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Advanced Characterization Techniques for Overcoming
Challenges of Perovskite Solar Cell Materials

Min-cheol Kim, So-Yeon Ham, Diyi Cheng, Thomas A. Wynn, Hyun Suk Jung,

and Ying Shirley Meng*

In the last 10 years, organic—inorganic hybrid perovskite solar cells have
achieved unprecedented advances, to the point where they now exhibit
extremely high efficiency. However, long-term stability and areal scalability
limitations impede the commercial application of perovskite materials,

and appropriate diagnosistic tools have become necessary to evaluate
perovskite materials. Characterization of perovskite materials is regularly
misinterpretated, due to unique intrinsic and extrinsic factors: degradation
from the measurement source, ion migration, phase transition, and separa-
tion. Herein, studies on perovskites are reviewed that have used advanced
characterization tools to overcome characterization challenges. Cryogenic
temperature assisted measurements mitigate degradation or phase transi-
tions induced by the measurement source. In situ measurements can track
the variation of perovskite materials depending on external stimuli. Spatial
material properties are able to be evaluated by the use of multidimensional
mapping techniques. An overview of these advanced characterization tools
that can overcome the challenges associated with established tools provides
the opportunity for further understanding perovskite materials and solving

drastically improved between 1st and
3rd generations, showing decreasing the
cost of manufacturing while maintaining
power efficiency.” More recently, high-
efficiency and low-cost hybrid organic—
inorganic halide perovskite materials have
emerged as the most promising light
absorber for the new generation of pho-
tovoltaics replacing commercially domi-
nant polycrystalline silicon materials.l-8
After demonstrating solid-state perovskite
solar cells (PSCs) in 2012, the volume of
research for PSC has massively increased.
Consequently, power conversion efficiency
of PSCs has rapidly developed, currently
exceeding 25%, surpassing Cu(In,Ga)Se,
(CIGS) and cadmium telluride (CdTe),
and approaching to single crystalline sil-
icon solar cells.'¥! Despite the promising
high power efficiency, PSCs are still far
from commercialization due to their low

the remaining challenges on the road to commercialization.

1. Introduction

Harnessing renewable energy is unquestionably the solution
to the world’s soaring energy demands and the current global
climate crisis. Solar energy is the most abundant renewable
resource available in the Earth,ll and is therefore extensively
studied by researchers across the globe. Photovoltaics have
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stability and less scalability.'"'? Together

with improving efficiency of PSCs,

researchers have been trying to enhance
the device stability and develop large-area compatible fabrica-
tion method.> In spite of these effort, the state-of-the-art
PSCs only retain performance for a few thousand hours under
accelerated testing conditions, equivalent to a year or less of
typical operation,> while 20 years of stability is required
as a minimum for commercialization. At the same time, PSC
modules are relatively low area (8006500 cm?) while only
exhibiting 16% of power conversion efficiency (PCE) while
commercialized silicon solar cells achieve over 22% of PCE
with large module sizes (>14 000 cm?).¥l To secure long-term
stability and scalability, accurate characterization of perovskite
materials is needed.

To understand root causes of the high efficiency, degrada-
tion mechanisms and low scalability of perovskite materials,
the absorbing layer and devices have been extensively char-
acterized."22 Characterization tools commonly utilized for
evaluating chemical, morphological, structural, optoelectronic
properties of perovskite are summarized in Figure 1, and their
resolution limit is summarized in Table 1. In the scope of
chemistry, the electronic band structure and chemical composi-
tion of perovskite material have been elucidated with various
spectroscopies and measurements using UV-visible spectro-
scopy (UV-vis), ultraviolet photoelectron spectroscopy (UPS),
Kelvin probe forced microscopy (KPFM), X-ray photoelectron

(10f 26) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Summary of characterization tools utilized in the perovskite solar cell research field.

spectroscopy (XPS), and X-ray fluorescence (XRF).2*?/l Mor-
phological and crystallographic characterization approaches,
including electron microscopies (EM), X-ray diffraction (XRD)
and atomic force microscopy (AFM), are also applied, especially
useful for characterizing fabrication method development and

Table 1. Summary of the spatial and other resolution limits for each
characterization tools used to evaluate the properties of perovskite
materials.

Measurement Spatial resolution limit Other resolution limit

Lateral Vertical (energy or temporal)
XPS 5umto 5 mm 2-10 nm Energy: 0.5-1eV
UPS 5umto 5 mm 2-3nm Energy: 0.01-0.02 eV
Raman Tum Few um to mm Energy: a few cm™
AFM 0.1-5 nm <0.03-0.1 nm N/AY
KPFM 10-50 nm <0.03-0.1 nm Energy: <10 mV
XRF 10-150 pm 10 um Energy: 3-150 eV
EDS Bulk Tum 0.02-1um Energy: 40 — 150 eV

Thin Tnm
IR 20 um to 5 mm 10 nmto afewum  Energy: a few cm™
SIMS 10 nm to 2 um 0.3-2 nm N/A
SEM 1-100 nm Afewnmtoa N/A
few um
TEM 0.2to5nm None N/A
XRD =10 um (microfocus) A few um Energy: 150 — 500 eV
PL 1-2 um 0.1-3 um Temporal: few ps — ns
TA 50 nm None Temporal: 500 fs
A few um

4INot applicable.
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validating the quality of perovskite thin films.?*3% Synchrotron
techniques such as extended X-ray absorption fine structure
(EXAFS) or X-ray absorption near edge structure (XANES) have
also been recently adopted to evaluate perovskite materials, pro-
viding deeper chemical, structural information than the result
from the conventional laboratory X-ray sources.’!l A. Sharenko
et al. reported the lead coordination of MAPDI; precursor as a
function of precursor solution chemistry (Pbl,, MAI, HI) from
the Pb L-III edge EXAFS and XANES measurements. Syn-
chrotron X-ray sources enable X-ray absorption measurement
since they have higher X-ray flux, broader spectral range, and
higher stability of beam irradiation. Neutron diffraction study
was also conducted for perovskite materials to investigate the
crystal structure.?? In the study of Yang et al., in situ neutron
diffraction measurement for MAPDbBr; as a function of tem-
perature revealed that transition of MA* cations to disordered
arrangement induced phase transition from orthorhombic to
tetragonal. Neutron diffraction is similar to X-ray diffraction but
since neutrons scattered from nuclei of the atoms while X-ray
scattered from electrons, neutron diffraction can discriminate
the ordering of organic cations in perovskite materials. Carrier
dynamics such as generation, transportation and recombina-
tion of charge carriers are probed and evaluated by characteri-
zation tools after fabrication as full photovoltaic devices.33
However, these conventional characterization methods are
mostly adopted from other fields such as dye sensitized and
thin film solar cells or conventional oxide and fluoride perov-
skites, and consequently have not been optimized for halide
perovskite materials research. Since organic—inorganic hybrid
perovskite materials contain organic cations and exhibit envi-
ronmental instability, charge accumulation and ionic migration
during device operation, these conventional methods cannot be
easily implemented for PSCs. Considering that X-ray, laser, and

(2 of 26) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Table 2. Characterization techniques and common artifacts reported.

Characterization Source Artifacts Ref.
XPS X-ray Advent of Pb(0) XPS peak [37]
XRD X-ray Crystal phase intensity decrease [60]
Transient Laser Transient reflection interference [189]
absorption
Raman Laser Pbl, and PbO generation from [190]
degradation
UV-vis Lamp Light scattering and red shift [191]
FIB lon beam Optical loss from degradation [192]
ToF-SIMS lon beam Degradation, implantation and [193,194]
bond breaking from the primary ion
SEM Electron Degradation of Pb?* into Pb%,  [35,36,195,196]
beam electron beam induced ion
migration, C-N bond breakage for
organic cation
EBIC Electron Electron beam induced current [35]
beam decrease as time
TEM Electron beam Degradation of Pb?* into Pb® [197]
% Electrical bias  Current voltage hysteresis and [40,198]

electric field induced degradation

electron beam sources may accelerate the degradation of perov-
skite materials by localized temperature increase, there can
be severe artifact generation during the characterization.’>-8l
PSCs also suffer from current-voltage hysteresis behavior or
phase separation problem due to ion migration and charge
accumulation while operation under light illumination.%#2
Some of the common artifacts reported during characterization
for perovskite materials are summarized in Table 2. Therefore,
conventional characterization methods require optimization to
be suitable for PSC research.

Herein we have reviewed some characterization challenges
for PSCs due to their unique intrinsic and extrinsic properties
such as fast degradation, phase transition, and ion migration.
More importantly, we showcase some of the recent advanced
characterization techniques developed for perovskite materials
which are modified from conventional characterization tools to
suppress ion mobility, minimize beam damage, track the varia-
tion of the devices, and map the spatial distribution of material
properties.

2. Characterization Challenges for PSCs

Advancing PSCs by achieving higher PCEs, changing perov-
skite absorber chemistry and transport materials for improved
stability, or developing lead-free perovskite materials, requires
the aid of appropriate characterization techniques. However,
most of the characterization tools as mentioned before for
current PSC research are adopted from alternate solar cell or
oxide-perovskite material fields. Characterization methods
established in other fields enable PSC materials to experi-
ence extremely rapid development, though without modifica-
tion, they may also lead to misinterpretation when applied to
PSC materials. Organic—inorganic halide perovskite materials

Adv. Energy Mater. 2020, 2001753
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have their own unique properties such as photoinduced deg-
radation, giant dielectric constants, phase transitions or sepa-
ration, and current-voltage hysteresis effects as described in
Figure 2.3 Organic cations and halide anions are observed
to migrate in perovskite materials that accelerates the degra-
dation, phase transition and induce polarization or hysteresis
effects.[*246#] These unique properties require modifications or
combination with other techniques to mitigate abnormal effects
observed in perovskite materials. In this section, we address the
challenges originated from the unique properties of perovskite
materials that cause difficulties for characterizing.

