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Abstract: Metal halide perovskite materials have demonstrated significant potential in various
optoelectronic applications, such as photovoltaics, light emitting diodes, photodetectors, and lasers.
However, the stability issues of perovskite materials continue to impede their widespread use. Many
studies have attempted to understand the complex degradation mechanism and dynamics of these
materials. Among them, in situ and/or operando approaches have provided remarkable insights
into the degradation process by enabling precise control of degradation parameters and real-time
monitoring. In this review, we focus on these studies utilizing in situ and operando approaches
and demonstrate how these techniques have contributed to reveal degradation details, including
structural, compositional, morphological, and other changes. We explore why these two approaches
are necessary in the study of perovskite degradation and how they can be achieved by upgrading
the corresponding ex situ techniques. With recent stability improvements of halide perovskite using
various methods (compositional engineering, surface engineering, and structural engineering), the
degradation of halide perovskite materials is greatly retarded. However, these improvements may
turn into new challenges during the investigation into the retarded degradation process. Therefore,
we also highlight the importance of enhancing the sensitivity and probing range of current in situ and
operando approaches to address this issue. Finally, we identify the challenges and future directions
of in situ and operando approaches in the stability research of halide perovskites. We believe that the
advancement of in situ and operando techniques will be crucial in supporting the journey toward
enhanced perovskite stability.

Keywords: in situ/operando; perovskite materials; degradation

1. Introduction

In the past decade, there has been significant research focus on halide perovskite
materials for various optoelectronic devices, including photovoltaics [1], light emitting
diode [2-4], photodetectors [5], lasers [6], and so on. The general chemical formula of
halide perovskite materials is ABX3, where the A site can be occupied by organic cations,
such as methyl ammonium (MA), formamidinium (FA), or inorganic cation cesium. The
B site can be divalent cations, such as lead(Pb) or tin(Sn), while the X site consists of
halide anions, such as chlorine(Cl), bromine(Br) or iodine(I). Due to the great variety
of its chemical composition, halide perovskite forms a big material family with tunable
optoelectronic properties. The excellent optoelectronic properties of halide perovskite
include its exceptional high absorption coefficient over a wide spectrum [7], a direct
bandgap with excellent tunability in the visible-infrared range [8], long and balanced
charge carrier diffusion lengths in the micrometer range [9,10], and defect tolerance [11,12].
The potential of perovskite materials is exemplified by the development of perovskite
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solar cells. An unprecedented rise in their efficiency from 3.8% to 25.7% was achieved
in only a few years [13-15], which was comparable to traditional Si-based solar cells and
outperformed all other emerging solar cells, e.g., organic, and CIGS-, CdTe-, and quantum-
dot-based solar cells [16].

Currently, the major hurdle in halide perovskite research and applications is its intrin-
sic stability problem [17]. It is well known that halide perovskite is vulnerable to various
environmental stresses, including water, heat, light, oxygen, and electric fields [18-21]. In
early studies, this vulnerability was easily identified by a quick color change of the film
and short device lifetime [22]. Later on, multiple characterization techniques, such as X-ray
diffraction (XRD), scanning electron microscopy (SEM), X-ray photoelectron spectroscopy
(XPS), atomic force microscopy (AFM), and so on, were used to study the degradation
process in detail [23-26]. At first glance, the degradation of perovskite seems simple, but
systematic studies found that the degradation is a complex process, which is highly de-
pendent on the type of perovskite and the details of the exposure conditions. Therefore,
it is important to control the exposure conditions and to monitor the degradation in real
time. Keeping this complexity in mind, we could understand why studies with in situ and
operando approaches reveals more degradation details than those studies performed in an
ex situ manner. With the help of in situ and operando approaches, the degradation mecha-
nism of 3D perovskite (MAPbIs and FAPbI3) has been thoroughly studied [19,23,24]. It has
been found that the degradation of 3D perovskite can be divided into three different cate-
gories: morphological change, ion migration, and decomposition. Morphological changes
in perovskite materials are primarily due to recrystallization, which usually involves water.
A morphological change can happen much earlier than decomposition [27]. However, it
may damage the device integrity and be responsible for premature device failure. Ion
migration is mainly driven by internal or external electrical fields during the operation
of devices [28]. Ion migration threatens the long-term stability and cannot be alleviated
by protection methods like encapsulation. The decomposition of perovskite is due to
irreversible loss of certain components (mainly organic parts), causing permanent changes
in perovskite materials. In general, all three degradation pathways can be accelerated when
more than one stresses are present. In a real device, degradation is usually caused by the
combination of all three categories, depending on the types and magnitude of degradation
stresses it is facing.

In situ and operando are two approaches used in characterization techniques to study
the perovskite degradation process. The concept of “in situ” is widely used in surface-
related research aiming to study surface changes in an ultrahigh vacuum (UHV) condition
to avoid ambient exposure. A precisely controlled environment helps to reveal the surface
change that are specific to certain factors. In the study of perovskite degradation, an in situ
approach is capable of revealing the degradation clearly due to a specific stress (such as
water or heat). However, due to the constraints of a UHV condition, the “strength” of the
stress is significantly limited (for water, an in situ study can only reach ~10~> mbar). On
the other hand, the concept of “operando” was first introduced by chemists in 2002 to study
catalytical reactions in real time and in realistic conditions [29-31]. It a much wider reaction
conditions than an in situ approach. In perovskite studies, an operando approach helps
to investigate degradation under realistic conditions or beyond. For example, in water-
induced degradation studies, an operando approach can reach 90% relative humidity (RH)
at room temperature, which is equivalent to ~27 mbar, too high for any ultrahigh vacuum
equipment [32]. The two approaches are complementary to each other because an in situ
approach pinpoints the detailed mechanism under one of multiple degradation stresses
while an operando approach reveals the real degradation dynamics in an environment
much closer to a real environment.

Although there are many reviews focusing on the perovskite degradation [20,27,28],
the importance of in situ and operando approaches in perovskite degradation studies has
not been systematically reviewed yet. We would like to give three reasons to highlight
the importance of these two approaches in details. First, many degradation studies of
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halide perovskite are based on in situ and/or operando approaches. Most of the reviews
are focusing on degradation alone, with little attention on the techniques themselves. We
use the first part of this review to summarize the technological modifications adopted in
in situ and operando characterizations and explain how they help to reveal degradation
mechanism. Second, most of current in situ and operando studies are not specialized
for perovskite studies and therefore have great potential in further optimization. The
unique requirements of halide perovskite on in situ and operando studies (e.g., high water
humidity, light sensitive, pressure sensitive, electrical field sensitive, etc.) need to be
considered so that a better experimental setup can be achieved. Last, to cope with future
degradation studies, current in situ and operando approaches need to be further improved
with a higher probing sensitivity and a wider range of degradation conditions. There are
various protection methods to improve the stability of perovskite materials, but they is
still far less stable than their inorganic counterparts (i.e., silicon) [33]. The effectiveness
of these protection methods needs to be carefully examined from a fundamental point of
view to further slow the degradation of these stabilized perovskite materials. Therefore,
future in situ and operando techniques must overcome the following challenges: (1) slower
degradation process due to protection/passivation; (2) harsher degradation conditions
to accelerate degradation processes or aging tests, such as higher temperature, higher
moisture, and higher electrical field, etc.; and (3) complex degradation conditions to include
multiple degradation stresses, such as water/heat, water/light, light/electrical field and
so on to simulate real challenges during device operation. In short, this review aims to
summarize the achievements, challenges, and future advancements of in situ/operando
approaches in perovskite stability studies.

