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Context & Scale

The recent rise of halide

perovskites (HPs) has

revolutionized solar cells and

(opto)electronic device research.

Numerous studies have implied

that structural and compositional

characteristics of HPs at various

length scales govern the device

performance, but much remains

poorly understood. In this

context, transmission electron

microscopy (TEM) has emerged as
Transmission electron microscopy (TEM)-based techniques are uniquely suited

for site-specific structural and analytical characterization of halide perovskites

(HPs) at atomic, nanometer, and micrometer length scales. TEM-based studies

hold the key to understanding the nature and functionality of these fascinating

materials that are at the heart of emerging solar cells and (opto)electronic

devices. While TEM-based techniques have made several groundbreaking dis-

coveries that have resulted in astonishing advancements in the field of materials

science in general over the past decades, their application to HPs has been rela-

tively sparse. Here, we provide a perspective on TEM-based studies of HPs that

have been conducted so far and project a vision for how these powerful charac-

terization techniques can be brought to bear on research problems in the field of

HPs. An outlook discussing important challenges and opportunities that lay

ahead is also presented.
a powerful characterization tool to

accelerate our fundamental

understanding of HP materials

and devices, with the potential of

having a significant impact on the

development of HP-based solar

cells and (opto)electronic devices.

This perspective discusses the

important unsolved materials-

science problems surrounding

HPs and the few available

examples of TEM studies of HP

materials and devices in the

literature. It also highlights the

urgency of application of TEM-

based techniques for tackling

these unsolved issues. Further

research in this direction is crucial

for advancing the science in the

increasingly important HP

materials and devices field.
Introduction

The field of thin-film photovoltaics (PVs) research is experiencing a revolution of sorts

with the introduction of the new family of semiconductingmaterials—halide perovskites

(HPs)—as light absorbers. The first use of HPs in solar cells was reported by Miyasaka

and co-workers in 2009,1 which has been followed by vast research activities, focusing

on improving thin-film formation, materials’ stability, and device architectures for more

efficient and stable large-area perovskite solar cells (PSCs).2–6 The current record for

power conversion efficiency (PCE) of single-junction PSCs has now reached 23.7%,7

rivalling that of commercial high-end silicon solar cells. Importantly, PSCs have the

potential to be low-cost and hold great promise for their future commercialization.8,9

As shown in Figure 1, HPs have the general chemical formula ABX3, where typically A

is methylammonium (MA+), formamidinium (FA+), or Cs+; B is Pb2+ or Sn2+; and X is

I�, Br�, or Cl�. These are the most widely studied HPs for PSCs mainly because of their

narrow bandgaps and favorable charge-transport properties. However, the HP family is

muchbroader, and it also includes a number of perovskites with reduced dimensionality

(2D, 1D, and 0D) or mixed dimensionality, which have proven to be superior to 3D HPs

in some aspects of material properties, such as chemical stability.10–13 In addition, HPs

can have different chemical formulas, including the well-known Ruddlesden-Popper

(RP) phases, such as A2BX4, ABX4, A3BX9, etc.
10–13 Besides the wide tunability in chem-

ical composition, all HPs can also be processed relatively easily into nanocrystals (or

quantum-dots), powders, polycrystalline thin films, and large single crystals. The

nano- and micro-structural features of HPs, such as crystal defects, grain boundaries,

surfaces, interfaces, and crystallographic orientations (texture), are highly tailorable as

HPs are amenable to vast arrays of solution-, vapor-, and gas-based chemical process-

ing. Therefore, HPs are a unique, yet versatile, material system that can be tuned and

tailored. So far, the basic understanding of HP materials themselves is still limited,

andmany claimed conclusions regarding the relationships between structure and phys-

ical and chemical properties and device performance remain controversial. This is due
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Figure 1. Schematic Representation of the ABX3 HP Crystal Structure
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to the fact that HPs have not yet been adequately characterized at the atomic to nano-

meter to micron length scales—the domain of TEM-based characterization, which can

provide direct and deterministic insights into HP materials and devices.

Basis of TEM-Based Structural and Analytical Characterization

TEM-based characterization techniques are well established and widely used; the

reader is referred to the literature cited in this section and textbooks that describe

TEM basics in great detail.14–16 Briefly, TEM relies on interactions between an ener-

getic electron beam and a thin electron-transparent TEM specimen of thematerial of

interest for its characterization. Thus, the contrast that forms the TEM image de-

pends on the specific interactions between the electron beam and the specimen.

Beyond conventional imaging of atomic resolution images, TEM offers a variety of

additional imaging techniques, such as negative spherical aberration (Cs) imaging

conditions17,18 and exit-wave reconstruction,19–22 which enable the contrast in a

high-resolution TEM (HRTEM) micrograph to be interpreted in a relatively straight-

forwardmanner. Imaging, as well as atomic resolution imaging, can also be achieved

in scanning mode (STEM), where multiple detectors such as bright field (BF), annular

dark field (ADF), and high-angle annular dark field (HAADF) are used to generate the

images. The resolution of an atomic resolution image, in either TEM or STEMmodes,

can be extended with the use of spherical (Cs) and chromatic (Cc) aberration

correctors.23,24

Electron diffraction patterns (EDPs) can also be generated from areas of interest in

the specimen, which are used to extract crystallographic information. However,

EDPs suffer from several limitations such as 2D imprecise crystallographic data

due to the relaxation of Bragg conditions in thin films. Whenever an EDP does not

contain sufficient information, convergent-beam electron diffraction (CBED) may

be used, which enables precise crystallographic analysis of a specimen.14,25

Site-specific chemical composition information can be acquired in the TEM using

energy dispersive spectroscopy (EDS) and electron energy loss spectroscopy

(EELS), where the latter also allows one to glean information about a variety of sam-

ple-related aspects, such as thickness, chemical surrounding, bonding, etc.15,26 New