2.1. Perovskite Decomposition Due to Source Beam Damage

As we discussed above, organic—inorganic halide perovskite
materials have several unique properties that impede proper
interpretation of characterization results due to artifacts from
the measurements. Foremost, perovskite materials are vulner-
able to the contents of ambient air, including oxygen and mois-
ture, while under the light illumination. Perovskite materials
absorb water very easily,*¥ forming a perovskite hydrate com-
pound which is fairly reversible. Light exposure to perovskite
materials can break weak bonds within the perovskite, 38434
generating ion defect vacancies which enable ions and vacancies
to migrate. Perovskite materials have fragile crystal structure
susceptible to parasitic vacancies (defect sites), and degrada-
tion may be further accelerated by electric fields induced from
ion migration.!'"*:30 Moreover, photoillumination also converts
oxygen to highly reactive superoxide which reacts with perov-
skite materials, leading to the decomposition into lead iodide
(PbI,) or other byproducts.[*31

Perovskite materials are also prone to degradation by thermal
energies. Methylammonium lead iodide (CH3;NH;Pbl;), which
is the most common perovskite materials for solar applica-
tion, can decompose into various kind of by-products such as
1) methylamine (CH;NH,) gas and hydroiodic acid (HI)PZ 2)
methyl iodide (CH;I), and ammonia (NH3) gases.3! Formami-
dinium lead iodide (CH(NH,),Pbl;) which is known to have rel-
atively higher thermal stability also decomposes into hydrogen
cyanide (HCN), NH;, HI and PbI, at high temperature.>¥
All the degradation routes and byproducts are described in
Figure 3a. Due to photolysis and pyrolysis, perovskite materials
are decomposed into gaseous byproducts, Pbl,, and metallic
lead which are the most common artifacts.

Meanwhile, most of the characterization tools inevitably
require specific sources or environments to operate. Char-
acterization sources including X-rays,>>°° ultraviolet radia-
tion,”l pulsed lasers with various wavelengths,*®! electron
beams,?”) and electrical biasP®” can easily generate localized
thermal vibration or function as light illumination when inter-
acting with perovskite materials. As mentioned before, the
degradation of perovskite materials under light illumination
and thermal stress are critical problems during the charac-
terization using these sources. Beam radiation damage from
X-ray, ultraviolet, electron beam makes it difficult to interpret
the measurement results properly since they introduce arti-
facts in the spectra, reflections or images. For instance, Hoye
et al. reported beam damage from X-rays while performing

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Unique properties of organic—inorganic hybrid perovskite materials that impede robust characterization of perovskite materials. i) Repro-
duced with permission.B¥ Copyright 2016, Royal Society of Chemistry. i) Reproduced with permission.[® Copyright 2019, Royal Society of Chemistry.

iii) Reproduced with permission.*] Copyright 2015, Springer Nature. b) Exa
inconsistent measurement results of PVSK materials due to ion migration.
with permission.’”l Copyright 2019, Elsevier. iii) Reproduced with permis
permission.3%l Copyright 2015, American Chemical Society.

continuous XRD measurement for an hour in air ambient as
depicted in Figure 3c.l! McGettrick et al. also reported X-ray
induced damage with the advent of Pb? artifacts during XPS
analysis of lead halide perovskites as shown in Figure 3d.*"]
They revealed that the evolution of Pb® occurs via X-ray photo-
lysis under typical analytical conditions. Likewise, Xiao et al.
and Liu et al. studied the electron beam induced degradation
of perovskite materials that is inevitable in scanning and trans-
mission electron microscopy (SEM and TEM) observation,
claiming that the defect formation by irradiation damage and
the intermediate phase formation induced by electron beam
heating are observed (Figure 3e).13¢U Significant beam damage
can occur when measuring the perovskite materials, no matter
the source, if it has sufficient energy. Therefore, it is essential
to evaluate and exclude the damage by radiation of the probe on
the system so to properly interpret the data.

As the light- and heat-induced degradation of perovskite
materials are highly dependent on the atmospheric condi-
tions, it is also important to understand what conditions can
be taken to minimize the effects of radiation damage during

Adv. Energy Mater. 2020, 2001753 2001753

mples of artifacts due to damage from photon, electron and X-ray beam and
i) Reproduced with permission.[% Copyright 2019, Elsevier. i) Reproduced
sion.¥2 Copyright 2016, American Chemical Society. iv) Reproduced with

the characterization. The best way of mitigating the damage
is to consider atmosphere of the measurement. For example,
filling the measurement chamber with the inert gases like N,,
Ar, He can minimize the extent of perovskite damage effec-
tively.[®¥) Considering that the light intensity and temperature
is critical for the degradation of perovskite materials, finding
the minimum source power to acquire the desired signal from
the sample is also important to minimize the artifacts in the
data. However, in this case, despite all the efforts to minimize
the beam damage from the source, it is impossible to rule out
beam damages and eliminate artifacts from the results com-
pletely. It will be discussed later how researchers modify meas-
urements for perovskite materials to minimize beam damage.

2.2. Phase Transition and Separation
Besides the photolysis and pyrolysis processes for perovskite

materials, crystal phase transitions are also a source of incon-
sistency during characterization. In the typical solar operating

(4 of 26) © 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. a) Photo- and temperature-induced decomposition routes for perovskite materials (MAPbls), leading to three different processing routes
including reversible (CH3NH, + HI and I, + Pb% and irreversible volatile byproducts (CH;l + NHj). b) Absorption spectra of fresh and degraded
perovskite (MAPbI3) films and their photo. Reproduced with permission.l38 Copyright 2016, Royal Society of Chemistry. c) Time-evolutional decrease
of XRD intensity of (110) peak of perovskite (MAPbI;) film with continuous X-ray radiation. Reproduced with permission.®9l Copyright 2017, American
Chemical Society. d) A gradual time-evolutional generation of Pb(0) XPS peak with continuous X-ray radiation in perovskite (MAPbI;) film. Reproduced
with permission.ll Copyright 2019, Elsevier. ) Change of peak position and intensity for CL measurement of perovskite (MAPbIs) film with time under
continuous electron beam illumination. Reproduced with permission.*®l Copyright 2015, American Chemical Society

temperature range (25-85 °C), there are two main phase transi-
tions for common perovskite materials (MAPDbI; and FAPbI;)
used as solar application: the first one is tetragonal to cubic
phase transition for MAPDI; based materials and the second is
cubic (o) phase to hexagonal (6-) phase transition for FAPbI;
based ones.*0263 Generally, structural stability of ABX; perov-
skite materials can be determined by the Goldschmidt toler-
ance factor (t)

Ty + 15
—_AaTX 1)

- \/E(rB +1¢)

where r, rg, r¢ are the radius of the A cation, the B cation,
and the X anion, respectively; perovskite structures are formed
when t is between 0.71 and 1.4 Formamidinium (FA) based
perovskite materials are more suitable for high efficiency
solar cell applications with a lower bandgap and thereby wider
light-absorbing window,®>%® but conversely, the Goldschmidt
tolerance factor suggests that FA cations are too large for the
perovskite structure as depicted in Figure 4a. Given that the
tolerance factor of pure-FA perovskite is over 1, it is easy to
form the non-photoactive, yellow &phase at room tempera-
ture (Figure 4b), while pure-MA perovskite with a tolerance
factor of 0.91 maintains the black, photoactive perovskite struc-
ture at operating temperature as well as at room temperature.
Researchers have successfully achieved black o-phase perov-
skite FAPDI; perovskites by modifying the fabrication proce-
dure, but the o~phase is metastable which reverts to the yellow
Sphase within several hours or days.”7% Even with a lower

Adv. Energy Mater. 2020, 2001753
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phase stability of FAPbI;, FA perovskites are more resistant to
thermal decomposition and photolysis than MA perovskites,
therefore stabilization of FA based perovskites is needed.[®’!
Possible origins of phase transition for perovskites are
reported to be temperature, moisture, light, or pressure.>7174
For FA based perovskite materials, at temperatures below the
transition (130 °C), FA* cation groups aligned with strong pref-
erential orientations apply strains to the o-phase cubic crystal
toward specific direction which distorts and drives the structure
to the &phase. With the existence of moisture at ambient con-
ditions, this process can be greatly accelerated because highly
hygroscopic FA* cations react with moisture and cause insta-
bility of orphase cubic crystal as shown in Figure 4c.[®>7'73]
Researchers also reported that FAPbI; undergoes a pressure-
induced phase transformation and amorphization of the perov-
skite due to the lattice shrinkage from the volume compression
as shown in Figure 4d,e./*7® Ultrahigh vacuum conditions were
also observed to induce phase transitions in perovskite materials
through lattice and crystal volume expansion, accompanying
structural instability.”’] Many characterization tools need pres-
sure control, mostly at the high vacuum level, in order to reduce
artifacts from forming even before measurements are taken.