We organized this review based on different characterization techniques. In each
section, we will briefly mention the techniques themselves, followed by result compar-
ison between normal and in situ/operando techniques. We conclude each section with
potential advancements in the specific in situ/operando approaches. We start with struc-
tural detection techniques in Section 2, followed by composition techniques in Section 3.
Morphological techniques and optoelectronic techniques will be in Sections 4 and 5. In
Section 6, we give an outlook on how to modify current in situ/operando techniques for
future stability studies. We believe this review will serve as a technology milestone for in
situ and operando studies in perovskite studies and provide important insights in these
two approaches. The overall framework of this review is shown in Figure 1.

operando

4

Figure 1. Schematics of the in situ and operando techniques to study halide perovskite
stability [34-36]. Copyright 2016, American Chemical Society. Copyright 2017, Elsevier. Copyright
2018, Wiley.
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2. Crystal Structural Characterization Techniques

Crystallinity is a fundamental property of materials. In fact, the name of perovskite
materials is from their crystal structure. Perovskite materials have black and yellow phases,
where the black phase includes «, 3, and v structures, corresponding to cubic, tetragonal,
and orthorhombic structures, respectively. The yellow phase refers to the & structure
(orthorhombic structure) [37-39]. It is well known that the crystal structure of perovskite
depends on its composition and temperature [40,41]. For example, MAPbI; has three crystal
structures: cubic (>330 K), tetragonal (160 K~330 K), and orthorhombic (<160 K). Since the
degradation of perovskite materials is commonly associated with structural change, many
structural characterization techniques have been used in degradation study, such as X-ray
diffraction (XRD), grazing incidence wide-angle X-ray scattering (GIWAXS), and grazing
incidence neutron scattering (GISANS). These techniques are based on diffraction laws and
are sensitive to the structural changes that occur during degradation.

2.1. Perovskite Degradation Studies by In Situ/Operando X-ray Scattering Techniques

X-ray diffraction is the most widely used technique in crystal structure determination.
It uses Bragg'’s diffraction law to probe the long-range crystalline order in samples. Iniodide
perovskite studies, ex situ XRD typically uses the signal of Pbl, at 12.7° to infer the status
of perovskite degradation or the quality of pristine perovskite [42,43]. In FAPbI3, XRD also
provides its phase information because the photoactive « phase has a different diffraction
peak (13.9°) from the photo inactive 4 phase (11.9°) [44]. In addition, ex situ XRD can also
confirm the existence of a metastable dihydrate (CH3NH3)4Pbls-2H,0 if the perovskite
were kept in the dark [42,43]. By using the ex situ XRD technique, perovskite degradation
under different stresses, such as water, light, and heat, can be easily confirmed [20,22].

Because the hard X-ray used in XRD has a high penetration depth, there is no limit on
pressure or other factors in the XRD measurement. Therefore, for this technique, in situ and
operando approaches can be easily realized simultaneously. To perform in situ/operando
XRD, the sample is usually kept in a commercially available flat airtight chamber with
an X-ray window. The window material can be Kapton films. Other accessories, such as
for gas regulation and temperature control, may be added to this chamber during in situ
studies. For example, in water-induced degradation, a pump and gas inlet are connected to
adjust the humidity level [45,46]. A humidity sensor is connected either inside the chamber
or along the gas line to monitor the actual humidity level (Figure 2a—c).

The most notable discovery made from operando XRD is the revealing of the monohy-
drate and dihydrate phases in the water-induced degradation of MAPbI3. Their character-
istic peaks are at 8.7° and 11.6°, respectively [48-50]. There are two influencing conditions
for the formation of hydrate: humidity level and exposure time. Hydrates need higher-
than-threshold humidity conditions (~70% RH) to form. It was also observed that the
formation of hydrates can be shortened when the relative humidity is even higher. The
monohydrate forms first, ~30 min at 80% RH, and the dihydrate phase forms later ~120 min
at 80% RH condition. The monohydrate has a molecular formula of MAPbI3-H,0O, and
it can turn back to MAPbI3 under dry conditions (Figure 3a). The formation of monohy-
drate changes the perovskite structure from 3D to 1D. It incorporates one-dimensional,
isolated [Pbl3]~ double chains, forming a two-octahedra-wide “ribbon” that is similar to &
structures. As the exposure time to water conditions increases, the monohydrate turns into
dihydrate, (CH3NH3)4Pbls-2H50O, in which each primary cell of perovskite includes two
water molecules. This process is partially reversible due to Pbl, formation. The perovskite
structure changes from 1D to 0D. The intermediate phases were found in devices when
exposed to water [47]. The formation condition varies depending on the details of the
device structure, which may be due to interfacial influences or local water aggregation,
resulting in hydrate formation at low humidity. Chen et al. investigated the degradation
process of FTO/TiO,/MAPbI;/spiro-OMeTAD/Au devices under ~65% RH humidity
using operando XRD (Figure 3b) [47]. This degradation process can be divided into three
stages. In the first stage, the perovskite material first forms hydrate CH3;NH3Pbl;-H,O,
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which leads to the loss of its fill factor. In the second stage, the hydrate is transformed
into Pbly, which reduces the Jsc and Voc values of the device. In the third stage, Pbl,
decomposes to form PbIOH (~20.5°) due to the combined effect of light and moisture.
operando XRD also observed structural changes due to water-induced ion migration. At
30% RH, Pby (31.2°) is formed due to a redox reaction in perovskite with Al electrodes
(Figure 3c). In devices, perovskite films could form hydrates at RH as low as 30%, which is
different for the degradation perovskite thin films (~70% RH) [48]. These results reveal that
water molecules in devices could induce a redox reaction between electrode and perovskite,
reducing the activation energy of ion migration and facilitating the diffusion of ions.
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Figure 2. (a) Schematics and images of the cell configuration for in situ X-ray microscopy measure-
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ment [47]. Copyright 2017, American Chemical Society. (b) Schematic of the RH control apparatus and
sample holder [45]. Copyright 2015, American Chemical Society. (¢) Diagram of the humidity-control
apparatus and in situ sample chamber [46]. Copyright 2018, American Chemical Society.

In heat-induced degradation, operando XRD could observe the composition change
more closely. It was observed that MA-perovskite is less heat-stable than FA-perovskite.
MA-perovskite decomposed at ~130 °C, while FA-perovskite decomposed at 160 °C. The
mixed perovskite material (FA(g3Csg17PbI,Br) shows better thermal stability than the
MA- and FA-perovskite. Its thermal decomposition process can be divided into three
phases [51]. Below 160 °C, the crystal structure is Pm3m, and no phase change or significant
decomposition occurs. Though the peak at 14.24° is slightly lower angle, it is thought
that the change is caused by the expansion of the structure due to the loss of Br elements.
When the temperature is higher than 160 °C, the perovskite decomposes into Pbl, due
to the volatilization of FA ions and halogen elements. When the temperature rises to
220 °C, new substances, such as CsPbl;_,Br, (z << 1) with Pnma structures, are formed.
Temperature-induced decomposition is highly sensitive to the types of ions in perovskite.
Tan et al. compared the thermal degradation processes of FA( g3Csg 17Pb(Ip g3Brg 17)3 and
Csp.05(MAg 17FA( 83)0.95Pb(Ip 83Brg 17)3, by in situ XRD [52]. The experimental results show
that the triple-cation perovskite material is less thermally stable than the dual-cation
perovskite material because of the MA component. Prepared perovskite films containing
MACI show better thermal stability than their counterpart without C1~. In comparison
to MAPbI3, perovskite materials with containing Cl~ can maintain the ABX3 structure at
higher temperature (~300 °C) because the addition of CI~ can suppress Pbl, formation [53].
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Figure 3. (a) In situ XRD patterns of MAPbI3: hydration of a MAPbI; film and dihydration of a
MAPDI; film. Structural changes of MAPbI3 under high humidity conditions, from MAPbI; to mono-
hydrate phase and then to dihydrate [48]. Copyright 2015, American Chemical Society. (b) In situ
X-ray diffraction measurement and the corresponding cell performance along time evolution at RH
65% [47]. Copyright 2017, American Chemical Society. (c) In situ XRD analysis of the degradation of
the perovskite materials with moist air in the dark [32]. Copyright 2016, American Chemical Society.