EDS detectors now allow high-efficiency collection of compositional data at the

atomistic scale.27
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In addition to the development of improved microscope components (correctors,

detectors, etc.), new specimen holders now offer the possibility of performing in

situ experiments with minimized drift and high stability, while achieving atomic res-

olution.28–30 These holders allow imaging and collection of structural and chemical

data of processes as a function of time, with the ability to heat, apply voltage, and

use environments other than vacuum (liquid or gas). In specially built, dedicated

environmental TEMs, instead of using special holders, the space around the spec-

imen is designed to have variable pressure and is isolated from the rest of the

high-vacuum column.31

While this vast array of TEM-based techniques has been successfully used to charac-

terize a wide range of materials, beam-sensitive materials, such as HPs, cannot with-

stand the required currents and durations used for the acquisition of TEM data. The

main beam-damage mechanisms involve heating (phonons), knock-on damage

(displacement of atoms and defect formation), and radiolysis (degradation by inelas-

tic scattering and breaking of chemical bonds).14,32 Several approaches can be used

to overcome beam damage in beam-sensitive materials. Methods involving the illu-

mination system include lowering the accelerating voltage and/or using low electron

dosages. While beam damage depends on the accelerating voltage, the depen-

dencies of some of the mechanisms can be countervailing. For example, lowering

the accelerating voltage usually decreases knock-on damage, but it increases

radiolysis. Also, low accelerating voltage results in poor resolution and shorter

penetration depth. Thus, the accelerating voltage should be optimized for a given

material, 33 but it does not provide a complete solution for highly beam-sensitive

materials. Regardless of the selection of acceleration voltage, the use of low-dose

is required when characterizing beam-sensitive materials such as HPs. The main

drawback of low-dose imaging is the decrease in the signal-to-noise ratio, resulting

in blurred images andmissing structural information. In order to overcome this issue,

stacks of short-exposure images are acquired and then aligned to eliminate drift

between sequential images, forming a single final image. Also, direct detection

cameras with improved detective quantum efficiency offer improved ability to sepa-

rate signal from noise using lower dosages.34,35 In addition to the acquisition of

single images, exit-wave reconstruction has been successfully performed based

on a focal series acquired from beam-sensitive materials.36

TEM Studies of Halide Perovskites

Atomistic and Molecular Structure

HPs are broadly divided into two categories: organic-inorganic hybrid HPs and

all-inorganic HPs, depending on whether the A-site in the perovskite crystal structure

is occupied by an organic-molecular cation or an elemental cation, respectively. In

hybrid HPs, while the crystal structure is formed by interconnected [BX6]
4� octahedra

extended in an ordered manner, there is local disorder within the [BX6]
4� framework.

This is because the A-site organic cations are usually non-symmetric and tend to

rotate with certain degrees of freedom at room temperature and above.37 This phe-

nomenon is unprecedented, and it has been rarely seen in other material systems.

For the most-studied hybrid HP, CH3NH3PbI3 (MAPbI3), it has been shown that the

polar MA+ ion reorients between the faces, corners, or edges of the [PbI6]
4� octa-

hedra with a residence time of �14 ps at room temperature.38 It has also been

shown, based on the dielectric response of this material, that such rotational dy-

namics of MA+ is slowed down at lower temperatures. The dynamics and polarization

of MA+ ions can also be affected by light, which could have an important effect on the

physical properties and device performance of MAPbI3 HPs.
39 This presents a signif-

icant challenge for direct imaging of organic cations in the TEM.
Joule 3, 1–21, March 20, 2019 3
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As mentioned earlier, one of the main challenges in imaging HPs using TEM is beam

damage. For example, Dang et al.40 studied transformations occurring in nanocrys-

tals of CsPbBr3 induced by the electron beam (200 keV) at temperatures below

�40�C. In that study, it is shown that the electron beam causes decomposition, re-

sulting in several phases, including CsBr, CsPb, and PbBr2, and also desorption of

Br from CsBr and PbBr2. To minimize beam damage, several approaches are used.

For example, Zhang et al.41 studied MAPbBr3 utilizing low electron doses and a

one-step procedure of alignment to zone axis. Their method uses the arcs that

form in EDPs when the studied material deviates from the zone axis. By identifying

the arc (using the position of the reflections) in a single EDP, the angle of deviation

from zone axis is calculated (from the radius of the arc), such that the tilt angles in the

tilt directions available in the microscope are determined. After tilting to the calcu-

lated angles, a second EDP is acquired to confirm alignment to zone axis. Using this

method, they successfully oriented specimens to zone axis when the initial orienta-

tion was close to a zone axis (<5� deviation). After alignment to the zone axis, they

used stacks of short-exposure images acquired using a low dose, which were then

corrected for drift between successive images. The latter was accomplished using

an ‘‘amplitude filter,’’ which enabled drift determination by ‘‘phase’’ variation anal-

ysis of the strong amplitude pixels in the Fourier transform (by integrating the trans-

forms of all frames in the stack). It is suggested that this method is reliable for drift

correction as a result of the minimization of the impact of noise.41 This is required

due to the poor signal-to-noise ratio in single micrographs, which is inherent to

low-dose acquisition, affecting the accuracy of phase determination. Calculations

of the drift were performed using an iterative cross-correlations-based algorithm

applied to the filtered images, before the images were summed.41 Using this

approach, they observed that the MAPbBr3 crystals contained ordered nanoscale

domains with off-centered MA+ cations that had differing orientations (see

Figure 2A).41 In Figure 2A, the MA+ cations exhibit configurations that are normal

(region I in Figure 2A) and parallel (region II in Figure 2A) relative to the projection

direction, forming in-plane and out-of-plane electric dipoles, respectively. In Figures

2B and 2C, the structural models and the corresponding simulated projected

potential maps are shown. This first observation of the local variations in the MA+

orientation provides some evidence for the heavily discussed ferroelectricity and/or

polarization in hybrid HPs in the literature.42–44

While the composition of all-inorganic HPs is not as complex as that of hybrid HPs,

their crystal framework is much ‘‘softer’’ compared with conventional oxide perov-

skites. Thus, there is a high possibility for local vibrations in structures, leading to

changes in symmetry and structures within the crystals. Yu et al.45 employed HRTEM,

in addition to low-dose in-line holography (where Yu et al.45 acquired a focal series in

one projection),46,47 to visualize the pristine structure of CsPbBr3 perovskite.
45 The

CsPbBr3 HP sample was prepared via a catalyst-free solution-phase method, and it

exhibited an atomically thin 2D nanosheet morphology. Using focal series, Yu et al.45

showed that there are two distinct phases of CsPbBr3 (cubic and orthorhombic)

HP within the nanosheets. This was confirmed using a single HRTEM micrograph ac-

quired using a negative Cs value (Figure 2D). In Figure 2D, the two regions that are

consistent with cubic and orthorhombic CsPbBr3 phases are labeled as I and II,

respectively. The difference between the cubic and orthorhombic structures was

more evident in the Fourier transforms, which are in agreement with the simulated

EDPs (Figures 2E and 2F, respectively). Figures 2G and 2H show enlarged images

from regions I and II, respectively, overlaid with the atomic models. It is claimed

that the tilting of the [PbBr6]
4� octahedra in the orthorhombic CsPbBr3 structure is

observable using HRTEM (Figure 2H).45 It should be noted that Kim et al.48,49
4 Joule 3, 1–21, March 20, 2019



Figure 2. Atomic-Resolution TEM Images of HPs

(A) The squares highlight two ordered domains with off-centered MA+ cations in MAPbBr3 that

have different orientations.