2.3. lon Migration and Charge Accumulation
Inorganic perovskite oxides have been observed to exhibit

high ionic conductivity mediated by defect species.’®”! Some
inorganic perovskite halide research suggests that halide

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) Tolerance factor diagram for perovskite materials. Reproduced with permission.®8 Copyright 2016, American Chemical Society. b) Phase
transition from black o-phase to yellowish &phase of FA based PSCs. Reproduced with permission.?%0 Copyright 2017, Wiley. c) Moisture-induced
phase transition of FA based perovskite materials. Reproduced with permission.”!l Copyright 2018, Wiley. d) Pressure-induced phase transition of
perovskite (FAPbl;) materials and e) corresponding band-gap transition induced by phase transition. Reproduced with permission.’¥ Copyright 2018,

American Chemical Society.

ions have even lower activation energies for migration than
oxygen.B081 Tikewise, in the organic-inorganic halide perov-
skite materials utilized in PSCs, charged defect sites from the
vacancies of compositing ions can be easily formed and are
highly mobile because they have relatively low defect forma-
tion energy.®2# Consequently, compositing ions, especially the
organics cations (MA*, FA") and halide ions (I7, Br"), can easily
migrate via ion vacancies along the perovskite films as shown
in Figure 5a.¥! Formation of the vacancies or defects and ion
migrations provoke charge and ion accumulation at the defect
sites or interfaces between perovskite and transporting layers.[*l
Halide perovskite materials are known to have defect tolerance
that enables them to maintain their performance even after the
formation of defect sites, which is different from the Silicon-
based solar cells.®Y Though halide perovskite materials are rela-
tively free from carrier loss via trap assisted recombination owing
to the defect tolerance, ion migration (Figure 5a) and accompa-
nied ion/charge accumulation (Figure 5g) from defect sites are

Adv. Energy Mater. 2020, 2001753
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contemplated as the origin of intrinsic abnormalities such as the
current-voltage (I-V) hysteresis, accelerated degradation, and
phase separation which make characterization difficult.

Ion migration has a vast impact on electrical evaluation
methods such as -V, electrochemical impedance spectroscopy
(EIS), and regarding photovoltage or photocurrent measure-
ment. This is because PSCs are mutiphysical system with com-
bined electron flux and ion flux. The [~V hysteresis issue has
been a pervasive issue in perovskite materials (Figure 5h),3% and
researchers are developing proper measurement protocols with
the consideration of hysteresis behaviors. Phase separation issue
originated from ion-mixing strategies for perovskites at A-site,
B-site, or X-site to stabilize FA based perovskites.®>#7 Incorpo-
ration of inorganic cations (Rb, Cs) or different organic cations
(MA) at A-sites with specific portions of Br at the X-site can help
to stabilize orphase FAPbI; to match the tolerance factor as
explained above.[#% Unfortunately, due to mobile ions such as
halide ions and organic cations inside perovskite materials, many

© 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Schematic for halide ion migration inside the perovskite crystal. Reproduced with permission.’l Copyright 2015, Springer Nature. b) Phase
separation investigated by PL spectra after different light soaking times at 50 mW cm2 and c) normalized PL intensity as time. CL image series with
d) 10 and e) 30 s of light soaking between each CL image. The scale bars are 2 um. f) CL image series of a single domain with 10 s between each image
with the color indication of iodide-rich domain. The scale bar is 200 nm. MAPb(ly1Brg )3 chemistry was used here for perovskite materials. Reproduced
with permission.’l Copyright 2017, American Chemical Society. g) Schematic for charge and ion accumulation at the interface of lateral perovskite
device. Reproduced with permission.?%!l Copyright 2017, The American Association for the Advancement of Science. h) Perovskite (MAPbl;) devices
with (left) and without (right) the current-voltage hysteresis. Reproduced with permission.3% Copyright 2015, American Chemical Society.

studies on photoinduced phase separation were reported in
mixed halide perovskite materials after acquiring phase stability
of FA based perovskite materials by mixing halide ions.’'-4
Phase separation is accelerated with continuous photoillumina-
tion or electrical bias application and is observed with various
of characterization tools. For example, as shown in Figure 5bf,
with continuous light illumination, iodide-rich clusters evolve
over time which can be resolved with the evolution of lumines-
cence intensity along the surface of perovskite layer.”!l In this
way, artifacts from phase separation impede the proper interpre-
tation of electronic, chemical, and optical properties of perovskite
materials during the measurement.

3. Suppressing lon Migration and Damage:
Cryogenic Techniques

As discussed in the previous chapter, perovskite materials have
been reported to decompose or undergo phase transformations
easily upon exposure to ambient conditions when coupled with
thermal or electromagnetic irradiation. However, much of our
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understanding of such degradation mechanisms are limited to
the bulk state, and the nanoscale and atomistic perspective of
the crystal structure, morphology, and physical properties of
halide perovskite materials are still elusive. Most characteriza-
tion tools used for evaluating the atomistic and nanoscale prop-
erty of perovskite materials are limited to those using energetic
probes such as X-ray/neutron diffraction, electron microscopy
and surface-sensitive techniques such as XPS or time-of-flight
secondary ion mass spectroscopy (ToF-SIMS). TEM has been
applied to study the morphology of PSCs. While the atomistic
understanding of perovskite crystal may provide the clue of
degradation mechanism or performance enhancement, atom-
istic resolution imaging remains challenging due to the vul-
nerability of perovskite materials to beam irradiation.®! It also
remains difficult to prepare pristine samples to obtain intrinsic
information without any artifacts from damage when using
characterization tools with irradiation source. Minimizing the
irradiation induced damage from the electron beam exceeding
the critical electron doses is necessary to image sensitive mate-
rials without any artifacts.” Electron radiation can cause
defect formation in perovskite materials (primary damage) and
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produce localized electron beam heating leading to the degrada-
tion of perovskite materials (secondary damage).l¢]

One of the easiest and simplest ways to mitigate the damage
of materials from the electron beam irradiation is lowering
the beam dose on the sample. By imaging at ultralow electron
dose (11 e~ A2, a high-resolution TEM images of a methyl-
ammonium lead bromide perovskite (MAPDbBr;) was success-
fully acquired.®® However, this imaging condition cannot be
applied for observing iodide based methylammonium lead
iodide (MAPbI;) without sample changes because thermal
durability of MAPDBr; is higher than MAPDI;. Cooling down
the sample during the measurement is another approach to
minimize the damage of perovskite material which comes
from the irradiation of measurement sources. Inspired by the
biological community, who originally developed cryogenic elec-
tron microscopy (cryo-EM) to visualize highly sensitive biolog-
ical macromolecules,® cryo-EM has achieved great success in
various material research fields,'% including polymers, battery
materials, nanoparticles, and even for metal halide perovskite
materials.!1% Here is the summary of instrumental details
to evaluate the electron beam-induced damage on perovskite
materials during TEM and SEM observation in Table 3. Though
cryo-EM has been utilized in perovskite materials to investigate
crystal structure or nanoscale morphology with minimizing
the beam-related damages to some extent, there is the opinion
that cryotemperature induces undesired amorphization of the
perovskite materials during the cryo-EM observation.[¥

3.1. Sample Preparation and Operation of Cryo-EM

Cryo-EM has been vigorously applied in materials research, espe-
cially in the Li-ion battery field. Cryo-EM related Li-ion battery
research has focused on components such as anode materials
(i-e., Li metal, Si and charged graphite), certain solid electro-
Iytes (i.e., lithium phosphorus oxynitride and sulfides), charged

www.advenergymat.de

cathodes and solid/cathode electrolyte interphases (S/CEI),
which are all susceptible to both ambient atmosphere and beam
irradiation.'”] The application of cryo-EM in the Li-ion battery
field has enabled drastic progress in the characterization and
development of next generation high energy materials for bat-
teries. Perovskite materials are also composed of beam-sensitive
organic cations and halide ions, thereby cryo-EM is one of the
promising tools to preserve perovskites while exploring their
atomic structure. Fortunately, sample preparation and processing
procedures for cryo-EM can be adopted from the aforementioned
materials.10219.1071 A safe and robust sample preparation proce-
dure for cryo-EM is demonstrated in Figure 6a,b. Particles pre-
pared on a TEM grid by dispersion or thin lamella mounted onto
the grid by cryofocused ion beam (FIB) can be used as a pristine
sample. A FIB permits mounting of a target particle or region
of interest from a film on the grid with the ability to control the
thickness by milling. However, FIB milling is performed with
high energy ions (typically Ga ions), frequently inducing sample
damage due to local heating, ion radiation, and Ga implanta-
tion.l1%81 For perovskite materials, degradation of organic mate-
rials through decomposition from local heating and ion flux
should be considered in order to minimize ion-milling-induced
damage. One of the approaches used to mitigate damage during
FIB preparation is milling samples under cryogenic temperature
(typically around 100 K), which proved to be necessary for perov-
skite sample preparation.'%l The actual application of cryo-FIB
on the perovskite materials will be discussed later in this chapter.
After the samples are prepared on the grid, there are two kinds
of commercially available holders developed for cryoTEM to load
the grid and transfer the sample into the column. The first one
is the cryotransfer holder (Figure 6a) and the other is the cooling
holder (Figure 6b). The former can maintain the sample at
liquid nitrogen temperature before and during loading into the
TEM column, while the latter can protect the sample under the
vacuum or an Ar-filled glovebag without any air exposure during
transfer and then be cooled down with liquid nitrogen after

Table 3. Summary of instrumental details for the electron beam induced damage on perovskite materials.

Characterization tools  Accelerating voltag [kV] Perovskite chemistry Critical dose or maximum dose Evaluation Ref.