Light-induced degradation is also studied by in situ XRD in vacuum. The results show
that FACs-perovskite shows better light stability than MA-perovskite [54]. Under light
conditions with an Xe lamp at 400 W/m? and after 30 min, the (100) peak of MA-perovskite
showed an increased peak width followed by peak splitting at 14.3°, while FACs-perovskite
shows no obvious change. For longer light exposure, MA-perovskite further decomposed
into metallic lead (Pbg) and lead iodide (Pbly), as shown by diffraction peaks at 12.7°.
Factors other than light could greatly affect the degradation pathway of FACs-perovskite.
In vacuum, photodegradation mainly creates iodine vacancies. But in air, the lead salts are
formed due to removal of organic parts under the presence of oxygen and water. The reason
for this is that FACs-perovskites would form I-element domains under light conditions and
thus accumulate strain, which can have a stabilizing effect on the perovskite.

Synchrotron-based grazing incidence X-ray diffraction (GIXRD) and grazing incidence
wide-angle X-ray scattering (GIWAXS) has been widely used in the structural determination
of perovskite solar cells with better surface sensitivity [55,56]. It studies the crystallinity of
the top surface by using an X-ray with a very shallow angle of incident. The advantages
of GIXRD and GIWAXS are (1) the large detection area due to elongated incident X-ray
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spot from a very shallow angle; (2) the adjustable sensitivity in the z-direction by changing
the grazing incidence angle from very shallow ~0.02° (ultrahigh surface sensitivity) to
less shallow ~1° (relative bulk sensitive); and (3) the high sensitivity from high X-ray flux
and quick angular information in combination with a two-dimensional surface detector
(MarCCD). Ex situ GIXRD and GIWAXS have been widely used as a complementary
technique to confirm the structural information of perovskite surfaces [4,14,57].

To perform in situ/operando GIXRD measurements, the test chamber must adapt to
the grazing incidence of the X-ray. A flat top window is not suitable for a very shallow
incidence angle (~0.02°). Therefore, the setup must use side widows to perform GIXRD
measurements. The typical window materials to seal the chamber is Kapton films, which
have good mechanical strength and low X-ray absorption coefficient. Alternatively, a
complete glovebox as the test chamber can be used to conduct more complicated studies
with stable environmental control, one of which is located in the Shanghai synchrotron
radiation facility (SSRF). [58-60]. Although this setup is mainly to study the formation of
perovskite [61], it can also be used to study the degradation process, as shown in Figure 4.

In situ GIXRD studies have not only confirmed the formation of hydrate, but it also
observed surface-related degradation under various stresses. It confirmed the formation of
hydrate and Pbl, under a similar relative humidity [45]. Using in situ GIWAXS, Fransishyn
et al. showed [46] that the introduction of moisture could increase ion mobility, leading to
the screening of the built-in potential and resulting in electrode corrosion. In situ GIWAXS
measurements have found that the heat-induced decomposition of the surface of MAPbI3
actually starts as low as 80 °C, which is evidenced by the appearance of a Pbly-related
diffraction ring at ~0.9 A~'. When the temperature increased from 80 °C to 100 °C,
the decomposition progresses faster, showing a degradation time decrease from 1 h to
20 min. The decomposition process, unlike the tetragonal-to-cubic phase transformation, is
irreversible. The angle-dependent GIWAXS also revealed that decomposition starts from
the surface and progressively advances into the bulk.

2.2. Perovskite Degradation Studies by In Situ/Operando Neutron Scattering Techniques

The structural information from degradation can also be studied by neutron scattering.
It is a less reported method, mainly due to very few experimental facilities capable of per-
forming it. Neutron scattering can provide considerable and unique structural information,
which cannot be obtained using XRD. For example, (i) neutron scattering is capable of
studying amorphous phases using a radial distribution function, (ii) a neutron scattering
cross-section is less dependent on the atomic number, which is useful to study hydrogen
atoms in the crystal structure of perovskite, and (iii) neutrons have a higher penetration
depth than lab-based X-ray photons, which enables the study of the structure of large crys-
tals. Right now, there are only two papers reported using an in situ GISANS method [50,62].
To perform such study, an air-tight chamber, like the one used for in situ XRD, is used to
study the humidity-induced degradation of MAPbI;. Instead of glass, Al was used as the
window material because of its low absorption coefficient to neutrons.

GISANS was used to study water distribution in perovskite. Chlipf et al. determined
the formation conditions of hydrates in MAPbI; (Figure 5a) [50]. The RH required for
monohydrate is greater than ~70% while the dihydrate requires RH greater than 90%,
which are consistent with the in situ XRD studies [48-50]. In addition, GISANS can find
the RH-dependence of the water content in perovskite as it absorbs on the surface or into
the bulk of perovskite depending on the humidity level. Surprisingly, at 41% RH, there
is already 10 vol% of water in perovskite. The water content can be as high as 50 vol% at
96% RH. The results also show that water can enter the perovskite without forming a new
phase or domain expansion.
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K;pton

o (o Annealing

Figure 4. (a) In situ heating device with Kapton film windows on both sides. The operating tempera-
ture can range from —180 °C (=liquid nitrogen temperature) to 200 °C. (b) In situ glove box, which
can be used for in situ spin-coating experiments and in situ degradation experiments, including
thermal, humidity, and light decomposition.

GISANS has confirmed that quasi-two-dimensional (3D/2D) perovskite has better
moisture stability at a high humidity level [62]. GISANS also revealed that 3D /2D per-
ovskite degrades mainly by phase separation at high humidity levels (~90% RH). The
two-dimensional phase with n =5 (PEA),;(MA)4Pbl;s transformed into a more stable n = 2
and n = 3 phase (Figure 5b). The presence of the two-dimensional phase may reduce
the migration of ions to the crystal’s surface, such as MA* and I~, thus inhibiting the
formation of Pbl,. For the degradation process of 3D /2D perovskite films, the inhibition of
ion migration in 2D perovskite may be more important than the hydrophobicity of organic
ligands. Although only water-induced degradation was reported in the GISANS study,
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other types of degradation can also be studied by GISANS because all hybrid perovskites
contain hydrogen.

=180 I
(a) 4l
c 73 %RH
<1604
o x by {
N 1404 i d
? 1007 1 ry""
< 1% 1 I ( perovskite
© 801 l l 1 1 1
.5 €0 L] I
4 58 73 93 9% ~10 vol% water
humidity (% RH)
(‘-‘E 78 hours 41 %RH ‘ adsorption of
c 5/ 6 | water molecules
i
o
= 4 I ° ® ~35 vol% water
i ° e °
C 1/ . o
ol ° °
Cok20 W formation of
—_— A 1 monohydrate
(\“E | 58 %RH ‘
YC 2] ] oo © @ ® ~50vol% water
o $ ..
= Joe
g 1 °
x formation
o~ | of dihydrate
%
; : - A

(b)

-

- * water
.

*molecules ,
. ..y » ¥ »

time, 153:4\4‘
humldllyi f

10 2000

log intensity (counts) |og intensity (counts)

2D perovskite
=

1 T
FAMARC | 5

- PEA*

e
rE

3D perovskite

i layer
R v. 3D perovskite
2.0

Figure 5. (a) Domain sizes for various humidity levels and Kratky-style plots exposed to various hu-
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midity levels. The schematic illustration of the degradation pathway [50]. Copyright 2018, American
Chemical Society. (b) Vertical line cuts of the in situ GISANS measurements, showing the evolution
of the perovskite films from the initial state before exposure to 90% RH. The schematic illustra-
tion of humidity-induced mechanism in 3D /2D heterojunctions [62]. Copyright 2019, American
Chemical Society.