(B and C) Structural models (left) and the simulated projected potential maps (right) of MAPbBr3
with MA+ orientations (B) normal and (C) parallel relative to the projection direction corresponding

to regions 1 and 2 in (A), respectively.

(A–C) Adapted from Zhang et al.41 with permission, the American Association for the Advancement

of Science.

(D) HRTEM image acquired using a negative Cs value of CsPbBr3 showing coexistence of cubic

(region I) and orthorhombic (region II) structures within a nanosheet.

(E and F) Experimental Fourier transforms and the corresponding simulated EDPs of cubic (E) and

orthorhombic (F) CsPbBr3, respectively.

(G and H) Enlarged images of regions I and II overlaid with the cubic (G) and orthorhombic

(H) CsPbBr3 structure models, respectively.

(D–H) Adapted from Yu et al.45 with permission, the American Chemical Society.
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have also observed the coexistence of several phases in HPs, where they suggested

the presence of the cubic and tetragonal phases in MAPbI3, whereas in an earlier

study, Dar et al.50 reported the observation of tetragonal phase in MAPbI3. Reis

et al.51 have used CBED to determine the space group and to estimate the octahe-

dral rotations of CsPbBr3 using low-dose to extract 4D STEM datasets, where the

tetragonal phase was detected at cryogenic temperature.

RP HP phases, with the chemical formula An+1BnX3n+1, where A and B are cations

and X is a halogen (sometimes represented as Aʹ2An�1BnX3n+1, where Aʹ is a second
Joule 3, 1–21, March 20, 2019 5



Figure 3. Coexistence of Different Phases in an HP

(A) Schematic representation of the crystal structures of the cubic CsPbBr3 perovskite phase and one of the corresponding RP phases, Csn+1PbnBr3n+1,

for which n = 2, in addition to the corresponding projections along the [001] zone axis (bottom).

(B) HAADF STEM image showing the coexistence of RP and perovskite phases of CsPbBr3 HP.

(C) Comparison between experimental and simulated images. The left column is the enlarged images from different areas marked in (B), and the right

column is the corresponding simulated images. Adapted from Yu et al.53 with permission, the American Chemical Society.
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A-site cation) have attracted attention for their use in PSCs and light emitting diodes

(LEDs), owing to their chemical stability and bulk quantum effects compared to other

HPs.52 However, hybrid or all-inorganic RP HPs have rarely been characterized at the

nanoscale. Thus, the mechanisms underlying the high-performance and high stabil-

ity in RP HP-based devices are poorly understood. In contrast, previous TEM studies

on RP phases of oxide perovskites have been very successful. The main STEM study

involving RP HPs is by Yu et al.,53 where in CsPbBr3 nanosheets (which were found to

be cubic or orthorhombic, as discussed above), they observed deviation from the ex-

pected STEM contrast of the CsPbBr3 phase. While for CsPbBr3 in the [001] zone

axis, the contrast of Pb-Br and Cs columns of atoms varied due to the Z-contrast in

HAADF STEM images (heavier Pb-Br columns showed the highest brightness, and

the lighter Cs columns showed weaker brightness), and it was found that there

were areas in which both columns of atoms appeared as high-bright contrast. This

agrees with the RP structure of CsPbBr3, which can be described as Csn+1PbnBr3n+1.

The structure of these phases includes an in-plane shift between two adjacent

CsPbBr3 units, resulting in the formation of mixed Cs-Pb-Br columns of atoms in

the [001] zone axis, which appear in bright contrast in HAADF STEM, deviating

from the contrast of CsPbBr3. In Figure 3A, the schematic illustrations of the 3D struc-

ture models, as well as the [001] projections of both the cubic CsPbBr3 HP phase and

the RP HP phase (for n = 2), are shown. Yu et al.53 found that the perovskite and the

RP phases coexist in single nanosheets (Figure 3B). Figure 3C shows enlarged

HAADF STEM images from the regions labeled perovskite I and II, and RP in Fig-

ure 3B, and their corresponding simulated images (performed using the multislice

method14,54,55). It is claimed that the difference between the regions labeled perov-

skite I and II was the termination of the surface.53

It should be taken into account that structural and compositional changes are ex-

pected to occur during TEM characterization of HPs due to the interaction with
6 Joule 3, 1–21, March 20, 2019
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the electron beam (beam damage). For example, several phase transitions were

demonstrated in the study by Rothmann et al.56 In that study it was shown that

even under certain low dose conditions the EDP of MAPbI3 changed as a function

of time and dose, where the tetragonal phase was initially detected. These changes

included the appearance of reflection forbidden for the tetragonal phase, variations

in the intensity of reflections, and a decrease in the d-spacing as a function of time.56

While this was demonstrated for MAPbI3,
56 phase transitions as a result of beam

damage are expected to occur in beam-sensitive materials in general (depending

on the dose). As such, beam damage might explain the presence of multiple phases

in the data reported in the literature. The possible coexistence of several phases may

also be affected by the material preparation method, and we envision that manipu-

lation of the phases by altering processing conditions may be a new way to improve

the charge transport and chemical stability of HPs.

Nano- and Micro-structures in Halide Perovskites

The influence of nano- andmicro-structures, such as grain size and grain boundaries,

on material properties and devices have been widely studied in the field of materials

science. While nano- and micro-structure can be addressed using characterization

techniques such as scanning electron microscopy (SEM) and atomic force micro-

scopy (AFM), TEM can contribute to in-depth characterization.

A key to understanding the nano- and micro-structure of materials is to reveal the

elemental distribution at the nanoscale, which is particularly important for HPs.