Cryo-TEM 200 MAPbI, 12eA? <2 A diffraction intensity decay (30%) [104]

Cryo-TEM 200 MAPbBr, 46eA? <2 A diffraction intensity decay (30%) [104]

Cryo-TEM 300 MAPbI; 150 e A2 Amorphization [114]

Cryo-TEM 300 MAPbBr; 8le A Amorphization [114]

HRTEM 80, 300 MAPbI; 13-16 e A2 (at 80 kV) Appearance of MAPbI, s diffraction spot [14]
38-39 e A2 (at 300 kv)

HRTEM 300 MAPbBr; 1 e A2 (Not damaged) Comparing with the simulated potential map  [98]

HRTEM 200 CsPbCly Not provided (irradiated for 30 min) Comparing SAED pattern [61]

STEM 80, 200 CsPbBr; 170 nanoclusters at 500 e A2 Atomic ratio change from EDS, advent of ~ [197]

metallic Pb®

SEM 2,5,8,10 MAPbI3, FAPbIs, CsPbl; 2 nAfor15s (MAPbIs) Cathodoluminescence shift and intensity [36]
12 nA for 15 s (FAPbI;) change

SEM 3 MAPbBr; 5 pA for 60 us Morphological change [35]

SEM 10 MAPbI; 86 pA for22's Morphology, photoluminescence, [195]

cathodoluminescence change
Low-energy SEM 4.5-60 V MAPbI; 107 e cm™2 (60 V) C—N bond breakage in XPS [196]
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Figure 6. a,b) General schematics of procedure for Cryo-FIB and Cryo-TEM sample preparation. Reproduced with permission.l'2 Copyright 2018, Else-
vier. ¢) Transmission electron microscopy images with atomic resolution of MAPbI; nanowires prepared under cryotemperature and room temperature.
Reproduced with permission.'% Copyright 2019, Elsevier. d) Cryo-FIB and cryo-SEM images for PbS/MAPbBr; mixed composites performed at 153 K
for analyzing with less perturbation of electron beams. Reproduced with permission."? Copyright 2019, Springer Nature.

inserting the holder into the TEM column. The cooling holder
method is easier to operate than cryotransfer holder method,
but the sample needs to be manipulated a under constantly inert
environment, either under vacuum or with an inert gas filled
system. In order to ease the procedure of cryo-EM observation,
advanced cryoholders with self-sealing and faster cooling will
be needed from the TEM holder developer. As cryo-EM is an
emerging tool in the materials research field, in this chapter, we
will discuss some pioneering research works in PSCs using cryo-
EM characterization tools to mitigate the damage of electron and
ion beam radiation during EM observation.

3.2. Application of Cryo-EM on Perovskite Materials
To fully elucidate atomic scale degradation mechanisms of

perovskite materials, it is crucial to observe their transitions
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on the atomic and sub-micrometer scales by EM. But as dis-
cussed above, it is challenging to observe the atomic struc-
ture of perovskite materials due to electron or ion beam
damage. Comparison of standard TEM and cryo-EM with
regard to beam induced damage in the perovskite mate-
rials is illustrated in Figure 6¢.'% In this research, MAPbI;
nanowires (NWs) were used in order to maintain the sample
thickness below 100 nm, required due to the absorbance of
heavy atom Pb. In the standard TEM observation at room
temperature, there were two problems for imaging perov-
skite NWs: beam damage and moisture exposure during
sample transfer. Perovskite NWs quickly decompose into
Pbl, upon exposure to high electron dose (=500 e~ A7?)
due to the extreme electron beam sensitivity of the organic
MA®* cation (Figure 6¢). During sample transfer to the TEM
column, perovskite NWs were inevitably exposed to moist
air even with minimized transfer time (<5 s). Even with the
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low electron dose imaging (=12 e~ A™%) to minimize the beam
damage, surface roughening was observed, indicating sur-
face degradation occurs during sample insertion displayed in
Figure 6¢. To overcome the electron beam and moisture sen-
sitivity of perovskite materials, a plunge-freezing procedure
was introduced, modified from cryo-EM methods used in
biology research, to protect the perovskite materials in pris-
tine or operation state for high-resolution imaging.M% The
plunge-freezing method first disperses perovskite NWs onto
a TEM grid in an inert environment, where they are then
plunge-frozen in liquid nitrogen. All the reactions between
perovskite NWs and nitrogen or moisture were kinetically
suppressed at the cryogenic temperature, therefore plunge-
freezing process maintains the NWs’ pristine state and struc-
tural information.

A typical cryohigh resolution TEM (HRTEM) image of
MAPDI; NW exposed to an electron dose of =12 e~ A2 is shown
in Figure 6¢. Noticeably, NWs imaged at cryogenic conditions
have much smoother surfaces compared to those imaged
under room temperature. In high resolution images of MAPbI;
NWs, it was possible to classify individual [PbIg]* octahedral
and MA* molecule columns. Contrary to previous observa-
tions of a phase transition from tetragonal to orthorhombic
at =165 KM HRTEM images of MAPDI; crystals showed no
structural change. This may be due to the fast cooling of the
plunge-freezing procedure which suggests that fast cooling can
freeze the initial structural information and the state of tetrag-
onal phase can be successfully preserved.

Cryogenic techniques have also been applied to SEM.
Figure 6d shows SEM observations of an integrated photoab-
sorbing layer composed of MAPbBr; cubic perovskite crystals
and PbS quantum dots (QDs). This configuration produces
intermediate-band solar cells which have a band between the
valence and conduction bands."'” SEM images of this inter-
mediate-band photoabsorbing layer indicate the presence of
100-200 nm perovskite cubic crystals (gray perovskite region)
with the coexistence of PbS QDs (white regions) with the size
of a few tens of nm. In this research, perovskite cubic crys-
tals with a size from 100 to 200 nm and PbS QDs with a size
of few tens of nm are both observed to be vulnerable to the
electron beam damage. With aid of cryogenic temperatures
(=153 K) SEM images were achieved with less electron beam
damage. Beyond the SEM observation for intermediate-band
photoabsorbing layers, they also performed the TEM obser-
vation for the same composite. HRTEM observations show
how spherical PbS QD particles (black regions) with the size
from 3 to 15 nm were densely dispersed. At higher magnifica-
tion, lattice fringes were resolved, matching the 0.34 nm of
d-spacing with the (111) plane of PbS (black regions) cubic
structure and 0.30 nm of d-spacing with (200) plane of
MAPDbBr; (gray region) tetragonal structure with less damage
of electron beams. These results confirmed that the PbS QDs
were well dispersed in the MAPbBr; perovskite matrix under
the preserved conditions. Cryo-SEM is also recently applied
to observe the wettability of perovskite precursor during the
blade-coating process on top of the textured Si solar cells.'!3]
In this study, cryo-SEM reveals the important role of right
amount of dimethyl sulfoxide in perovskite precursor to uni-
formly covering the textured Si top surface.
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3.3. Application of Other Cryogenic Technique
on Perovskite Materials

Some modified measurements or tools which can be per-
formed inside or outside of EM have been applied with cryo-
genic configurations on perovskite materials. As depicted in
Figure 7a, Hentz et al. reported the nanoscale observation for
the local microstructure, composition, and optical properties
in the MAPbDI; perovskite film by using cryogenic low tem-
perature cathodoluminescence in scanning TEM (CL-STEM),
which collects optical excitations from energetic electrons
interacting with a luminescent material.'"> However, the CL
intensity at the room temperature was so low that the spec-
tral response was not able to be distinguished enough to
verify the ion segregation. That is because electron beam can
induce destructive trap sites in perovskite materials driving
nonradiative recombination. To maximize the CL yield, they
performed low-temperature (93 K) panchromatic CL-STEM
mapping by using a liquid nitrogen-filled cryoholder. Because
the low temperature of cryoholder minimized the undesired
nonradiative carrier recombination as generated from the
electron beam radiation, the low temperature CL spectra
were pronounced enough to resolve separated luminescence
wavelengths. They revealed the local stoichiometric variation
which implied that the inhomogeneous spatial distribution of
luminescence intensity was a result of phase segregation in
perovskite materials.

Beyond cryo-EM, the cryo-FIB has proven invaluable for
characterizing degradation mechanisms or intrinsic proper-
ties of perovskite materials in atomistic scale. In the case of
FIB-based sample preparation, conventional acceleration volt-
ages (16-30 kV) and currents (>2.5 nA) that are used for mate-
rials can induce severe amorphization, chemical degradation,
and structural changes to organic specimens such as perov-
skite materials.[''®) Moreover, high energy Ga ions can become
implanted, which may also adversely affect the surface chem-
istry of perovskite materials. Cryo-FIB is normally performed
below 100 K, and considerably mitigates damage during FIB
preparation. Rivas et al. demonstrated how cryo-FIB prepara-
tion can be used to diminish beam damage of halide perov-
skite material based solar cells for atom probe tomography
(APT).""] Here, a cryostage was used to decrease the temper-
ature of the sample to 83 K and an in-house manufactured
holder was designed for tilting the cryo-stage without dam-
aging the SEM column pole piece as depicted in Figure 7b.
Cryo-FIB milling was performed using 16 kV of accelerating
voltage and variable currents from 0.13 nA to 45 pA, effec-
tively minimizing Ga damage. The final milling step was per-
formed with a reduced accelerating voltage of 5 kV to remove
the severely damaged regions by Ga ions. As a result, it was
found from mass spectra obtained by APT that halide ion
loss, especially iodide ions, was mitigated by preventing the
thermal and irradiation damage of the perovskite film from
high energy Ga ions.

Cryogenic techniques have also been employed for non-
EM-related characterization for perovskite materials for the
purpose of suppressing the ion migration. For instance, an
ionic transport triggered by light-illumination in perovskite
materials is extremely difficult to be quantified because ionic
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Figure 7. a) CL-STEM observation for phase separation in MAPbI; under cryotemperature (left) and room temperature (right). Reproduced with
permission.["S] Copyright 2016, American Chemical Society. b) Lab-made cryo-FIB stage and schematics of usage (left). SEM image of PSC (MAPbl;)

prepared by cryo-FIB (right). Reproduced with permission."”] Copyright

2020, PLoS. c) Schematic of cryogenic galvanostatic for perovskite lateral

device (MAPbI3) and five typical galvanostatic curves (resistance vs time) measured at different temperatures from 100 to 295 K. Reproduced with

permission.["® Copyright 2016, Springer Nature.

conductance is mixed with electronic contributions in photo-
excited perovskite materials. By combining cryogenic galva-
nostatic and voltage—current measurements, Zhao et al. were
able to demonstrate the quantification of light-enhanced ionic
transport in MAPbI; film."8 Because the ionic transport and
electronic transport have different response to the low tempera-
ture, it was able to differentiate ionic relaxation and electronic
resistance as depicted in Figure 7c. As a result, testing perov-
skite films over a wide range of temperatures (17-295 K) and
light intensities (0-20 mW cm™) reveals a reduction in ionic
transport activation energy by approximately a factor of five
while under illumination. Likewise, application of cryogenic
temperature assisted characterization has expanded a hidden
range of comprehension for perovskite materials. Considering
that cryogenic techniques are still developing, it is expected that
further understanding of perovskite materials can be achieved
with advancements in the near future.