All structural characterization techniques have long probing distance (>1 um). The
operando approach can be easily achieved in a commercial or home-made airtight cell/
chamber. However, these setups are not specially design for the study of perovskite
and can be further improved by the integration of a heater and/or electrical fields in
the cell/chamber to study the structural changes under multiple stresses. For example,
a cell with 85 °C and 85% RH condition will be helpful to study degradation under
accelerated aging. Table 1 lists most relevant in situ/operando papers on the perovskite
film degradation process using crystal structural characterization techniques.
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Table 1. Summary of in situ/operando techniques applied in crystal structure studies.

Perovskite Films Exposure Condition Techniques Ref.
MAPbDI; Water (27~90% RH) XRD [32]
MAPbDI; Water (80% RH) XRD [48]
MAPbDI; Water (80% RH) XRD [49]
MAPbDI; Water (65% RH) XRD [47]

CsFAPb(IBr)3 Heat (80~320 °C) XRD [51]
MAPDI;_Cly Heat (28~400 °C) XRD [53]
FACsPb(IBr);, MAPb(IBr)3 Light XRD [54]
3D/2D Water (90% RH) XRD [62]
MAPbDI; Liquid water XRD [63]
MAPDbX3(X =1, Br, Cl) Heat (30~320 °C) XRD [64]
MAPbDI; Vacuum/light XRD [65]
(CsFAMA)Pb(IBr)3 Light and bias XRD [66]
MAPb(IBr)3 Light XRD [67]
MAPbDI; Water (80% RH) GIXRD [45]
MAPbDI; Water (85% RH) GIWAXS [46]
MAPbDI; Heat (25~130 °C) GIWAXS [68]
MAPbDI; D0 (73% and 93% RH) GISANS [50]
3D/2D Water (90% RH) GISANS [62]

3. Composition Characterization Techniques

As hybrid materials, perovskite materials contain multiple elements, which are changed
during degradation. Therefore, probing the compositional change at the surface or in the
bulk is an important method to study the degradation process. There are many techniques
that are sensitive to compositional changes, including thermogravimetric analysis (TGA),
mass spectrometry (MS), time-of-flight secondary ion mass spectrometry (ToF-SIMS), pho-
toelectron spectroscopy (PES), and so on.

3.1. Perovskite Degradation Studies by Operando Thermogravimetric Analysis Techniques

Thermogravimetric analysis (TGA) measures the weight loss of a sample during
heating. This technique has been widely used to study the decomposition mechanism
and reaction kinetics of materials. It determines the decomposition temperatures and
decomposition kinetics (first order or second order) by weight loss. In perovskite studies,
most of the TGA data suggest a first order decomposition process [69,70].

TGA measures the weight change as a function of temperature. Hence, this technique
is always working as an operando approach [69,71,72]. Heat-induced MAPbI3 decomposi-
tion shows two-step mass loss: the first one is the loss of the organic component CH3NH;I
(~25%wt, 220~420 °C) and the second one is the loss of the inorganic Pbl, component
(~75%wt, above 420 °C). The mass-loss kinetics of the first step has two different loss rates
depending on the temperature, suggesting two parallel degradation processes. With the
help of other techniques, such as mass spectrometry and Fourier transform infrared spec-
troscopy, it was determined that these two parallel processes are due to the decomposition
of CH3NH;I through two different routes [69-71].

CH3NH3Pb13 (S) = Pb12 (S) + HI (g) + CH3NH2 (g) (1)

CH3NH3PbIg (S) = PbIz (S) + CH31 (g) + NH3 (g) (2)
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For processes occurring at a lower temperature (~250 °C), Process (1) is dominant.
For those occurring at a higher temperature (~300 °C), Process (2) dominates instead. The
second process is due to the breaking of the C-N bond, which requires greater energy.
The stronger C-N bond associated with the greater enthalpy change can also explain why
FA-perovskite has a higher thermal stability than MA-perovskite.

With the exception of heat-induced degradation, TGA has potential in the study of
perovskite decomposition combined with other stresses. For example, if water is introduced
into the TGA, perovskite materials may appear to have different decomposition kinetics
due to synergistic effect of water and heat. The integration of water, light irradiance, and
electric fields into the TGA system will probably give new insights into the decomposition
kinetics of perovskite. To realize such a goal, a closed cell will be needed to control environ-
mental changes like humidity and light. A proper pump to remove volatile components is
required to allow for the determination of mass loss. These modifications can allow TGA to
study new perovskite materials, such as quasi-two-dimensional perovskite or passivated
perovskite, to directly explore their degradation kinetics under different stresses.

3.2. Perovskite Degradation Studies by In Situ Mass Spectrometry and Time-of-Flight Secondary
Ion Mass Spectroscopy

Mass spectrometry (MS) can identify gaseous components from perovskite degrada-
tion by detecting their mass-to-charge ratio. It is an extreme sensitive technique, capable
of detecting signals down to 10~ 13 torr, but it also requires a ultrahigh vacuum condition
to operate. Therefore, all MS studies are conducted using an in situ approach. With the
exception of probing gaseous products, MS is often combined with a sputter gun to probe
the solid products on surface. One of the most widely used combination is time-of-flight
secondary ion mass spectroscopy (ToF-SIMS), which uses the flying time of secondary ions
to determine its mass. ToF-SIMS has a wide detection range of molecular mass and high
sensitivity to selected mass. It also has lateral resolutions, which allows it the measure
degradation in a single domain. For in situ measurements, ToF-SIMS can integrate external
stresses, like illumination, heat, and water, into the system with simple modifications
(Figure 6).

ToF detector
(a) = (b)
Primary ion beam
o ©®
Secondar.y ions  Light/ laser
o »
. 3

Pbl,
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Degradation e
Blue‘laser Red‘laser
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g 1 8 [ = I,/ Pbl;
E[TT— K, ST onmy,
Time

Figure 6. (a) Schematic diagram of the experiment with light-induced chemical changes of perovskite
films in real time. (b) The actual object image corresponding to the experiment [73]. Copyright 2018,
the Royal Society of Chemistry.

Light-induced degradation in perovskite has a clear wavelength dependence [74-76].
The shorter wavelength can break the chemical bonds in perovskite and cause a direct
decomposition. In MAPbI; films, MS detected CH3NH, and HI under ~395 nm light, which
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is due to the deprotonation of CH3NHj3" cations [20,76]. The decomposition process is
accelerated by presence of oxygen, probably due to the reaction of superoxide and MA.
Superoxide is formed by the reaction of molecular oxygen and photogenerated electrons.
In a MAPbI3-based device, further degradation mechanisms, including (a) CH3NH, + HI,
(b) NH3 + CHsl and (c) Pby + I, were found under prolonged white-light illumination
and heating condition (40~80 °C) [75]. In light-induced degradation, the lateral resolution
of ToF-SIMS has been used in the cross-section mapping of the surface of perovskite to
confirm the wavelength-dependent ion migration. Before illumination, the 2D image of
I~ ions showed a uniform distribution. After 10 min of red-light irradiation (~635 nm),
the irradiated area showed a significant signal decrease. The migration of iodine-related
species is quasi-reversible when the wavelength is long (~635 nm) (Figure 7) [73]. At
shorter wavelengths (blue light, 470 nm), light induced a more significant degradation of
MAPDbI3 to produce Pbl, based on the increase in Iy~ and Pbl,~ signal strength. ToF-SIMS
also found that light induces MA™ accumulation at the perovskite/PCBM interface and I~
accumulation at the perovskite/NiO interface. Such accumulation may be beneficial to the
device efficiency because it may change the band structure, leading to a rise in open-circuit
voltage and fill factor [77]. With the presence of both heat and light illumination, ToF-SIMS
confirmed that degradation is accelerated mainly due to Au diffusion into the perovskite
layer [78].