The best-performing HPs are usually not of the simple ABX3 composition, and typi-

cally contain multiple cations and/or anions, forming mixed-composition HPs. Such

mixed-composition HPs can be easily prepared using iso- and alio-valent doping or

alloying by controlling the precursor compositions or by post-deposition chemical

incorporation. For example, the state-of-the-art HPs that are used in high-efficiency

PSCs are in the system (Rb,Cs,MA,FA)Pb(I,Br)3. While the chemical formulas of these

HPs are usually adopted from the molar ratios of ions in the precursor solutions,

the exact phase compositions in such complex systems could vary from what is

expected, and most likely include several phases. For example, in Cs-,Rb-, and K-

incorporated hybrid organic-inorganic HPs, the polar organic cation and non-polar

inorganic cations are mixed, and second phases may appear at grain boundaries.

Such phases cannot be fully characterized using X-ray diffraction (XRD) or SEM tech-

niques due to the small amount of highly dispersed Cs, Rb, and K. In such cases, TEM

characterization is indispensable. For example, Xiao et al.57 have studied MAP-

b(I0.6Br0.4)3, Cs0.6MA0.4Pb(I0.6Br0.4)3, and BAI0.6Br0.4-Cs0.6MA0.4Pb(I0.6Br0.4)3 (where

BA is n-butylammonium, and BAI0.6Br0.4 acts as a capping layer used to prevent

halide migration). In that work, it was shown that the films are polycrystalline with

a grain size of few tens of nanometers. It is suggested that in Cs0.6MA0.4Pb(I0.6Br0.4)3
and BAI0.6Br0.4-Cs0.6MA0.4Pb(I0.6Br0.4)3 films, the composition is uniform after illumi-

nation, whereas in MAPb(I0.6Br0.4)3 the halides redistributed after illumination.57 In

another TEM study, Bekenstein et. al.58 investigated Cs2AgBiBr6 and Cs2AgBiCl6,

where it is suggested that Ag grains form during degradation of the films, based

on EDS maps as well as HAADF STEM and HRTEM imaging.

HP thin films used in PSCs and (opto)electronic devices are invariably polycrystalline,

and thus, grain boundaries are ubiquitous. While there is an ongoing debate about

the importance of the role of grain boundaries in HPs, it is becoming increasingly

clear that grain boundaries can serve as recombination sites, restrict photocarriers,

and serve as ‘‘highways’’ for the undesirable transport of ionic and molecular spe-

cies. Grain boundaries are characterized by five macroscopic degrees of freedom:
Joule 3, 1–21, March 20, 2019 7



Figure 4. Twinning in MAPbI3 HP

(A) TEM image of twin boundaries in a MAPbI3 thin film at room temperature. Scale bar is 500 nm.

(B) SAEDP showing twinning.

(C) Schematic representation showing the proposed twinning geometry in the ½110� oriented tetragonal MAPbI3 lattice. The original lattice without

twinning is depicted by thin dashed lines. Adapted from Rothmann et al.62 with permission, the Nature Publishing Group.
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three to describe the misorientation between the adjacent grains and two to

describe the boundary plane itself.59,60 TEM can be used to characterize these pa-

rameters. In this context, a special type of grain boundary is a twin boundary, where

there is a high-symmetry relation between the delimiting grains. Twin boundaries in

materials can form during growth, phase transition, or under mechanical stress. For

example, twin boundaries in CdTe have been characterized extensively and found to

play an important role on the PV performance.61 For hard materials such as CdTe,

twin boundaries may become observable by chemical etching,61 but for HPs, due

to their extreme sensitivity to chemical solvents and solutions, chemical etching is

not a feasible way for observing twin boundaries. Thus, TEM and electron back-scat-

tered diffraction (EBSD) are essential tools for revealing twinning in HPs. In this

context, Rothmann et al.62 studied twin boundaries in the MAPbI3 HP using TEM.

Based on low-dose TEM imaging and selected area EDPs (SAEDPs), they showed

the presence of twinning in tetragonal MAPbI3, where these boundaries appeared

in the form of parallel stripes within MAPbI3 grains, forming bands that were a few

hundred nanometers in width (Figure 4A). The SAEDPs of these twins showed slight

rotation of the diffraction spots of each grain, where the rotation was most pro-

nounced for high-index reflections (Figure 4B). The twin axis was found to pass

through (h h 2h) reflections and is marked in Figure 4B, resulting in amirror plane par-

allel to {112} planes of tetragonal MAPbI3. Figure 4C presents a schematic represen-

tation of the proposed twining geometry. The twin boundaries disappeared upon in

situ heating to 70�C and phase transformation to the cubic phase.62 Upon cooling,

the twins reappeared, thus indicating that their presence is inherent to the tetrag-

onal phase and that they form reversibly upon the cubic-to-tetragonal phase trans-

formation.62 The effect of such twins on HP properties and device performance is not

clear. However, a recent study has shown that special boundaries such as twins can

be very effective in restricting photocarriers.63 Thus, manipulating the characteristics

of twining (size, orientations, etc.) could be a viable approach for the attainment and

tailoring of new properties in HPs.

Grain boundaries can have different chemistries compared to the bulk grains due to

segregation and/or the formation of second phases (wetting or partially wetting)

along grain boundaries. In this context, TEM is uniquely suited to analyze site-

specific grain-boundary chemistry. In PSCs, grain-boundary chemistry is of vital

importance because it strongly affects carrier recombination and potential transport
8 Joule 3, 1–21, March 20, 2019



Figure 5. Chemical Functionalization of Grain Boundaries in MAPbI3 HP Thin Films

(A and B) TEM images of thin films where (A) 1 wt% and (B) 10 wt% triblock copolymer Pluronic P123

were added to the precursor solution. Adapted from Zong et al.64 with permission, Cell Press.
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of ionic andmolecular species, thus influencing the overall optoelectronic properties

and chemical stability of HPs. The grain-boundary chemistry of HPs can be depen-

dent on the HP bulk composition, the processing conditions, the structure of the

boundary, the kinetic state of the boundary, as well as on deliberate chemical mod-

ifications. Thus, understanding the grain-boundary chemistry is a prerequisite for

performing grain-boundary engineering for improved HPs and PSCs. In a recent

study,64 MAPbI3 HP grain boundaries were functionalized by triblock copolymer

(Pluronic P123) resulting in water-resistant HPs. Figure 5 presents phase boundaries

between amorphous wetting films of copolymer and MAPbI3 grains. It was assumed

that the copolymer interacted with HP grains via its hydrophilic tails, leaving its

hydrophobic core in the center of the copolymer wetting film thus, resulting in an

HP that is resistant to water from the environment.64 This strategy has significantly

improved the stability of the HP films, benefiting from grain-boundary engineering

supported by TEM characterization. Future TEM studies in this direction, such as

studying the nature of the bonding between HPs and copolymers, will provide useful

information for designing advanced polymer structures to tune the HP properties

through grain-boundary functionalization.