Adv. Energy Mater. 2020, 2001753 2001753

4, In Situ Observations and Measurements

It is essential to obtain an in-depth understanding of the degra-
dation mechanisms triggered by environmental exposure and
thermal energies under realistic operating conditions to achieve
the commercialization of PSCs. This requires an understanding
of the relationship between the chemical and structural changes
of the perovskite materials during photolysis, pyrolysis, or elec-
trochemical processes in a working solar cell using various
characterization techniques. Recently, remarkable progresses
have been achieved in advanced characterization techniques
for perovskite materials or solar cells under in situ condi-
tions.l9121l The term “in situ” means “in place” in Latin, and
is used to describe a measurement emulating operating con-
ditions. As such, in situ characterization can be used to more
accurately describe mechanisms when compared to ex situ
techniques. Although ex situ characterization techniques give
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us enough valuable information about perovskite materials,
characterizing the end product cannot provide the dynamic
properties, such as the intermediate chemical and structural
changes during operation under the light-illumination and
heating. Moreover, due to their sensitivity to oxygen and mois-
ture, perovskite materials can be continuously undergoing tran-
sitions which cannot be detected from ex situ characterization.

The performance of PSC is related to numerous features
such as morphology, optoelectronic property (carrier generation
and recombination), crystallinity.'?2123] First, the morphological
changes are attributed to the chemical and structural changes
of perovskite materials, and they can be studied by several in
situ imaging techniques, which enables us to investigate micro-
structural transformations in high resolution.?¥l In situ TEM
and SEM measurements can reveal the morphological evolution
of perovskite materials or carrier transporting materials with
specific information of microstructural changes. Second, perov-
skite materials can be evaluated regarding photoabsorbing,
carrier generation, and recombination capabilities.'*! In situ
optoelectronic measurements can characterize the evolution of
carrier dynamics inside of perovskite materials in accordance
with electrochemical reactions while in operation. Last, ex situ
X-ray assisted spectroscopies such as XRD, XPS, and XRF can
characterize electronic and structural information of perovskite
materials.?% Though, the evolution of electronic and structural
information can more accurately be measured by in situ X-ray
assisted measurement tools, which are valuable characteristics
to assess their performance and stability. In these regards, the
development of the in situ characterization techniques applied
into the perovskite materials will be introduced in the following
sub-sections: in situ EM, in situ optoelectronic measurement,
and in situ X-ray assisted measurement.

4.1. In Situ EM Characterization

Morphological and structural changes of perovskite materials
can be analyzed by electron microscopy (SEM and TEM). SEM
offers a better spatial resolution than optical microscope but not
as good as TEM, therefore SEM is mostly used for tracking the
morphological changes of perovskite thin film for optimizing
the fabrication process.[2017] Morphological variations can be
easily tracked by dividing crystallization step via ex situ SEM
techniques. An in situ EM observation for perovskite mate-
rials was first introduced in 2016 by Divitini et al. to study the
impact of fabrication routes on thermal degradation of perov-
skite materials by using in situ TEM.I'?8l This was achieved
with several advances in TEM technology at that time: the use
of high brightness electron guns and detectors with large col-
lection areas that allow the fast acquisition of EDS maps with
low electron dose, and the development of novel in situ heating
holders for TEM. The use of a low-dose electron beam is always
suggested when characterizing beam-sensitive materials such
as perovskite materials, and it was the key for developing in situ
TEM characterization for perovskite materials. As a result of
their efforts, the diffusion of heavy elements (lead and iodide)
in perovskite materials into the Spiro-MeOTAD hole trans-
porting materials could be seen in high-angle annular dark-
field (HAADF) mode as the sample was heated (Figure 8a). By
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comparing quenching rates by in situ heating during HAADF
measurements to control perovskite composition and mor-
phology, they provided new insights of correlations between
morphology (perovskite coverage and scaffold infiltration),
chemical composition (Cl-containing or not), and thermal sta-
bility of perovskite materials. In the meantime, several different
in situ TEM analyses for thermal degradation of perovskite
materials were reported*-31 a5 shown in Figure 8b,c, respec-
tively. Such in situ TEM heating studies on perovskite materials
demonstrated that in-depth understanding of thermal degrada-
tion routes and microstructural changes during the degradation
can be achieved.

Another informative in situ observation which can be
performed in TEMs involves applying electrical bias to the
specimen. The pioneering work on in situ TEM analysis of
perovskite materials under electrical bias was reported by Jean-
gros et al. in 2016 to study bias-induced nanoscale degradation
mechanisms of MAPDI; perovskite materials.*? As shown in
Figure 9a, thin PSC lamella were prepared by FIB and cathode
and anode components were attached to separated electrical
contacts by Pt connections. The thin lamella was held under
electrical biases of +6 and —6 V for 10 min, respectively, and
the evolution of HAADF images with corresponding intensities
were tracked as a function of time. As a result, there were bias-
induced microstructural changes from the formation of PbI,
nanoparticles and voids in perovskite thin lamella. Especially
under the forward bias, the degradation of perovskite mate-
rial occurred at the interface with the hole transport material,
which suggested the need for analyzing the perovskite-hole
transport material interactions during operation to improve
the stability. Another application of in situ TEM, Jung et al.
reported the observation of oxygen diffusion with biasing tita-
nium oxide (TiO,) based PSCs.!*3 Previous work by Jeangros
et al. required a large electrical bias (>6 V) to induce the cur-
rent response through the TEM lamella due to the electrical
connections through the highly resistive glass component
(Figure 9b). However, for this work, Jung et al. required only
1V to bias the sample by utilizing an in situ electrical biasing
holder in TEM. After applying 1 V forward bias for an hour, the
elemental distribution of the TEM sample measured by elec-
tron energy loss spectroscopy (EELS) showed the oxygen migra-
tion into the perovskite layer from the TiO, electron transport
layer. These chemical and structural changes were proved to be
partially reversible by applying a —1 V reverse bias (Figure 9c).
This study revealed a new degradation mechanism of parasitic
oxygen migration from the TiO, in the TiO, electron transport
layer-based PSCs under electrical bias without any external
sources such as moisture, oxygen, light, or thermal stress. Con-
sidering that the electron beam-induced damage may occur
during in situ TEM observation, these studies discussed in
this chapter provided either how they minimized the electron
doses on their samples or reference in situ observation results
without external stimuli that successfully exclude the beam-
induced damage.

Although in situ TEM characterization tools provide impor-
tant information on degradation mechanisms of perovskite
materials as we have discussed in this section, external stimuli
for in situ TEM experiments are currently limited to heating
and electrical biasing due to the sensitivity of TEM systems
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Figure 8. a) The evolution of HAADF image, lead and iodide composition of MAPbl; PSC depending on the temperature increase from 50 to 250 °C
measured by in situ TEM observation for gradual thermal decomposition. Reproduced with permission.['?8l Copyright 2016, Springer Nature. b) HRTEM
images and corresponding FFTs for MAPbl; obtained from the in situ TEM under temperature increase from 70 to 150 °C. Reproduced with permis-
sion.[3% Copyright 2018, Wiley. c) HAADF images for MAPbI; obtained from the in situ TEM before heating (top) and after heating for 14 h (bottom).
Reproduced with permission.['°l Copyright 2016, American Chemical Society.

which are easily effected by vacuum level, vibration, or con-  selected gases, or introduce the liquid into the TEM specimen
tamination.® Looking toward the future, advanced in situ  in real time for the in-depth understanding on operational sta-
holders are needed which can produce controlled pressure with  bility of PSCs.
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Figure 9. a) In situ TEM observation under electrical bias observing iodide anion migration and interfacial defect generation in MAPbI; PSC device and
b) J-V measurements for the sample in (a) obtained in situ in the TEM. Reproduced with permission.[®? Copyright 2016, American Chemical Society.
c) In situ TEM observation under 1V of electrical forward bias for PSC device structure of FTO/TiO,/MAPbl;/Spiro-MeOTAD/Au observing oxygen
anion migration into perovskite film. Reproduced with permission.*3l Copyright 2018, Wiley.
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4.2. In Situ Optoelectronic Characterization

In situ characterization of optoelectronic properties in perov-
skite materials is as important as observing morphological/
structural changes to elucidate the degradation mechanism
and to improve the stability or performance of PSCs under real
operation conditions. Carrier dynamics including the carrier
generation from the photoincidence, carrier transport (extrac-
tion) to the electrode, and carrier recombination that can be
evaluated by optoelectronic measurements such as photolu-
minescence (PL), electroluminescence (EL), current density—
voltage (J-V) responses under various light source, Raman and
UV-vis spectroscopy.*>'¥"] Beyond carrier dynamics, in situ
optoelectronic measurements provide valuable information on
the evolution of synthesis process, ion migration, or sample
degradation. Given the fact that most of perovskite thin film
fabrication methods are based on spin-coating processes using
chemical solution precursors, it is important to track the mor-
phological/structural changes during the conversion process
for optimizing film quality, and ultimately the performance of
PSCs. Moreover, external stimuli (light, thermal stress, elec-
trical bias) can provoke undesirable ion migration, phase tran-
sitions or decomposition. In situ optoelectronic studies, for that
reasons, have been employed to investigate the evolution of
carrier dynamics, formation, degradation, and ion movement
within perovskite materials.