4 (b) 4 (c) 4
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Figure 7. ToF-SIMS signal of chemical components of CH3NH;3Pbl; with different light illuminations.
(@I7,I,7,and I37, (b) Pbl3~, Pbl, ™~ and PbyI3~, (c) CNHgl, ™ and CNH5sI—, using a white light,
blue laser, green laser, and red laser [73]. Copyright 2018, the Royal Society of Chemistry.

In situ ToF-SIMS confirms water penetration in the low-water-exposure condition
(~20% RH) even earlier than the condition revealed by GISANS [50]. By using deuterated
water (D,0), TOF-SIMS also revealed a hydrogen exchange from the adsorbed water. Lin
et al. found both methylamine vapor emission and Pbl, formation during D,O pene-
tration [79], indicating that the surface of MAPbI3 might undergo decomposition in the
very-low-water-exposure condition. The hydrogen exchange was confirmed by the signal
of CH3NH,D, CH3NHD;, and CH3ND3 in their TOF-SIMS data. (Figure 8a) [80]. ToF-SIMS
also confirmed that water could penetrate deep into the MAPDI; crystal, but not on the sur-
face, in a humid environment (~85% RH) (Figure 8b). [81]. Intriguingly, ToF-SIMS observed
the penetration of oxygen into the perovskite film, which explained the synergistic effect of
water and oxygen during degradation [82,83]. TOF-SIMS confirmed that 2D (nBA-MAPbI),
and 2D/3D perovskite was much more stable than MAPbI; [84]. The Pbl, peak broadened
at the interface of Cgg and perovskite, while the peak was unchanged in 2D and 2D /3D
perovskite. The change in this peak may be related to the hydrate of perovskite or Pbl,.
The content of water in the 2D and 2D /3D perovskite is less due to the blocking effect of
the 2D cation (Figure 8c).
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Figure 8. (a) Three-dimensional images for deuterium, MA*, Pbl,, and TiO, at different exposure
times [79]. Copyright 2017, Wiley. (b) ToF-SIMS imaging of D,0O in thin films at ~150 nm depth and
three-dimensional images [81]. Copyright 2017, the Royal Society of Chemistry. (c) ToF-SIMS depth
profiles of MAPI, nBA-MAPI, and 2D /3D MAPI devices, before and after exposure to humidity [84].
Copyright 2019, American Chemical Society.

ToF-SIMS was also used to study ion diffusion in perovskite related interfaces. At an
elevated temperature, iodine ions diffuse through the PCBM layer and react with an silver
electrode in a FTO/NiO/MAPbI3 /PCBM/Ag device, as was found in a depth study [85]
(Figure 9a,b). A similar diffusion was observed with Au (top electrode) (Figure 9c¢) [34]. A
temperature gradient may accelerate the ion diffusion, which shows an obvious difference
between uniform heating and non-uniform heating [86]. The nonuniform heating is more
severe in perovskite light-emitting diode (LED) devices due to its large driving current,
leading to a very short lifetime compared to that of PV devices. In LED-aged devices,
ToEF-SIMS confirms the severe ion migration of Br ions [87].

Ion migration caused by electric fields is another topic for TOF-SIMS studies. There are
two types of ion migration in perovskite devices: perovskite-related ions moves towards
HTL and ETL and metal atom diffusion into the ETL/HTL or even perovskite layer [88].
ToF-SIMS 3D mapping demonstrates that the concentration of Br~— and MA* on an Al
electrode increases with the time of operation (3~30 min) of the LEDs, confirming that
the degradation of the device is due to the migration of MA* and Br~ towards the ETL
direction (Figure 10a) [89]. ToF-SIMS observed ion migration in both regular and inverted
PV devices [90,91]. A difference in the overlap of MA* and HTL distributions at the
interface confirms the ion migration from the perovskite layer to the HTL after device
operation. The similar migration of negative ions is also observed at perovskite/ETL
interface [90]. In inverted structure devices, negative ions (I7) diffused from the perovskite
layer and HTL to the ETL (PCBM), which caused the deterioration of the device’s efficiency
(Figure 10b) [91]. In electric field studies, TOF-SIMS found that Au atoms diffuse into
perovskite layer, causing the device performance to drop to low efficiency [92-94]. Thus,
ToF-SIMS is a powerful tool to determine ion migration in perovskite materials.
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Figure 9. (a) ToF-SIMS depth profiles before and after heat treatment at 85 °C for 24 h. (b) The
degradation mechanism of Ag-electrode-induced thermal degradation [85]. Copyright 2017, Wiley.
(c) Three-dimensional images of the aged perovskite devices with Au electrode at 30 °C and 70 °C [34].
Copyright 2016, American Chemical Society.
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Figure 10. (a) ToF-SIMS depth profiles of pristine, the half-lifetime of luminance (T5p) and the
10% lifetime (T1p) of luminance devices, respectively. Three-dimensional images of Br~ and MA*
distribution. The degradation mechanism of the PeLED caused by ion migration [89]. Copyright
2019, American Chemical Society. (b) The degradation mechanism of MAPbI;3 perovskite solar cells
as a function of the degradation time [91]. Copyright 2018, Wiley.

Both MS and ToF-SIMS can be further integrated with heating, electrical field, light
irradiance, and gas exposure (water, oxygen, etc.). Although it is difficult to reach very high
partial pressure of gases, its accuracy and sensitivity make these techniques very suitable
to study the degradation mechanism of perovskite materials.

3.3. Perovskite Degradation Studies by In Situ/Operando Photoelectron Spectroscopy Techniques

Photoelectron spectroscopy (PES) is a surface-sensitive technique aiming to measure
the electronic structure and valance states of elements. Because it uses electrons as its major
detection particle, PES usually requires a high vacuum to operate, though a rough vacuum
and even atmospheric condition can still be used in specially designed systems. PES is
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widely used by both ex situ and in situ studies. PES can be divided into X-ray photoelectron
spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS). The main difference
between the two techniques is the photon source. XPS, with a higher photon energy
(Al/Mg Kx, 1486.7 €V /1253.7 eV, respectively), is capable of measuring the binding energy
of electrons in core levels, determining the types and chemical shifts of elements. UPS,
with a lower photon energy (typically 21.2 eV from He I), is suitable to measure the valance
electrons and the region close to Fermi level. Ex situ PES confirmed surface compositional
changes under external stresses, such as the gradual loss of CH;NH;3" and I~ from MAPbI3
in air [95]. Eventually the perovskite turns into various Pb compounds, including Pb(OH),,
PbO, PbCOs3, depending on the decomposition conditions [96].

In situ PES studies require the integration of one or multiple degradation stresses
into a high vacuum environment. Water and oxygen are introduced directly into the
vacuum chamber through leakage valves [97]. However, the partial pressure of both
substances cannot exceed the minimum requirement of the vacuum system (typically 10~°
to 10~* mbar). The light irradiation is introduced through the viewport of the vacuum
chamber [59,98]. Most PES manipulators are integrated with a heater, allowing for in situ
heating. Only the in situ electrical field is difficult because the top electrode may block
photoelectron signals and the electrical field interferes the kinetic energy measurement of
photoelectrons.