It is important to note that variations in the nano- and micro-structure of HPs is also

expected to occur due to beam damage upon TEM characterization (depending on

the dose), as it is also reported in the literature. As mentioned earlier, Rothmann

et al.56 have shown that structural and compositional changes occur in MAPbI3 as

a function of time and dose, due to the interaction of MAPbI3 with the electron

beam. In that study, it was also shown that the twin boundaries inherent to the

tetragonal phase (as shown in Rothmann et al.62) disappeared upon TEM character-

ization and structural and compositional changes, even under low dose conditions.

Finally, cracking of the films was noted upon several minutes of TEM characteriza-

tion, and it was corelated to the structural and compositional changes that were

reported.56 Thus, there is a crucial need to address alterations of the nano- and

micro-structure of the specimens due to beam damage.
HP Structures and Interfaces in Devices

The microstructure of HP thin films in PSC devices depends on the device architec-

ture, which is broadly divided into two types: planar and mesoscopic PSCs.65 In

planar devices, the HP thin films (300–400 nm thick) are sandwiched between a

flat anode and a cathode, while in mesoscopic devices, typically a mesoporous

(�20 nm pore size) TiO2 layer (200–500 nm) is incorporated on the anode side,
Joule 3, 1–21, March 20, 2019 9



Figure 6. Micro-structure of HP Devices

(A) Cross-sectional bright-field TEM image showing the morphology of HP in a planar PSC device.

SAEDPs were obtained from the areas marked by circles, confirming that areas marked as 1,4,5,6

were taken from one grain, 3 was taken from an adjacent grain and 2 from the boundary between

the two grains. Adapted with permission from Yang et al.66, the American Chemical Society.

(B) A zero-loss filtered image of the studied cell.

(C) False-color map of the TiO2 (in red) and perovskite-rich areas (in green) based on statistical

analysis of ESI series. (B)-(C) Adapted from Nanova et al.68 with permission, the American Chemical

Society.
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and the HP material is infiltrated into the mesopores.65 However, the highest per-

forming PSCs combine the two types where a dense HP ‘‘capping’’ layer is included

on top of a thinner mesoscopic layer. While planar PSCs are simple and easier to pro-

cess, the insertion of the mesoscopic layer consisting of an interpenetrating TiO2-HP

nanocomposite of optimized thickness has been found to improve charge-injection,

light absorption, film morphology, HP stability, and mechanical adhesion.

In planar PSCs, the HP thin film is typically polycrystalline, with an average grain size

ranging from tens of nanometers to a few microns. A large grain size is desirable,

with grains spanning the entire thickness of the film. Not surprisingly, the highest

PCEs obtained in planar PSCs have been with HP thin films of grain size well above

the film thickness, where there is a low density of only ‘‘vertical’’ grain boundaries.

Figure 6A presents such vertical grain boundaries in a study by Yang et al.66 The

orientation and increased size of the HP grains were confirmed using SAEDPs

from multiple areas in Figure 6A. As a result of the presence of other device layers

in contact with the HP layer, there can be interactions between those layers creating

complex interfaces. Yang et al.66 have characterized such interfaces using STEM and

EELS, and they have suggested that HP grain boundaries are infiltrated by the spiro-

OMeTAD hole-transporting layer (HTL) material. Such grain boundaries in devices

are claimed to be responsible for the near-100% internal quantum efficiency in their
10 Joule 3, 1–21, March 20, 2019
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PSCs. In another study, it has been claimed that in a planar PSCs with inverted-

architecture, the phenyl-C61-butyric acid methyl ester (PCBM) molecules from the

electron-transporting layer (ETL) material can infiltrate into HP grain boundaries

after solution processing, which can reduce the photocurrent hysteresis of the

devices, but that is yet to be confirmed using TEM.67

In mesoscopic PSCs, the complex nature of the nanostructure HP thin films makes it

more complicated to characterize them. This is particularly true for doped or alloyed

HPs with mixed-compositions. Variations in composition and nanostructure in de-

vices are expected, and analytical TEM is ideally suited for their characterization,

correlating them back to the performance of the HP devices. Nanova et al.68 re-

ported a comprehensive TEM study of mesoscopic PSCs. The HP layer in their study

was prepared using chlorine-containing recipe of MAI + PbCl2 (3:1 molar ratio) in

dimethylformamide (DMF), where cross-section TEM specimens of PSCs were pre-

pared using focused ion beam (FIB). Figure 6B shows a zero-loss filtered image of

the studied cell. Figure 6C is a false-color map of the phases in the system based

on statistical analysis of electron spectroscopy imaging (ESI) series from the area

indicated in Figure 6B showing two types of regions: HP-rich (in green) and TiO2-

rich (in red).68,69 In this approach, while overlap between the two phases is expected

(as the size of the areas containing each phase may be smaller than the thickness of

the specimen), the classification of materials was performed according to the highest

relative contribution of the two materials, and as a result, it does not represent pure

materials. The ESI map shows a highly interconnected TiO2 network with 10–80 nm

size mesopores that are fully and continuously infiltrated by HP. In another study,

Zhou et al.65 characterized HPs in mesoscopic TiO2 scaffold in plan and cross-

sectional views. In a plan-view specimen, the mesoporous TiO2 and HP layers

were successively deposited on a TEM grid. In that study, it was suggested that

nanoscale MAPbI3 HP grains are present within the TiO2 mesopores, and larger

MAPbI3 grains are present in the capping layer. The difference in the grain size of

MAPbI3 in the mesopores and capping layers may affect the properties of PSCs,

which awaits further investigation. As these TEM studies were conducted on relative

simple HP systems, future research of these systems (such as segregation at the

TiO2-HP interface) will assist in gaining control over the HP nanostructure and

composition distributions in mesoscopic PSC devices.

