glp»)3. Follow-
ing 4 minutes of electron-beam exposure, the phase within the

center of the nanoparticle transitioned to CsPbBr3, while the
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phase observed near the boundary of the nanoparticle closely
matched CsPb(Brgglp4)3. These findings offer an atomistic
depiction of phase segregation within grains, with iodide-rich
phases occurring at grain boundaries and bromide-rich phases
prevailing within the grain interior.

5. Degradation by electron beam, bias, heat and
ambient factors induced microstructural in-
homogeneity

Apart from intrinsic defects in the intragrain regions and
surface/interface regions, and extrinsically introduced phase
inhomogeneity in MHP thin films, structural inhomogeneity
can also be induced by structural degradation/evolution. The
degradation factors include electron beam exposure, bias, tem-
perature (heat) and ambient conditions, which are discussed
accordingly in this section.

5.1. Electron beam induced degradation

With an adequate irradiation dosage, degradation of
FAPbI; exposed to electron beam can be observed.!!'?] Lower-
magnification LAADF image of the pristine grain boundary
could be observed after being scanned by a single electron
beam accumulating a total dose of approximately 66 e/AZ.
Subsequent scans were also documented. By the third scan
(around 200 e/A?), apparent changes in contrast within the
perovskite structure were evident. After nine scans (about
600 e/A?), the perovskite structure was entirely depleted, giv-
ing way to a crystal structure characterized by uniform column
intensities. With further extensive exposure (approximately
1333 e/Az), this phase underwent slight modification, resem-
bling closely the 2H-hexagonal Pbl, phase.

Accumulation of electron dose can also cause large scale
cracks on perovskite thin films.[%! Bright field TEM showed
that the contrast of individual MAPbI3 grain was changed with
weak electron exposure (Figs. 6(a) and 6(b)). After 1 minute
of mild electron beam exposure, the disappearance of twin do-
mains led to a more consistent contrast within MAPbI3 grains.
Moreover, cracks emerged initially at grain boundaries and
subsequently propagated across the film with continued expo-
sure to weak electron beams (Figs. 6(c)-6(h)), aligning with
a reduction in unit cell volume as suggested by the decreased
lattice spacing.

The  structural and  microstructural  evolution
of  triplication  double-halide = perovskite  material
Csg.0sMAg.10FA.85sPb(Ig.g5Brg.15)3 was reported. The ob-
servation by HAADF-STEM revealed the formation of Pbl,
nanoparticles at the perovskite-substrate interface and at grain
boundaries (Figs. 6(i)-6(k)).[°® Sustained electron beam ir-
radiation induced irreversible damage, leading to the forma-
tion of Pbl, nanoparticles and the desorption and evaporation
of I, likely through the reduction of Pbl, to metallic Pb.
Evolution of CsPbBr; nanocuboids was also evidenced by

HAADF-STEM images by increasing the electron dose at
—60 °C from 1.8 x 103 e /A% t0 7.2 x 10* e=/A2.°7) Another
research about the electron beam-induced structural evolu-
tion of FAPbI; showed that the superstructure with ordered
I and FA vacancies along (110). direction was formed as
evidenced by diffraction patterns.®®! More electron beam
induced formation of defects and structural transformations

were reported. [12:99-103]

o

Fig. 6. Bright-field TEM images of a CH3NH3Pblz thin film after
(a) brief, low-dose electron exposure and (b) 1 minute of exposure with a
dose rate of ~ 2 ¢-A~2.s7!. Lower magnification images of the same
sample exposed for (c) 2 minutes, (d) 3 minutes, (¢) 4 minutes, (f)
5 minutes, (g) 6 minutes, and (h) 8 minutes using the same dose rate
of ~2 ¢-A=2.s7!. (i) Freshly prepared perovskite films. (j)—(k) Initial
appearance and propagation of Pbl, particles. Yellow arrows indicate the
path of Pbl, formation propagation. Panels (a)—(h) are reproduced with
permission from Ref. [95]. Panels (i)—(k) are reproduced with permission
from Ref. [96].

5.2. Bias induced degradation

Applying bias to the MHPs is another origin of struc-
tural decomposition. 401941951 Sequential HRTEM images of
FAPbI; perovskite under 1 V electrical bias for 5 min are

).11%4 The lattice fringes of perovskite crys-

shown in Fig. 7(a
tals observed at O seconds gradually faded away and were
entirely absent after 300 seconds of continuous 1 V forward
bias. The real-time fading of these specific lattice fringes un-

der electrical bias suggested the amorphization of perovskite
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nanocrystals. However, the lattice fringes in the red boxes re-
mained crystalline characteristics after being treated with bias.
The d-spacing of the lattice fringes in the red boxes was con-
sistent with the (001) plane of Pbl, (6.96 A), which suggested
that only the FAPbI; phase underwent amorphization with bias
treatment. Similar structural decomposition under bias can be
observed in MAPbI;. %]

0 TR 2T
1V (0s) 1V (1805s)

Lattice fringes are disappearing over time

2min 15 sec (70°C)f === 3min 45sec (100°C) § e 4min 45sec (120°C)

6min 15sec (150°C) | == Smin 30sec (135°C)fl == Smin 15sec (130°C)

Fig. 7. (a) Series of HRTEM images depicting perovskite materials under
a 1 V electrical bias. The initial lattice fringes of perovskite are high-
lighted in yellow boxes, while those of lead iodide are highlighted in the
red box. (b) HRTEM images and FFTs depict the intricate stages of ther-
mal degradation ranging from 25 °C to 170 °C. The first panel shows
an HRTEM image and its corresponding FFT of the MAPbI; layer, re-
vealing various crystallographic orientations at 25 °C. The second and
third panels display HRTEM images and FFTs captured from an in situ
HRTEM video, elucidating the intermediate processes in detail. The
fourth panel showcases an HRTEM image, revealing black dots along-
side its FFT, which encompasses both spot diffraction and broad ring pat-
terns observed at 170 °C. Panel (a) is reproduced with permission from
Ref. [104]. Panel (b) is reproduced with permission from Ref. [111].