In situ PES studies revealed subtle change in electronic structure when perovskite is
exposed to water. At low water pressure (10~° mbar), water is adsorbed onto the surface of
the solution-processed perovskite film MAPbI;_,Cly, which decreases its work function
(WF) by inducing surface dipoles (Figure 11a) [99]. This value of WF is fully reversible after
annealing (~50 °C) in a ultrahigh vacuum, suggesting fully reversible WF changes without
any composition degradation of the perovskite. However, at a higher water pressure
(4 mbar), the change is beyond the reversible range. Under high water pressure conditions
(1010 Langmuir), an electron transfer from adsorbed water to MAPbI; is observed, resulting
in n-type doping [97]. These studies revealed electronic structural changes in perovskite
before the intermediate phase or decomposition. From in situ PES studies, perovskite
materials are less sensitive to the presence of oxygen [97,99]. Only under the very high
partial pressure of oxygen, a small WF change is observed on the surface of the perovskite,
probably due to a charge transfer of the surface-absorbed oxygen atoms.

Although normal in situ PES cannot be performed at very high water partial pressures,
a commercially available modification (near-ambient-pressure XPS (NAP-XPS)) can extend
the in situ water study to near ambient condition. In NAP-XPS, a sample is sealed in a
chamber with an extremely small exit (300 pm) to collect emitted photoelectrons. Multistage
differential pumping is used reduce the pressure at least 10-million-fold (1) to assure a long
enough mean-free path for the photoelectron to reach the analyzer and (2) to keep low
enough pressure in the analyzer side to maintain its working condition. Using NAP-XPS,
water-induced degradation shows dependence by its formation methods. Ke et al. found
that MAPbI; prepared by thermal deposition decomposed into Pbl,, HI, and NHj3 at 9 mbar
of water partial pressure (Figure 11b) [100], while Chen et al. reported that both MAPbI;
and FAPDbI; prepared by spin coating do not decompose at up to 24 mbar of water partial
pressure [101].

Various wavelengths of light will cause different decomposition processes [59,102].
With UV light at 366 nm wavelength or shorter, perovskite materials undergo rapid pho-
todisintegration. It causes the ion migration of A-site cations and the decomposition of
the Pblg*~ octahedral backbone to form Pby. When the wavelength of light is longer than
(435 nm), the decomposition is dominated by the ion migration of A-site cations. The
decomposition under visible light is slow.
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Figure 11. (a) UPS spectra of MAPbI;_,Cly perovskite films under different H;O exposure with
10~® mbar and 4 mbar [99]. Copyright 2018, Wiley. (b) NAPXPS spectra of perovskite materials at
core level of Pb 4f and I 3d under various water exposure conditions with 3 mbar and 9 mbar [100].
Copyright 2017, the Royal Society of Chemistry.

The atomic ratio of Cs/Pb changes from 16% to 9% after exposure to 12 h of red
light (624 nm), which mainly induces a change in vacancy density. In mixed perovskite
containing MA, FA, and Cs, the Pby signal is the smallest under visible light due to a smaller
lattice, limiting the ion migration [103]. Beyond 3D perovskite, mixed perovskite films
((FAPbI3)0.85(MAPbDI3)g.15) show the formation of Pby, which can be partially reversed by the
photoelectron-transfer-induced oxidation of Pbg [104]. Therefore, in situ PES can investigate
the compositional and valance state changes that occur during perovskite degradation.

In perovskite degradation studies, a few general modifications can further improve
the capability of in situ XPS. For water and oxygen exposure, modifications like NAP-XPS
change its operation from in situ to operando. For light irradiance, a proper window
material needs to be chosen if a short wavelength is used. Due to the reduced transmittance
to wavelengths over 400 nm of corning 7056 glass or Kodial glass, fused silica is a better
choice as more than 90% of the transmittance is to a wavelength that is less than 300 nm.
Due to the constraint of chamber itself, the light intensity needs to be carefully measured
either by in-advance measurement when the chamber is exposed to air or by a calibrated
sample, which gives a linear response in photocurrents. Due to limited heat passivation in
vacuum, proper cooling should be considered to avoid an unwanted heating effect when
light intensity is high. Although NAP-XPS is a power modification to achieve operando
operation, a two-chamber system to separate water exposure and XPS measurement is an
alternative choice. This is because the perovskite degrades relatively slow, so a stepwise
degradation measurement could easily provide very high water partial pressure without
losing too much information in an operando measurement. We believe that an operando
approach in PES is important for future study of perovskite degradation. Table 2 lists
most relevant in situ/operando papers on the perovskite film degradation process using
these techniques.
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Table 2. Summary of in situ/operando techniques applied in elemental composition studies.

Perovskite Films Exposure Condition Techniques  Ref.
MAPDI3 Heat (20~600 °C) TGA, MS [69]
FAPbI;, MAPbI3 Heat (25~700 °C) TGA, MS [70]
MAPbDI; Heat (30~390 °C) TGA [71]

Light (5 x 1077 s71 cm™2),
MAPbI3 (blue and UV LEDs) MS [74]

Light and heat (white
LED/80 mW-cm ™2, blue
MAPbL3 LED/71 mW-cm ™2, Xe MS 751
lamp /55 mW-cm~2; 35~80 °C)
MAPbDI; Light (100 mW-cm—2) MS [76]
Light (white
MAPDI3 LED/55 mW-cm ™2, ToF-SIMS [73]
red laser 80 mW-cm—2)

MAPDI3 Light (AM 1.5, 100 mW-cm~2)  ToF-SIMS [77]

Heat and light (50~70 °C;
Rb0.03CS0.07FAO.765MAO.135Pb12‘55BI'0.45 white LED illumination at ToF-SIMS [78]

1 Sun intensity)
MAPDI3 84% RH ToF-SIMS [79]
o, O,
MAPb; Water (25% RH and 85% RH) ToF-SIMS [81]
and O,
MAPbI; O, ToF-SIMS [82]
MAPDI3 O, ToF-SIMS [83]
MAPbI;, nBA-MAPDI3,

2D/3D MAPbI, Water (D,0, 15 Torr) ToF-SIMS [84]
MAPDI3 Heat (85 °C and 100 °C) ToF-SIMS [85]
FA()‘83MAOA17Pb(10_83BI‘017)3 Heat (30 °Cand 70 OC) ToF-SIMS [34]
MAPbDI; Heat (Oven and plate) ToF-SIMS [86]
MAPDbBr3 Heat ToF-SIMS [87]
MAPDBr3 Bias (—2~2V) ToF-SIMS [88]
MAPDbBr3 Bias (0~2 V) ToF-SIMS [89]
MAPDI3 Bias (~0.5 V) ToF-SIMS [90]
MAPbI; Bias ToF-SIMS [91]
MAPbDI; Water (0 to 10'® Langmuir) XPS, UPS [97]

Light (408 nm, blue laser,
MAPbI; 6.8 mW-cm-2) XPS [98]

Water (10~® mbar,4 mbar),
MAPDL; Cle Oxygen (50 mbar), air UPS 591

Water (3 mbar (10% RH) and

MAPDI3 9 mbar (30% RH)) NAPXPS [100]
FAPbI;, MAPDI; Water (23 mbar (80% RH)) NAPXPS [101]
(MAFA)PbIBr Light (515 nm laser, 280 to XPS [104]

2800 mW-cm™~2)

4. Morphology Structure Characterization Techniques

Since degradation will eventually change the morphology of perovskite films, it is

one of the most straightforward indications of the degradation process. In devices, the
film morphology is even more critical because morphological changes directly damage
the device’s integrity and results in the premature failure of the device. For example,
perovskite undergoes recrystallization due to hydration and dihydration, causing mor-
phology changes. This change may not decompose the perovskite film, but it threatens the
film’s continuity. Therefore, more efforts should be devoted to the morphological study of
perovskite degradation.