PL measurements are based on the observation of radia-
tive recombination of carriers inside the materials which pro-
vides carrier dynamic information such as carrier generation,
transportation and recombination. Bisquert et al. reported
the electrical bias-induced state switching response of the PL
in the MAPDI; perovskite layers with lateral symmetric elec-
trodes measured by a wide-field PL imaging microscope as
shown in Figure 10a.38 Likewise, Deng et al. also reported the
effects of light soaking on an operational PSC using in situ PL
microscopy as depicted in Figure 10b.[3% Both works showed
a decrease of PL intensity by external stimuli, but the former
study observed that the electrical bias caused the decrease of
PL intensity by a de-doping the migration of MA* and I™ ions
and enhancing nonradiative recombination. On the other hand,
the latter study used thermal stress as the external source and
indicated the change of PL intensity is due to ion accumulation
at the interfaces. Both studies provided crucial new insight into
the correlation between the dynamics of charge carriers and
mobile ions in operational PSCs.

KPFM has also recently been applied to perovskite mate-
rials to provide direct evidence correlating the morphology and
electrical properties with the device performance. Ma et al. suc-
cessfully adopted in situ KPFM for investigation on the local
electrical properties of perovskite films with operating tempera-
tures from 30 to 80 °C."% As shown in Figure 10c, the results
indicate that the Fermi level of perovskite material continuously
shifts down as the temperature rises, which implies the carriers
within the film become slower with the higher temperature due
to a decrease in the built-in electric field and enhancement of
lattice vibration scattering. Because of findings on the evolu-
tion of carrier dynamics as thermal or light stimuli by in situ
observation, better understanding of the operation of PSCs is
reached.
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In situ optoelectronic characterization tools can be also imple-
mented to monitor and optimize the synthesis process for perov-
skite films fabricated from spin-coating or other solution process
methods. Franeker et al. utilized in situ PL to monitor the
thermal annealing process of perovskite films after spin-coating
and found the best optimized performance of PSCs depending
on annealing temperature and time. Time-dependent PL
intensities were monitored as a function of annealing tempera-
ture and quench rate (the higher annealing the temperature, the
faster PL quench). An optimized annealing time occurred when
the PL reached its baseline value as shown in Figure 11a. The
authors suggested that changes in chemical composition and
in crystallite habit and size accounted for these observations.
As another example of using in situ optoelectronic characteriza-
tion tools for monitoring the synthesis process, in situ UV-vis
measurements were utilized to track time-resolved absorption
spectra by Hu et al.?] In this case, they investigated the drying
kinetics of perovskite materials during the deposition with a
blade-coater. Measuring the evolution of absorption spectra using
in situ UV-vis, three distinguished stages were observed: no
absorption, increased absorption, and stabilized absorption at
a 500 nm wavelength. This indicated the process of nucleation
and crystallization induced by the increasing concentration as a
result from the solvent evaporation (Figure 11b). By comparing
natural drying and air-knife-assisted drying processes, they found
that the use of a nitrogen air-knife produces homogeneous, uni-
form films, leading to highly efficient, hysteresis-free PSCs with
20.26% of PCE by blade-coating. Last, application of in situ PL
imaging was studied by Zhao et al., to investigate the perovskite
crystallization process when the Pbl, films were crystallized on
perovskite seed crystals.'*¥l As can be seen in Figure 11c, two dis-
tinct types of crystal growth kinetics were captured in PL image:
perovskite-seed-assisted growth (white circles) and the random
nucleation (red dashed circles) without the seed layer. After only
13 s, the film was completely formed, shown in the last image of
Figure 11c, indicating the fast growth of perovskite-seed-assisted
fabrication method.

The use of in situ optoelectronic characterization tools are
effective to study how the nucleation and the crystal growth
occurred during the deposition and annealing processes of
perovskite films and may guide the optimization of PSC device
performance.

4.3. In Situ X-Ray Assisted Characterization

X-ray assisted characterization techniques have proven pow-
erful tools for studying perovskite materials crystal structure,
electronic structure, chemical composition, and morphology.*4
X-ray source can be easily adopted for in situ characterization
techniques to monitor the evolution of materials under light
illumination, thermal stress, or specific atmospheric conditions
such as oxygen or moisture.>*] Ag with the aforementioned
in situ characterization techniques for perovskite material
studies, in situ X-ray assisted characterization tools can play
complimentary roles to achieve better understanding and
development of the material. Frequently utilized in situ X-ray
techniques in perovskite research field are as follows: XRD,!#!
XPS,15% XRF, 11 and wide-angle X-ray scattering (WAXS).[l As
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tored as a functlon of time durmg the measurement. Reproduced with permission. 38l Copyrlght 2018 Springer Nature. b) (Top) Distribution of PL for
MAPbI; perovskite film obtained from in situ PL measurement under continuous light illumination. Blue dots indicate PL before light illumination and
red dots indicate PL after light illumination. (Bottom) Average PL intensity of different spot of the perovskite surface as a function of time. Reproduced
with permission.[*¥l Copyright 2018, Elsevier. c-i) AFM topographic image of the MAPbI; perovskite films. CPD distributions of the MAPbI; perovskite
films at ii) 30, iii) 40, iv) 50, v) 60, vi) 70, and vii) 80 °C obtained from in situ KPFM measurement. viii) Average CPD of the MAPbI; perovskite film as
a function of temperature from 30 to 80 °C. Reproduced with permission.® Copyright 2019, American Chemical Society.

these techniques have the ability to evaluate chemical, struc-
tural, and morphological changes, they may be used to charac-
terize states ranging from perovskite formation to degradation.
Here in this chapter, actual application of these in situ X-ray
assisted techniques will be discussed, especially for the evalu-
ation of synthesis process and the mapping of structural and
morphological changes of perovskite materials.

First, as X-ray assisted characterization tools may efficiently
distinguish the stages of crystallization development during
annealing steps in perovskite film fabrication, they were fre-
quently employed to monitor the synthesis process.>>>~15 For
instance, Stone et al. used in situ XRD and XRF to reveal the
perovskite formation mechanisms when using Cl-containing
precursors by comparing the time dependence of chlorine
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intensity with the crystallinity of the perovskite at different
annealing temperature.l>® Figure 12a shows the representative
XRD reflections and a waterfall composite plot of in situ XRD
which describes the evolution of perovskite films annealed at
100 °C measured by in situ XRD for 5, 30, and 70 min, respec-
tively. As we can notice from the waterfall composite plot of
in situ XRD in Figure 12D, the first step (up to 5 min) shows
the crystallization of the precursor phase as the film dries, the
second step (5-20 min) shows in latent stage the precursor scat-
tering stayed constant without showing perovskite peak, and
the last step (20-70 min) showed a continuous loss of precursor
with the growth of the perovskite phase. By comparing in situ
XRD and XRF, it was revealed that the onset of perovskite
crystallization began when 50% of the Cl had evaporated from
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Figure 11. a) Evolution of the PL intensity and correlated power conversion efficiency of the MAPbI; perovskite devices depending on the annealing
temperature and the time. Reproduced with permission.[¥l Copyright 2016, Wiley. b) (Top) Time-resolved in situ UV-vis absorption spectra of natural
drying Csg o5FAg.81MAg 14Pbl; 55Brg 45 perovskite film by meniscus coating. (Bottom) Time-resolved absorbance at the wavelength of 500 and 700 nm,
respectively. Reproduced with permission.[2l Copyright 2019, Wiley. c) Evolution of PL maps for FAPbI; based perovskite film taken from in situ PL
imaging of the growth of perovskite seeded films. Reproduced with permission.l3l Copyright 2018, Springer Nature.

the film regardless of the annealing temperature from 95 to
105 °C (Figure 12b). As a result, they suggest a self-regulating
model for transformation of Cl-containing perovskite film,
suggesting that crystallization could begin after evaporation of
MAC], depicted in Figure 12c. This transformative information
of perovskite film could not have been realized with the ex situ
XRD or XRF measurement for post-annealed sample. Using in
situ X-ray assisted measurements to monitor the synthesis pro-
cess of perovskite films, rapid development and optimization
of device performances was achieved. At the same time, several
studies using in situ grazing-incidence WAXS (GIWAXS) have
also distinguished the stages of crystallization development
during the perovskite film deposition (spin-coating or blade-
coating) and annealing step.'” 8 For example, Zhong et al.
reported the different solidification mechanisms of perovskite
films deposited from spin-coating and blade-coating by tracking
the crystallization process with in situ GIWAXS. They showed
that film stabilization after the solvent drying occurred at
16.5 s for spin-coating and 250-300 s for blade-coating, which
resulted in disordered precursor generating Pbl,-rich solvate
and PbI, in the film from blade-coating. With the hot substrate
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(100-150 °C) for the rapid drying of the solvent, they were able
to fabricate high-efficiency PSCs by blade-coating. Qin et al.
studied mixed-perovskite (FAgg3MAg7Pb(Iyg3B1017)3) crystal-
lization pathway during the spin-coating process with in situ
GIWAXS by tracking the sample every 3 s. They revealed that
mixed-perovskite spin-coating with antisolvent method has
3 different stages: 1) precursor, 2) &phase, 3) nonperovskite
and intermediate phase. By adding Cs to the mixed-perovskite
precursor, they were able to prevent the film from turning
into stage 3 and achieve high efficiency mixed-PSC. In situ
GIWAXS for perovskite materials normally requires synchro-
tron based X-ray sources as studies referred here because the
scattering responses of the organic cations are weak.