5.3. Heat induced degradation

Heat-induced degradation is another common factor
that brings about inhomogeneity in MHPs, 101-106-1091 Crogg-
sectional views of evolution of MAPbI3 devices fabricated in
vacuum, glovebox, air and single step with increased temper-

atures obtained by the STEM-HAADF images demonstrated

no observable change in the perovskite layer, even with heat-
ing up to 150 °C.I"101 For sample C that was fabricated in air,
obvious change in the perovskite layer was observed after the
sample being heated to 150 °C. The bright regions close to
interface with titanic scaffold underwent formation of holes,
which was assumed to be due to the usage of warm air flow in
the process of drying Pbl, layer that introduced low amount
of O, and H;O. Further increasing the temperature led to the
degradation of perovskite layers and the formation of Pbl, at
the interface with FTO layers with further migration and co-
alesce in samples A, B and D, which was not observed in
sample C because of different degradation dynamics between
them. As the temperature continued to rise until 250 °C, the
perovskite component of all samples vanished within minutes.

Another research showed similar degradation of the
MAPDI; perovskite. Some black dots appear in the MAPbI3
layer as the temperature rises from 25 °C to 170 °C, as shown
in Fig. 7(b).['"" Such black dots indicate the structural evolu-
tion and the formation of defects in MAPbI3 layer. FFT analy-
sis exhibits both spot diffraction pattern and broad ring pattern
which corresponds to structural amorphization.

5.4. Ambient factors induced degradation

Environmental factors besides heat, such as water and
light, were studied regarding their influence on perovskite
degradation.[197-112-116] The chemical transformation from
MAPbDI; to MAPbI3-H,O was elucidated through in situ TEM
experiments showing live observations of perovskite solar
cells under humidity (Fig. 8(a)). (1] Figure 8(b) depicts a pre-
cise and dynamic evaluation of the reaction mechanisms con-
cerning Pbl, formation at the nanoscale. Pbl, formation pro-
ceeded through the nanoscale dissolution of MAPbI3-H,O fol-
lowed by the recrystallization of larger Pbl, particles with a
preference for elongation in one direction, resulting in the for-
mation of elongated Pbl, particles.

' -\ B
"a'viz‘fi&;

Fig. 8. (a) In situ TEM utilizing liquid cell Poseidon protochips
showcasing the transformation of MAPbI3; into MAPbI3-H,O and Pbl,.
(b) Higher magnification displaying the dissolution of MAPbI3-H,O and
its recrystallization into Pbl,. Panels (a) and (b) are reproduced with per-
mission from Ref. [112].

Light can also induce structural evolution and de-
composition of perovskites. SER measurements of
CSO_05FA(),78MA0_17Pb(Io,g3B1‘0,17)3 thin films before and af-
ter one hour of illumination revealed that in FA-rich per-
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ovskite region, even trace amounts of nanoscale phase im-
purities, such as hexagonal polytype and lead iodide inclu-
sions, serve not only as traps for photoexcited carriers but also
as sites where the photochemical degradation of the absorber

141" Another research using on-chip light-

layer is initiated.|
incorporated in situ transmission electron microscopy (LI?ST)
approach also demonstrated decomposition of polycrystalline
MHP film under continuous light illumination, which initiated
and spread within the intragrain regions instead of at the grain

boundaries.[!13!

6. Conclusion

In conclusion, the application of TEM and STEM in the
study of MHPs offers invaluable insights into the factors influ-
encing device performance. The microstructural inhomogene-
ity in MHPs plays a crucial role in affecting the efficiency and
stability of MHP-based devices. This inhomogeneity mani-
fests through various structural deviations, encompassing de-
fects such as intragrain line defects, planar defects, point de-
fects, and surface/interface defects. Additionally, structural
variations in MHPs, not necessarily attributable to defect for-
mation, further complicate device performance through multi-
dimensional regulation, grain boundary modulation, and phase
segregation in MHP solar cells. TEM and STEM techniques
excel in unraveling the atom-scale complexity of these hetero-
geneous regions, providing essential information for designing
strategies to mitigate their adverse effects. However, deeper
understanding of defects at surface and interface of MHP de-
vices by TEM techniques still needs to be revealed in terms
of types and distributions of defects at grain boundaries, inter-
faces, and within the bulk of MHP materials, while identify-
ing these defects with high-resolution imaging and low beam-
induced damage remains challenging. In addition, being able
to capture phase transitions and dynamic processes such as ion
migration in MHPs under different environmental conditions
is beneficial for investigating the stability issue, which requires
advanced in situ TEM techniques capable of high-speed imag-
ing. Being able to obtain such detailed and transient informa-
tion about the MHP microstructures is beneficial for targeted
modulations to enhance the efficiency and stability of MHP-
based technologies.
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