Many techniques can probe the morphological changes that occur during degradation.
Some of these technologies may require vacuum conditions, including electron microscopy
(EM) (scanning electron microscopy (SEM) and transmission electron microscopy (TEM)).
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Others may work in atmospheric condition, such as scanning probe microscopy (SPM) and
optical microscopes.

4.1. Perovskite Degradation Studies by In Situ/Operando Electron Microscopy Techniques

SEM is the most widely used technique to characterize the morphology of the surface
of perovskite. It easily distinguishes submicrometer domains on perovskite surfaces. TEM
has higher spatial resolution and is often used to identify atomic crystallinity in perovskite.
Ex situ SEM and TEM have been used to characterize morphological changes under various
of stresses. Among these studies, water-induced morphological changes in MAPbI; have
been thoroughly studied [43,96].

Similar to PES, SEM and TEM techniques require a ultrahigh vacuum and are compat-
ible with in situ approaches. Modifications to provide heating/light/electrical biases to
samples are commercially available, depending on the model of SEM and TEM. Heating
and bias functions can be achieved as a standard add-on of the sample holder. A typical
heater on a sample holder can reach 1300 °C, which is more than sufficient for perovskite
studies (Figure 12a) [105]. Light illumination can be simply integrated by using a proper
viewport with high transmittance to the wavelength of interest. To expose perovskite to
water or other gaseous stresses, a gas holder is needed as well as a hermetically sealed
reaction chamber for TEM. To keep high electron transparency, the material of the window
of the reaction chamber must be very thin (10 nm), which can be achieved by using a
material such as silicon nitride (SiNy). Due to fragility of the window, the pressure of the
reaction chamber must be carefully controlled (Figure 12b) [106]. The bias function on a
sample holder can reach 100 V DC or AC, which is sufficient to apply a lateral electrical
field of 10® V/m between two electrodes separated by 1 um. To facilitate the observation of
the perovskite layer by in situ TEM, the solar cell device needs to be thinned by a focused
ion beam (FIB), leaving only the perovskite layer (thinned to 300 nm) [107]. Then, the entire
circuit is conducted by vapor mental Pt to ensure its conduction. Device electrodes (Au
and ITO) need to be cut using FIB to prevent device shorting and enable electrical biasing
(Figure 12c¢). In addition to characterize the degradation process, in situ techniques are also
used in the perovskite crystallization and formation processes [108,109].

Most of the water-induced morphological changes are observed by ex situ SEM [43,101].
At low RH levels (~60%) or a short exposure time (a few hours), the domain size gradually
changed, indicating the recrystallization of perovskite films. When RH level is 80% or
higher, large voids appear on the perovskite’s surface, probably due to localized water
accumulation on the surface of the perovskite. These large voids may severely damage
device integrity and need to be investigated further. However, due to the difficulty of
introducing high enough water partial pressure into in situ SEM or TEM, in situ/operando
studies of morphological changes at high humidity levels may need to rely on techniques
without a vacuum.

In heat-induced degradation, in situ TEM witnessed crystallinity changes at a much
lower temperature in MAPbI3 [110]. The crystalline MAPbI; turned into its amorphous
phase at temperatures as low as 130 °C before it decomposed into Pbl, (150 °C) (Figure 13a).
The decomposition temperature of the spin coating method is higher than that of the
evaporation method. Due to poorer crystallinity, trigonal Pbl, is observed on perovskite by
chemical vapor deposition at temperatures as low as 85 °C [35]. Combined with theoretical
calculations, it was found that perovskite decomposes in a layer-by-layer manner.

In devices, heat-induced degradation is even more complicated due to interactions
between different layers. During the heating process, morphological changes occur at
150 °C, forming holes near the TiO, layer. The I~ ions first migrate from the perovskite
layer into the HTL, and as the temperature increases (~175 °C), the Pb atoms migrate
from perovskite layer towards the Au electrode (Figure 13b) [111]. Under the heating
conditions, the perovskite layer decomposes and forms Pbl,, and in addition, holes are
formed. Instead of heating via the sample holder, the heating can also be partially achieved
by parasite heating from a halogen lamp. In contrast, the decomposition of the perovskite
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is faster using the latter method. Decomposition occurs at temperatures as low as 50-60 °C
(Figure 13c) [112]. Such accelerated decomposition is probably due to synergistic effect of
heating and light illumination.
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Figure 12. (a) Schematic illustration of the heated sample holder inserted in the in situ S/TEM
chamber [105]. Copyright 2020, Elsevier. (b) Schematic illustration of the in situ S/TEM device with
heating function as well as gas pathway through the SiNy window of the confined chamber [106].
Copyright 2016, American Chemical Society. (c) Schematic illustration of the electrical bias holder
of in situ TEM. The nano perovskite sample was mounted on the micro e-chip during the FIB
manufacturing process [107]. Copyright 2021, American Chemical Society.

In an electric field, ion migration may also affect morphology of device [113-115].
An operando cross-section TEM on the cell structure of perovskite material, ITO/PCBM-
polyetheylenimine(ETL)/MAPbI; /spiro-OMeTAD(HTL)/ Au, observed Pbl, domain for-
mation due to ion migration driven by an electric field [116]. Under +6 V positive bias,
the anions migrated toward the HTL layer and caused formation of Pbl, nanoparticles
at the MAPDbI3-HTL interface (Figure 14a) (i.e., the positive direction of the electric field).
Inversely, voids can form at the interface between the perovskite layer and the ETL layer.
Except for the migration of ions in the perovskite layer, atoms and ions in the ETL/HTL
layers may also migrate and degrade the perovskite layer. In a device (FTO/compact-
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TiO; /mesoporous-TiO, /MAPDbI; /Spiro-OMeTAD/ Au) [117], oxygen ions migrate from
the ETL layer to the perovskite layer, which leads to the formation of amorphous MAPbI3
and Pbl, (Figure 14b) under forward bias of only +1 V. However, this morphological change
is partially reversible under a reverse bias of —1 V. In addition, illumination causes the
photodegradation of perovskite materials, forming nanoparticles Pby at the grain bound-
aries [20]. Through in situ TEM, the perovskite material first forms the core-shell structure
intermediate Pb@Pbl,_, and then decomposes into Pby [118].
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Figure 13. (a) HRTEM images and FFTs showing the detailed thermal degradation procedure from
25 to 170 °C [110]. Copyright 2018, Wiley. (b) HAADF images and EDX elemental maps for iodine
and lead acquired after heating at different temperatures [111]. Copyright 2016, Springer Nature.
(c) Real-time cross-sectional HAADF images of a typical perovskite solar cell with different heating
times [112]. Copyright 2016, American Chemical Society.

Most in situ studies are performed using TEM. However, if similar modifications are
applied to SEM, in situ SEM will be an alternative method to studying degradation as well.
To expend the capability of in situ approaches, the integration of multiple functions on the
sample holder to provide heating, electrical fields, water exposure, and light illumination
should be considered. In situ EM is complementary in many ways to the other techniques,
such as X-ray diffraction, ToF-SIMS, PES, and so on.
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Figure 14. (a) STEM HAADF micrographs showing changes in morphology of the MAPbI; layer
with +6 V applied to the HTL [116]. Copyright 2016, American Chemical Society. (b) Effects of in situ
electrical biasing on morphology and structure of MAPbI; [117]. Copyright 2018, Wiley.

4.2. Perovskite Degradation Studies by Operando Atomic Force Microscopy Techniques

Atomic force microscopy (AFM) does not require a vacuum to operate. Except for sur-
face tomography, AFM can be used to study the mechanical properties and ferroelectricity
of perovskite films. The only shortcoming of AFM is its slow scanning speed, which takes
much longer to obtain images from the sample’s surface. Due to needed fewer requirements
to operate, AFM has great potential to work in both in situ and operando approaches. Con-
ductive atomic force microscopy (C-AFM) and Kelvin probe force microscopy (KPFM) can
be used to measure the current-voltage curves of samples to determine the I-V parameters
of perovskite PV devices, such as Voc and Jsc [119,120].