Beyond characterization of the transformation of perovskite
films, chemical/structural changes were pursued to observe ion
migration under certain stimuli such as light, heat, electrical
bias or introduction of gaseous molecules. Characterization of
such stimuli can describe the enhancement!™*1% or degrada-
tionl'®1-163] in performance, and both can be efficiently measured
with in situ X-ray assisted characterization tools. Enhancement
in performance of perovskite film with continuous
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Figure 12. a) In situ XRD waterfall plots and representative XRD reflections (for 5, 30, and 70 min) of Cl-containing perovskite film annealed at 100 °C
for 90 min. b) Change of Cl ratio inside of perovskite materials detected from in situ XRF. c) Suggested self-regulating model of the transformation
from precursor to perovskite, indicating the loss of disordered MACI in the latent stage, followed by the crystallization with loss of MACI. Reproduced

with permission.'*¢l Copyright 2018, Springer Nature.

light-illumination was reported by Tsai et al. which verified the
beneficial effect of light-induced lattice expansion.'! As can be
seen in Figure 13a, grazing-incidence (GI) WAXS mapping was
employed to measure the lattice parameter of perovskite crys-
tals. With in situ GIWAXS, the time-dependent evolution of the
lattice parameters was traced under continuous light-illumina-
tion which revealed continual lattice parameter expansion for
3 h (Figure 13b). This light-induced lattice expansion led to the
relaxation of local lattice strain, which lowered the extraction
barriers at interfaces, thereby showing a beneficial effect on the
performance (especially V,. and FF), as shown in Figure 13c.
A representative study on degradation of perovskite materials
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using in situ X-ray tools is reported by Chen et al. to investi-
gate photo- and moisture-dependent phase evolution.!'®3 Their
lab-made in situ XRD equipment enclosed air with 65% relative
humidity with an X-ray transparent window enabled the study
of real-time photo- and moisture-triggered degradation of PSCs
while operation, depicted in Figure 13d. By comparing the
time-evolution of XRD reflection of the perovskite films with
corresponding photovoltaic performance revealed the critical
by-product that induced the performance degradation of PSCs
(Figure 13e). At stage 1 (=10 h), PCE dropped to around 73%
of the initial PCE which corresponded to a decrease of XRD
intensities of the MAPDI; peak which implies the formation of
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Figure 13. a) In situ GIWAXS plot of FAg;MAg 25CsgsPbls perovskite materials with continuous light illumination b) Photoinduced lattice expansion
as time and c) photovoltaic parameter enhancement. Reproduced with permission.l Copyright 2018, The American Association for the Advancement
of Science. d,e) In situ XRD schematics and XRD reflections with corresponding performance variation to show 3 stage of degradation mechanism
of MAPbI; PSCs. Reproduced with permission.'63] Copyright 2017, American Chemical Society. f) In situ XPS data for MAPbIl; which shows the time-
dependent variation of composition ions (I, Pb%*, N, Pb®% under light illumination. Reproduced with permission.[®l Copyright 2018, Royal Society of

Chemistry.

MAPDI;-H,O hydrate. PCE also significantly dropped at stage
2 (10-23 h) mainly with J loss, where the in situ XRD experi-
ment clearly indicated the formation of a Pbl, phase. At stage
3 (=23 h) a remarkable drop in J, and FF was observed, with a
resulting PCE nearly 2% of initial performance. In situ XRD
reflection illustrated that the PbIOH phase was produced at
stage 3 which caused a severe degradation of perovskite mate-
rials. Similarly, Das et al. reported the time-evolution of the sur-
face element ratio of MAPDI; perovskite layers under dark and
light conditions in vacuum measured by in situ XPS to study
the light-induced degradation mechanism (Figure 13f).[61
These unique findings on enhancement and degradation mech-
anisms of PSCs from in situ X-ray characterization provide
profound understandings for changes of perovskite materials
which cannot be taken from ex situ characterization tools.

5. Multidimensional Mapping Techniques

Multidimensional (2D or 3D) mapping techniques are impor-
tant when characterizing perovskite film for a few reasons.
First, perovskite exhibits a wide spatial variation both in vertical
and lateral directions owing to several causes, including ion
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migrationt*>164195] and degradation.1%0-198] Tt is widely accepted
that perovskites are good ionic conductors since some anions
(Br, I) and cations (MA*, FA*) can migrate within the film.
As perovskite materials can be easily degraded from ambient
atmosphere (oxygen and moisture)®! and light,”%! the multidi-
mensional analysis could provide direct insight into the nature
of their ion migration and degradation propagation. Second,
multidimensional mapping can probe subsurface properties
which may not be fully understood with the investigation of
surfaces only. Many characterization methods are utilized in a
multidimensional approach to characterize the spatial variation
of perovskite materials from micro- to nanometer scale.

2D mapping techniques are primarily applied to detect the
areal distribution of chemical composition with optoelectronic,
morphological, and carrier dynamic variations. 2D mapping of
the film is achieved from characterization tools that provide spa-
tial information from any type of source including light, X-ray,
or e-beam with a combination of microscopic images.”! EMs,
including SEM and TEM, atomic force microscopy (AFM), or
confocal laser microscopy (CLS) are the main tools for 2D map-
ping. EDS or EELS can be combined with EM to map the chem-
ical evolution along the film. XRF also provides the chemical
variation mapping with the area X-ray detector and fluorescence
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detector. As perovskite materials are essentially utilized for solar ~ film. PL is one of the most important 2D mapping characteriza-
applications, it is crucial to map the carrier dynamics and to cor-  tion tools for investigating spatial optoelectronic properties of
relate them with the spatial distribution of defect sites, morpho-  perovskite films. Since PL indicates where the radiative recom-
logies, and chemical compositions. In that sense, mapping the  bination occurs, it can be used to image the effects of spatial
PL of the perovskite provides carrier dynamics along the film.l”2  variation on carrier dynamics, including correlations of trans-
Electron beam induced current (EBIC) or X-ray beam induced  port and recombination behavior in the presence grains or
current (XBIC) measurements are also used to evaluate the spa-  interfaces. Carrier dynamic investigations mainly rely on bulk
tial electrical properties of PSCs. PL response, because it is impossible to identify the local car-
3D mapping can be achieved by reconstruction from mul-  rier dynamics before mapping the spatial PL distribution from
tiple stacks of 2D images with the aid of proper ion-etching  the film. It was shown formerly by deQuilettes et al. that PL
techniques.”>74 This offers information in the z-direction intensity and lifetime varied from grain to grain within the
while 2D mapping images only provide x—y-directional infor-  same perovskite film, while bulk films showed long carrier life-
mation, and is especially useful when it comes to studying the  time (Figure 14a)."”! They used confocal fluorescence micros-
effect of degradation. Ion migration triggered degradation from  copy with SEM to resolve the PL decay from perovskite films
the metal electrode or iodide can be assessed by depth profiling  and revealed that higher concentration of chlorine made the PL
measurements with 3D mapping of ToF-SIMS or XPS. 3D  brighter, and pyridine treatment could activate grains with dark
reconstruction of morphological and compositional 2D infor-  PL response.
mation enables elucidation of degradation and defect behavior AFM and some of its extended techniques are commonly uti-
buried within perovskite films. Another possible way to obtain  lized for mapping the surface of the perovskite films. Standard
3D spatial information is tomography, which has not been com- ~ AFM can map the morphological distribution of the film, while
monly used in PSC research field due to the limit of resolu- KPFM can map the work function or surface potential by meas-
tion. It is expected in the future that buried mechanism can be  uring potential difference between the conductive AFM tip
resolved with the aid of cryogenic tomography holders. In this  and the sample. In addition, conductive-AFM (c-AFM) enables
section, we discuss some representative studies using 2D and  collection of electrical data in nanoscale. Tennyson et al. used
3D mapping techniques on perovskite materials. KPFM to investigate local potential variation in three samples
with different compositions.[?l They designed the experiment
to monitor V,. under 1 sun illumination using a conductive Pt-
5.1. 2D Mapping coated Si probe as shown in Figure 14b. The result showed that
Cs-incorporated perovskite had uniform spatial distribution of
2D mapping can detect and resolve spatial chemical, morpho- V. and reversible response to light exposures due to the sup-
logical, optoelectronic, electrical distribution of the perovskite  pression of ion motion resulting from crystal lattice shrinkage.
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Figure 14. a) Plan view PL mapping of MAPbI;3(Cl) perovskite and corresponding time-resolved PL spectra indicating inhomogeneity of perovskite film.
Reproduced with permission.l"”7>] Copyright 2015, The American Association for the Advancement of Science. b) Instrumental setup schematics for
c-AFM 2D mapping for perovskite film. Reproduced with permission.[7¢l Copyright 2019, American Chemical Society. c) Plan view EBIC mapping and
Rb-XRF mapping of Rb containing perovskite film. Reproduced with permission. Copyright 2019, The American Association for the Advancement
of Science.
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On the other hand, MAPbBr; and MAPDI; demonstrated spa-
tial inhomogeneity in V,., showing irreversible response upon
multiple exposures to a light source. In 2014, Bergsmann et al.
used KPFM to investigate the cross-sectional potential distribu-
tion in MAPbI; under illumination condition.l”’! On illumina-
tion and short-circuit condition, charge carriers were generated
in the absorber layer and holes were accumulated at the inter-
faces between the perovskite and HTL. These carrier dynamic
changes induced the unbalanced charge distribution along the
perovskite device, which was confirmed by KPFM in this study.
The result revealed an electrical potential barrier was formed
due to the accumulation of excessive holes and resulted in a
reduced short-circuit current density. For the case of c-AFM,
Kutes et al. used photoconductive AFM to map the spatial varia-
tion of MAPDI; solar cell performance.[’8l They pointed out that
PV performance varies significantly even in the same perov-
skite film by mapping the current of a HTL-free PSC (glass/
FTO/TiO,/MAPDI;). The light was exposed through FTO/glass
cathode and current was measured with a c-AFM probe at the
anode simultaneously. The result revealed substantial current
difference correlated with microstructural features.