Finally, it should be taken into account that chemical, structural, and nano- and mi-

cro-structural changes occur upon TEM characterization due to the sensitivity of HPs

to the electron beam (see for example Zhang et al.41 and Rothmann et al.56) in addi-

tion to beam damage during FIB sample preparation. As such, there is a crucial need

to eliminate alterations resulting from beam damage, which so far are not always ad-

dressed in the literature. Beam damage becomes even more important when

dealing with interfaces due to their enhanced sensitivity (see Rothmann et al.56)

and the high doses usually required for ‘‘conventional’’ EELS and EDS acquisition

used for their compositional characterization.

In Situ TEM Studies

Crystallization and Grain Size

HP thin films in PSCs are typically deposited using solution processing involving

relatively low temperatures.70 In most cases, the precursor compounds are dissolved

in polar solvents, and the solution is spread thin using a variety of methods, with

spin-coating being the most popular. There are two main types of HPs crystallization

mechanisms from solutions. The first is direct nucleation and grain growth of HP crys-

tals from supersaturated precursor solutions. In this case, the HP nucleates by
Joule 3, 1–21, March 20, 2019 11



Figure 7. Crystallization of MAPbI3 HP from Solution

(A) Schematic representation of the precipitation process of MAPbI3 perovskite via solvent evaporation promoted by the electron beam.

(B) TEM images showing the aggregation and coalescence of MAPbI3 nanoparticles. Arrow A marks shrinking or disappearing nanoparticle, and circles

B1-B3 indicate the aggregation or coalescence of nanoparticles. Square C was used to follow the dynamic behavior of the nanoparticles indicating

Brownian-type motion.

(C) The number of nanoparticles as a function of time.

Adapted from Qi et al.72 with permission, the American Chemical Society.
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heterogeneous or homogenous nucleation, followed by growth of the stable nuclei

into larger grains, which eventually forms the thin film. The second mechanism,

which is more common for HPs, is the adduct-mediated crystallization.71 In this

case, the initially crystallized phase from the HP precursor solution is not HP, and

instead an intermediate solvated-perovskite complex—an adduct—forms, which

subsequently transforms to HP upon the removal of solvent molecules by moderate

heating. This is commonly observed because the polar solvents that are used for pre-

paring the HP precursor solutions coordinate strongly with HPs, especially Pb-based

HPs. Typically, the intermediate phase converts to phase-pure HP through several

steps, where the morphology of the intermediate phases may be preserved or trans-

formed based on the nature of the conversion reactions. While enormous amount of

research has been performed in this direction, it is primarily intuitive and heuristic in

nature, and the exact mechanisms of such processes are not yet fully understood.

Understanding the detailed crystallization and growth processes of HPs will provide

useful scientific guidance for exploring reliable deposition methods for HP thin films

and opportunities to make better-quality films. Since the processes involved in

the formation of HP thin films from solutions occur at the molecular and nanometers

length scales, in situ TEM techniques are uniquely suited for elucidating the detailed

mechanisms by which these processes take place.

In this context, Qin et al.72 have used an in situ liquid-cell for studying the crystal-

lization of MAPbI3 HP from its solution in DMF solvent. Figure 7A presents
12 Joule 3, 1–21, March 20, 2019
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schematic illustrations of the in situ TEM study for observing the precipitation of

MAPbI3 HPs from solution, where the supersaturation of the solution was

promoted by the electron beam.72 Figure 7B shows TEM images that capture the

change over time, indicating aggregation or coalescence of MAPbI3 precipitates.

This caused a decrease in the number of nanoparticles as a function of time as

shown in Figure 7C, where the motion of the nanoparticles was found to be Brow-

nian-like.72 In another in situ TEM study, Augiar et al.73 used a gas-cell to investi-

gate the evolution of FAPbI3 HP from an adduct during heating. Using STEM and

EELS, it was suggested that the Pb redistributed during HP crystallization as the

temperature was increased. Because of changes in the Pb EELS edge between

the Pb detected inside the grains and at the grain boundaries, it was suggested

that the bonding of Pb varies.73 It should be considered that, as discussed in the

previous section for ex situ characterization, beam damage during TEM character-

ization might alter the composition, structure, and nano- and micro-structure of

HPs. Thus, there is a need to eliminate and access variations in the characterized

samples that result from the characterization process itself due to beam damage,

which is so far lacking in the reported literature.

Thermal and Environmental Degradation of Halide Perovskites

HPs, especially hybrid HPs, are susceptible to chemical degradation upon thermal

heating and atmospheric (O2, H2O, solvent-vapor, etc.) exposure, where the HP mi-

crostructures play a significant role. Numerous studies have shown that HP single

crystals are thermally more stable compared to HP polycrystalline thin films,

implying that grain boundaries most likely provide pathways for degradation, result-

ing in low stability.74,75

Regarding thermal degradation, Kim et al.76 have performed an in situ TEM study

on MAPbI3 HP grains, indicating that the degradation product is PbI2. It is further

suggested that PbI2 crystallizes from amorphous regions of MPbI3 via a series of

intermediate states.76 This is in agreement with the work by Chen et al.,77 who stud-

ied the degradation of MAPbI3 under electron-beam irradiation and observed the

formation of hexagonal PbI2, where the decomposition process is suggested to

include the loss of iodine ions. Environmental degradation of HPs induced by

H2O and O2 in air is more complex and potentially involves chemical processes

including hydration, decomposition, phase transition, and oxidation, where the

exact mechanisms or pathways of HP degradation are highly dependent on the

HP composition. For example, in the in situ TEM experiments performed by Aguiar

et al.,78 where FAPbI3 HP in Ar containing 10 mbar of H2O was heated, formation of

voids at grain boundaries was observed, in addition to an increase in grain size at

elevated temperatures. In the absence of water vapor, under the same heating

conditions, no noticeable voids were observed.78 As such, the appearance of voids

was corelated to the presence of water pressure. To mimic ambient air, in situ TEM

experiments were conducted using FAPbI3 HP specimens in atmosphere containing

water vapor mixed with O2+N2.
78 In this case, larger grains were detected, in

addition to a smaller number of voids, compared to the case without the O2+N2.

These observations indicate that humidity during processing affects the

morphology of the FAPbI3.

Fan et al.79 have also studied thermal degradation of MAPbI3 HP using low dose in

situ TEM, suggesting that at 85�C, under vacuum or dry air, the films showed a

gradual evolution from tetragonal MAPbI3 to trigonal PbI2. Previously, moisture-

induced degradation of MAPbI3 is suggested to originate with hydration of water

molecules of HP crystals, forming MAPbI3,xH2O, which further decomposed to
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PbI2, MAI, and H2O.79,80 In addition, Wang et al.74 have claimed that H2Omolecules

ingress preferentially into the MAPbI3 HP thin film through grain boundaries.

Dang et al.81 have studied beam damage in the presence and absence of heating in

orthorhombic CsPbBr3. It is suggested that radiolysis was more pronounced than

knock-on damage as larger compositional changes induced by the beam were

detected at 80 keV rather than at 200 keV.81 These compositional changes included

a decrease in the amount of Br, which was detected, as well as the formation of Pb

nanoparticles (with face-centered cubic structure). In addition, it is suggested that no

significant temperature rise took place, as there was a lack of significant changes in

the size of Pb particles at different electron-beam irradiation conditions. Upon heat-

ing (from �20�C to room temperature) with and without irradiation, larger Pb nano-

particles formed. Pb particles were largest upon combined heating and irradiation.81

It should be taken into account that radiolysis is also claimed to be the main beam-

damage mechanism in CsPbI3.
82

Considering the metastability of HPs and many HP-related compounds (HP hy-

drates, etc.), many unexpected phenomena may occur during the degradation of

HPs, which could play an important role in the degradation of HP devices. Although

several of the HP degradation mechanisms are not yet clear, the past heuristic efforts

and achievements toward enhancing the thermal and atmospheric stability of HPs

have been notably outstanding. In addition, incorporation of Cs, Rb, K, and large

organic cations into HPs, forming mixed-composition HPs, has been found to

enhance the stability to a large extent.9,83,84 However, the stability of HPs is still

far from meeting the requirements for real-world applications, for which effective

compositional-engineering protocols need to be developed for HP stabilization.

It should be considered that beam damage during TEM characterization also leads

to degradation of HPs (see for example Zhang et al.41 and Rothmann et al.56). Thus,

in the case of thermal/environmental degradation of HPs, the need to address beam

damage alterations to the samples apart from degradation resulting from heat and

the environment is critical. While beam damage was partly addressed for ex situ

characterization of HPs in very few cases,56 beam damage characterization and its

minimization (or preferably elimination) during in situ experiments is also lacking.

Degradation of Halide Perovskite Devices

HP degradation in devices is a more complex problem than the degradation of

HP materials themselves, as it involves the interaction of HPs with species from

other layers in the devices. For a typical PSC with a transparent conducting oxide

(TCO)/TiO2 anode and a spiro-OMeTAD/Au cathode, the HP degradation may be

caused by diffusion of components of the spiro-OMeTAD layer into the HPs, Au

diffusion into HPs, or interfacial chemical reactions of HPs with other layers. For

example, using EELS and HAADF STEM, Yang et al.85 claim that Pb-rich particles

form in air-exposed samples of TCO/TiO2/MAPbI3/spiro-OMeTAD/Ag devices. Us-

ing in situ TEM (where the specimen was stored in the microscope with the beam

blanked, and HAADF STEM micrographs were acquired on a daily basis), it is

observed that minimal degradation occurs under vacuum after prolonged dura-

tions. However, upon heating to 50–60�C in a H2O- and O2-free environment

further degradation of HP layer was detected.

Divitini et al.86 have studied the thermally induced degradation in a PSC device us-

ing in situ TEM. Figure 8A shows elemental migration in PSC upon heating, where

the HP layer was found to degrade and small PbI2 particles formed, in addition to
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Figure 8. Thermal and Environmental Degradation of PSCs

(A) HAADF STEM images and EDS elemental maps of iodine and lead for a MAPbI3 PSC (prepared using a two-step method in 50% relative humidity air)

after heating at different temperatures. Same scale bar applies for all images.

(B) Variation of the STEM HAADF signal during the heating ramps for two different PSC samples averaged over the entire film for both the mesoporous

and capping layers (PSC-I: HP layer processed in dry N2; PSC-II: HP layer processed in 50% relative humidity air). Images were acquired at 50�C.
Same scale bar applies for both images. Adapted from Divitini et al.86 with permission, the Nature Publishing Group.
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the formation of holes, mainly in the HP layer next to the TiO2 scaffold. Figure 8A in-

dicates that diffusion of iodine into the spiro-OMeTAD layer started first at low tem-

peratures, and Pb diffusion was triggered only at higher temperatures. Divitini

et al.86 further plotted the profiles of the HAADF STEM signal of the devices (Fig-

ure 8B) to obtain a quantitative estimate of the device degradation along time.
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Two different PSCs, PSC-I (HP layer processed in dry N2) and PSC-II (HP layer pro-

cessed in air), were compared. As seen in Figure 8B, very little variations appear

before 150oC, followed by a fast decay. The intensity-decay appeared much slower

in themesoporous layers than in the capping layers, indicative of a higher stability for

the HP in mesopores. In addition, the signal decay in PSC-II was slower than that in

PSC-I, which is unexpected as PSC-II was processed in humid air. It is proposed that

small amounts of oxygen and water that were incorporated in the HP layer may have

retarded ion diffusion.86 While many new concepts of device design have been pro-

posed in order to overcome degradation issues in devices, TEM studies are helpful

for identifying device stabilization mechanisms that will lead to improved stability

and for providing guidelines for future device innovations. It should be noted that,

as discussed above, there is an urgent need to distinguish between degradation re-

sulting from beam damage during TEM characterization and degradation resulting

from the experimental conditions, which is so far lacking in the reported literature.

Ion Migration in Halide Perovskite Devices

Ion migration is an important phenomenon in HPs, which has attracted significant

attention in the field of PSCs and HP-based (opto)electronics. This is since Snaith

et al.87 proposed it as one possible reason for the anomalous photocurrent hysteresis

in PSCs. It has been later related to another important issue of PSCs—degradation,

as unintended loss of stoichiometry in HP absorber layers or harmful reaction of HPs

with other PSC layers (charge-transporting layers, electrodes, etc.) that can possibly

be caused by the migration of ions in HPs during the PSC operations.88–90 In addi-

tion, ion migration appears to be responsible for many other unique observations

that have been made in HPs. These include switchable photovoltaic effects,

‘‘abnormal’’ dielectric properties, and memristive switching. Thus, there is an urgent

need to have an in-depth understanding of the ion migration in HPs and/or PSCs,

based on which the inhibition and manipulation of such behavior for better PSCs,

as well as other HP-based (opto)electronic devices, can bemade possible. Ion migra-

tion has been studied using a variety of methods such as nanoscale-resolution

tunable pulsed infrared (IR) spectroscopy, photoluminescence (PL) spectroscopy,

and electrochemical methods.91 However, direct reliable evidence for ion migration

in HPs can only be provided by operando TEM studies.