One of the most successful attempts on interpreting 2D maps
is to combine several techniques to confirm both chemical and
optoelectronic properties at the same time, Luo et al.,, dem-
onstrated that the region with higher bromide concentration
showed better optoelectronic performance by combining XRF
and PL mapping to detect chemical and optoelectronic distribu-
tion simultaneously.'””) They chose single crystal MAPDbBr; as a
sample to avoid the complication of considering grain bounda-
ries and focused on direct correlation between Br concentration
and PL intensity. While the sample was applied with lateral
electrical bias of +2 V and -2 V, nanoprobe XRF (nano-XRF)
was used to resolve the chemical composition and PL intensity

a
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I, Contro!
s-PSC
c Au - S
HTL
Perovskite

SnOx
ITo

www.advenergymat.de

was measured to compare optoelectronic enhancement. As
a result, the region exposed to higher potential showed an
increase in PL intensity and Br concentration which suggested
that Br ion can easily migrate inside the film and can be corre-
lated with optoelectronic performance enhancement. Likewise,
another work combined nano-XRF and EBIC to illustrate the
negative correlation between charge collection and Rb concen-
tration by showing that regions of lower EBIC corresponded to
higher Rb concentrations as depicted in Figure 14c.®% How-
ever, low EBIC region were broader than the high Rb region
in XRF. They attributed this mismatch to larger carrier gen-
eration volume from electron beam compared to nano-XRF
probe. Another possible explanation was carrier diffusion and
successive recombination near Rb aggregates. Recently, AFM
and nano-FTIR were conducted to correlate chemical phases in
individual grains in CsSFAMA perovskite films."8!l The regions
showing strong IR activity were depleted with FA vibrational
modes, which indicated grains with FA deficient compositions
show stronger vibrational response.

5.2. 3D Mapping

Mapping techniques play a crucial role in studying degradation
mechanisms. Since PSCs consist of several different layers, it
is important to measure the composition or charge distribu-
tion along the z direction. Domanski et al. reported on how the
gold contact material diffuses into the perovskite layer using
ToF-SIMS.[®2 They used elemental depth-profiling techniques
to measure the concentration of Au across the device and
reconstructed elemental 3D maps. It was clear that Au atoms
migrated from the back-contact layer to perovskite layer as
shown in Figure 15a. They suggested that the Au migration into
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Z=0.2um

Au |
HTL

Perovskite

SnOx
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Figure 15. a) 3D mapping of ToF-SIMS showing metal electrode (Au) migration into perovskite internal layer (I7) penetrating the hole transport mate-
rials (CN7) depending on the temperature. Reproduced with permission.'®? Copyright 2016, American Chemical Society. b) 3D PL reconstruction of
MAPbBr; perovskite cube with PL images taken at several vertical positions of the microstructure. Scale bar is 2 um. Reproduced with permission.['3’l
Copyright 2016, American Chemical Society. c) 3D reconstruction images from the assist of FIB/SEM for the MAPbI; PSCs with static-spin-coated HTL
(s-PSC), and dynamic-spin-coated HTL (d-PSC). Reproduced with permission. Copyright 2020, Elsevier.
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the perovskite layer led to severe degradation in V. and J, at
the high temperature which could be successfully mitigated by
insertion of a thin Cr layer deposited between HTL and Au con-
tact layer.

Another study regarding humidity-driven perovskite degra-
dation using 3D mapping by ToF-SIMS was conducted in 2017
by Lin et al.’® The researchers monitored water penetration
into perovskite films, using an isotope of H,0, deuterium oxide
(D,0). They made an 84% relative humidity environment with
D,0 and exposed the sample to the environment for 1-30 days.
After 1-3 days, aggregation of deuterium was observed at the
perovskite surface and byproducts (CH;NH,D, CH;NHD,,
and CH;ND;) were formed from proton exchange reactions
between MAI and deuterium. Eventually, these molecules were
transformed to CH3NH,(or CH;3;ND,) and were eliminated by
evaporation. This detachment of organic compounds induced
perovskite crystal structure distortion. They confirmed their
hypothesis via monitoring CH3;NH3 molecules for 30 days. On
the first day, the majority of CH3;NH3 molecules were present at
the surface. After five days, CH3;NH; decreased drastically and
was nearly completely depleted at the surface and only small
amount were detected at the bottom. After 12-30 days CH3;NH;
was almost under the detection limit. The result provided a
direct observation of perovskite decomposition from humidity
exposure. Meanwhile, another study reported the 3D mapping
of adsorbed water in perovskite solar cells which indicated that
the HTL prefers to adsorb water due to the hygroscopicity of
additive in the HTL."® This study provided that the correlation
of humidity-driven degradation of perovskite materials and the
HTL.

Also, 2D PL maps can be reconstructed into 3D maps to
investigate the optoelectronic spatial distribution as can be
seen in Figure 15b.1% Photoinduced degradation was studied
by Galisteo-Lopez et al. using 3D PL mapping technique. They
selectively exposed intense light (14.2 W cm™) to MAPDbBr,
and measured 2D PL intensity along the xy plane. Afterward,
they stacked the PL images to make a 3D structure to inves-
tigate the effect of photodegradation along x, y, and z direc-
tions. The result showed that the illuminated region with very
low PL intensity and the unexposed region remain bright in
PL images. Moreover, it was not just remaining bright but the
intensity of PL in unexposed area increased whereas exposed
area decreased. The PL peak position of illuminated region
blue-shifted compared to the unexposed region which indicated
that the bandgap increased with bromide concentration. They
also conducted SEM and EDS to investigate the structural and
compositional changes in the illuminated sample. The photo-
exposed region showed lower halide concentration with respect
to unexposed portion. Combining these results, this work sug-
gested that halide migration induces defects lattice distortion.

Morphological 3D reconstruction mapping also provides
the valuable information during the fabrication or degrada-
tion of PSCs. Shen et al. studied chemical and morphological
variations for PSCs with static spin-coated HTLs (s-PSC) and
with dynamic spin-coated HTLs (d-PSC) by 3D reconstruction
with FIB/SEM.!86 The spin-coating process for s-PSC contains
the wetting process of HTL solution on the top of the perov-
skite film, while d-PSC can be performed without chloroben-
zene wetting on the perovskite film. As displayed in Figure 15c,
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morphological differences of using static and dynamic HTL
spin-coating onto the perovskite film can be distinguished by
3D mapping reconstructed from FIB/SEM. It was discovered
that the s-PSC device showed critical void generation along the
perovskite layers due to the reaction between perovskite mate-
rials and detrimental additives in Spiro-MeOTAD.

6. Conclusions and Outlook

In this article, we have reviewed the present challenges that
perovskite materials exhibit intrinsically and extrinsically, and
advanced characterization methods such as cryotechniques, in
situ measurements, and multidimensional imaging and map-
ping tools, which contribute the proper characterization of
perovskite materials. Fast ionic movement and vulnerability to
degradation and phase transition were main factors to impede
accurate characterization of perovskite materials. Perovskite
materials can be detrimentally affected by the high energy
probes including lasers, e-beams, and X-rays, required by the
majority of characterization tools. Considering that perovskite
materials are also vulnerable to the thermal stress, moisture,
and pressure, driving degradation or phase transition, we
emphasize the significance of controlled measurement condi-
tions. Rapid ion mobility and their accumulations are also a
critical hinderance to accurate characterization due to contin-
uous variation of the result with the time and the space.

Employing advanced characterization tools can surmount
such challenges for perovskite materials. Degradation due to
measurement source radiation and accompanied heat genera-
tion can be mitigated with cryotemperature techniques, and
cryo-FIB and -EM have been successfully adopted to investi-
gate the micro-/nanostructure of perovskite materials. Cryo-
techniques can even freeze the phase of perovskite materials
with the instantaneous cooling process, thereby the preventing
phase transitions during the measurements. Time-dependent
variation with the temperature, light exposure, or other stimuli
that may influence the perovskite materials can be tracked by
in situ measurement techniques. In situ EM, optoelectronic
measurements, and X-ray assisted tools effectively track the
time-dependent microstructural, carrier dynamical, chemical
variations of perovskite materials. Lastly, spatial distribution of
intrinsic properties due to ion migration or phase separation
can be resolved with 2D mapping, and the 3D reconstruction of
the 2D map stacks provide the valuable information of buried
internal distributions, effectively correlating electronic effects
with structural features.

Pioneering studies for overcoming the challenges of perov-
skite materials have achieved developments on appropriate
characterizations and have corrected decisive misinterpretations
of the materials as well. However, current advanced characteri-
zation tools still have remaining unsolved problems. For cry-
otemperature methods, possible undesirable phase transitions
during long-term measurements may occur at low temperature
which are not yet fully understood due to a lack of exploration
of low temperature phase transitions. Disparity between actual
operational mechanisms of PSCs and the implementation of in
situ measurements may limit the understanding on the stability
issue under actual operation, emphasizing the importance of
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experimental design. These differences should be minimized
to appropriately explain the degradation mechanism during the
operation from in situ observation. For multidimensional map-
ping characterization, resolution can be problematic for inter-
pretation of spatial variations. These problems arise because
the current perovskite characterization tools are mostly adopted
from parent photovoltaics or traditional inorganic perovskite
research. There are efforts to develop new emerging charac-
terization techniques for PSC materials such as photoemission
electron microscopy (PEEM) or drive-level capacitance pro-
filing (DLCP)#8, which broaden the comprehension on PSC
materials. PEEM can image the nanoclustered trap sites in
perovskite films which is formerly predicted from PL mapping.
PEEM provides far more accurate location of trap sites than
PL because photoexcited carriers in the bulk can diffuse along
with the perovskite film and detected at the surface. DLCP can
directly resolve the free carrier density and trap density and its
spatial distribution. It was discovered that trap states mostly
exist at the interface from the measured spatial distribution
of trap states at bulk and interface of single- or polycrystalline
perovskite film. In this regard, proper optimization of charac-
terization tools for the perovskite research is required to under-
stand perovskite materials further.
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