Operando TEM has been successfully employed in revealing Li-ion conduction in

battery materials, but in HPs, there is only limited information available in the liter-

ature. In this context, Jeangros et al.92 prepared a TEM sample by depositing

TCO/PCBM(ETL)/MAPbI3/spiro-OMeTAD(HTL)/Au on a Si wafer, and then prepared

an FIB sample on a microelectromechanical chip for operando TEM experiment (left

panel of Figure 9A). In situ characterization was performed using low beam-currents

to reduce beam damage.92 Also, STEM characterization was performed with the

beam blanked between image acquisitions.92 The right panel of Figure 9A shows

a HAADF STEM image of the pristine device indicating that iodine has diffused

into the HTL, which was assumed to be the result of the deposition process rather

than the FIB sample preparation, as it was not dependent on the thickness of the

FIB lamella. It is claimed that FIB sample preparation, in addition to exposure to

air, has resulted in the degradation of MAPbI3 to PbI2.
92 Changes in device

morphology during the current density (J)-voltage (V) scan were recorded in situ in

STEMmode. As seen in Figure 9B, by applying +6 V on the HTL/Au side of the device

(J of 20 mA cm�2, which is close to the short circuit, JSC, of a typical PSC), nanopar-

ticles started to appear at the HP interface with the HTL, and they continued to form

upon prolonged biasing (arrows in Figure 9B).92 The HAADF intensity in the HTL re-

gion near the HP layer increased under biasing, suggesting ion migration of heavy
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Figure 9. Ion Migration in PSCs under Electrical Bias

(A) SEM image of a FIB-prepared TEM lamella connected to a biasing chip for in situ TEM electrical

measurements (left), and a HAADF STEM image in addition to the associated EDS map of the initial

microstructure (right). The arrow indicates I in the HTL.

(B) HAADF STEM images showing microstructural changes when biasing for 10 min at 6 V with

current density increasing from 60 to 200 mA cm�2, in addition to the corresponding HAADF

intensity profiles (right) which were integrated in the highlighted areas.

Adapted from Jeangros et al.92 with permission, the American Chemical Society.
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elements, as marked by the arrowhead in the intensity profiles in Figure 9B, where in

the sequence of images in Figure 9B the J through the cell increased from 60 to 200

mA cm�2.92 However, when the V was reversed to �6 V (J-V breakdown condition)

for 10 min, voids formed within the HP layer located at the interface with the

ETL.92 At the same time, I-rich layer in the HTL did not evolve under this sequence.

It should be taken into account that microstructural changes were also observed in

regions that were not previously irradiated by the electron beam during biasing,

confirming that biasing (rather than electron irradiation) is their source.92 In addition,

electron irradiation caused PbI2 nanoparticles formation upon current passing

through the sample to be less visible, most likely due to amorphization and redisper-

sion process.92 The type of nanoparticles was confirmed using EDS and HRTEM

imaging.92 Pb-rich areas were also found by EDS in the spiro-OMeTAD layer. In

addition, a lower I/Pb ratio was measured after biasing, indicating that some I (prob-

ably with some organic species) has volatized. Within the detection limit of the EDS,

the Au contact did not diffuse into the other layers.92 It is suggested that PbI2 parti-

cles may have appeared along lines in which current was flowing and triggered

degradation, whereas MAPbI3 remained in certain regions.92 EDS, in addition to

contrast changes in the HAADF STEM micrographs, confirmed that I- has migrated

into the positively charged HTL during electrical characterization.92 It is claimed

that this process is reversed when the polarity is reversed.92 Based on these
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observations, it is concluded that under forward-bias conditions, MAPbI3 degrada-

tion occurs preferentially at the interface with the HTL, which is triggered by the

migration of I� into the HTL and the volatilization of I� and organic species. This

study involving operando TEM on HP devices not only provides critical insights

into ion migration in MAPbI3 HP devices but also draws important conclusions for

future directions toward better devices. Parts of these results were confirmed by a

recent study by Jung et al.,93 who claim that oxygen ions migrate from the ETL to

MAPbI3 under forward biasing, which is associated with the structural changes in

the form of amorphization of MAPbI3 and PbI2 formation. It should be considered

that beam damage during TEM characterization (depending on the dose) and FIB

sample preparation is expected to affect the degradation of HPs and HP based de-

vices as was also discussed in the literature.41,56,92 Thus, there is a critical need to

eliminate beam damage or access it when it is not possible to eliminate it, as was

partly done in the reported literature.92

OUTLOOK

In closing, TEM-based techniques are a set of powerful characterization tools that

have not been widely applied to HP materials and devices, and they are expected

to play a significant role in revealing the structural characteristics of HPs in the future.

There is an urgent need to employ these tools to understand the nano-structures,

micro-structures, morphological/phase evolution under environmental conditions,

and ion-transport under electrical bias in HP materials and devices. The knowledge

gained from this research will go a long way in answering some of the key questions

in this field. These questions include, but are not limited to: What is the atomistic

origin of the high optoelectronic properties and high photovoltaic performance of

HPs? How do HPs crystallize from precursor phases? How do HPs degrade under at-

mospheric conditions? How can HPs be stabilized? What are the atomistic and mi-

cro-structural origins underlying the unconventional device phenomena (hysteresis,

etc.)? Clarification of all of these key questions using TEM-based characterization is

likely to contribute to the development of more effective protocols for achieving

more efficient and stable PSCs and (opto)electronic devices.
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Müller, C., Veith, L., Wacker, I., Agari, M.,
Hermes, W., Erk, P., Kowalsky, W., et al. (2014).
Unraveling the nanoscale morphologies of
mesoporous perovskite solar cells and their
correlation to device performance. Nano Lett.
14, 2735–2740.
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