In situ AFM also need a closed cell to control the local environment. Currently, in situ
AFM studies use such a cell to control humidity. Other stresses, such as light illumination
and electrical fields, should be readily available for most commercial AFM systems. The
function of heating needs to be carefully managed to avoid severe drifting of AFM tips.

In water-induced degradation, in situ AFM observed no significant morphological
changes below ~50% RH. [49,121]. When exposed to above 80% RH, the surface of MAPbI3
became rough, indicating the recrystallization of domains. When a single crystalline
MAPbI; sample was exposed to the same conditions, the domain shape change was much
slower, suggesting that water primarily penetrated along the grain boundaries. [121,122].

For 2D /3D hybrid perovskites with slower degradation processes, an operando study
based on AFM might be a better choice. For electron microscopes (SEM and TEM), introduc-
ing water into them is always a difficult and risky maneuver, with a longer exposure time
pushing such a risk to unacceptable levels. Therefore, future in situ morphological studies
should be focused on AFM methods. Table 3 lists the most relevant in situ/operando
papers on the perovskite film degradation process using electron microscopy techniques.
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Table 3. Summary of in situ/operando techniques applied in morphology structure studies.

Perovskite Exposure Condition Techniques Ref.
MAPbDI; Heat (25~170 °C) TEM, SEM [110]
MAPbI; Heat (85 °C) TEM [35]
MAPbDI; Heat (50~250 °C) TEM [111]
MAPbDI; Heat (50~60 °C) TEM [112]

(CsFAMA)Pb(IBr)3 Heat (85~170 °C) TEM [105]
MAPbDI; Light (white LED) TEM [118]
(MAFA)Pb(IBr)3 Bias (1V) TEM [107]
MAPbI; Bias (—6~6 V) TEM [116]
MAPbDI; Bias (—1~1V) TEM [117]
MAPbDI; Humidity (80%) AFM [49]

5. Optical Techniques

Since perovskite materials are mainly used in optoelectronic applications, the decay
of performance may directly relate to the changes of its optoelectronic properties, not the
structural and morphological changes. There are many techniques that directly charac-
terize the optoelectronic properties of halide perovskite during its degradation, including
steady-state photoluminescence (PL), time-resolved photoluminescence (TRPL), absorption
spectroscopy, transient absorption spectroscopy (TA), confocal laser scanning microscopy
(CLSM), confocal microscopy and laser-beam-induced current (IBIC) mapping, etc. Opto-
electronic properties are closely related to the defects in perovskite materials. Therefore,
these techniques mainly investigate the degradation related to defect formation in halide
perovskites. Most of these optoelectronic techniques use a light-in and light-out strategy
during measurement. When combined with a microscope, optical methods have certain
spatial resolution to allow for the simultaneous measurement of optical and morphology
information. The high penetration depth of light also makes them less difficult to adopt
into in situ or operando approaches [123,124].

In humidity-related degradation, in situ PL and TRPL measurement revealed the
multistage degradation of MAPblz and MAPbBr3 under 80% RH, determined by exposure
time. From PL peak evolution, MAPbI3 undergoes a four-stage degradation process,
consisting of surface passivation, free-electron doping, interfacial hydration, and bulk
hydration (Figure 15a). Among them, the first two steps are defect-related [123]. In the first
stage, PL signals increase due to the suppression of surface defects by water adsorption
(0~4 min). In the second stage, water molecules penetrate the perovskite film and act
as an electron donor and quench PL signals (4~50 min). The last two stages are related
to monohydrate (60~100 min) and dihydrate (100~240 min). In contrast, MAPbBr3 does
not form hydrates under the same condition. This only occurs in the first two stages. A
similar degradation process in a complete device is confirmed by Song et al. using in situ
laser-beam-induced current (IBIC) imaging [125]. This process can occur at lower humidity
conditions (~55% RH), which is probably due to interfacial interactions (Figure 15b).

It is interesting that 2D perovskite appears to be less photostable than 3D perovskite [20,36].
This is due to the presence of more surface Pb-I bonds (along the c-axis plane) in 2D
perovskite materials than those of 3D perovskite, which is undercoordinated and less stable
under light conditions. In situ CLSM studies found that 2D perovskite turns into Pbl,
under blue-laser illumination conditions (488 nm, 120 mW c¢m™2) [36]. Table 4 lists the
most relevant in situ/operando papers on the perovskite film degradation process using
optical techniques.
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Figure 15. (a) PL evolution images and PL emission peak intensity and position of MAPbI3 and
MAPDbBr3 exposed to 80% RH as a function of time. Schematic illustration of the evolution of
MAPDI; crystal structure under water exposure. Reproduced with permission [123]. Copyright 2018,
American Chemical Society. (b) EQE maps of a complete perovskite solar cell device after exposure
to ~50% RH. Reproduced with permission [125]. Copyright 2016, Wiley.

Table 4. Summary of in situ/operando techniques applied in optical properties.

Perovskite Films Exposure Condition Techniques Refs
MAPbI3, MAPbBr3; Water (80% RH) PL [123]
MAPbI; Water (55% RH and 80% RH) IBIC [125]
(PEA),Pbl, Light (488 nm, 120 mW cm~2) CLSM [36]
CsPblBr; Light (470 nm laser, 100 mW cm*Z) PL [126]

6. Conclusions and Outlook
6.1. Conclusions

With the help of in situ or operando approaches, understanding of the perovskite
degradation process has been significantly advanced. From these studies, the degrada-
tion of perovskite is a complex process that is sensitive to several types and strengths of
external stresses. There is also clear evidence that multiple stresses have a synergistic
effect on perovskite degradation. The synergistic effect on degradation has been observed
between water and heat, light and heat, and probably a general effect between differ-
ent stresses [106,112]. Degradation may also be affected by preparation methods and the
composition of the perovskite as well.

From the in situ and operando studies, the degradation of perovskite under each
stress can be systematically summarized: (1) Water-induced degradation is the most com-
plex, inducing multiple stages of changes in perovskite materials. At a low humidity
of 10~® mbar, MAPbI; undergoes defect passivation followed by water-induced n-type
doping. When the humidity level increases (~20% RH), water penetrates the perovskite
crystal and grain boundaries without causing additional changes. When the humidity
level reaches ~80% RH or higher, the perovskite forms intermediate states (monohydrate
and dihydrate compounds) and eventually decomposes to Pbl,, depending on the expo-
sure time. (2) Heat decompose perovskite directly. For example, MAPbI; decomposes
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into Pbl, at about 300 °C, and the gaseous product may further decompose into NH3
and CH3l, depending on the temperature. Though this temperature is much higher than
normal operational temperature (~60 °C), decomposition happens much earlier on surface
at temperatures as low as 85 °C in chemical-vapor-evaporated MAPbI; samples. The
degradation may be accelerated when O, or sunlight is present at the same time. (3) Light-
induced degradation depends on the wavelength used. When the wavelength is shorter
than ~430 nm, light can the break bonds in organic cations and quickly turn MAPbI; into
Pbl,. When the wavelength is longer, the damage to the perovskite is much slower. The
degradation is mainly caused by the photo-induced electric field, causing ion migration and
phase separation. (4) Ion migration and phase separation caused by electric field slowly
decompose perovskite into inert products like Pbl,. The migration of ions is determined by
the strength and direction of the electric field. The migration of ions has many possibilities,
including the migration of anions to the HTL, migration of cations to the ETL, HTL and
ETL penetrating the electrode, electrode atom/ion migrating to perovskite interfaces and
SO on.

6.2. Outlook

After a decade of research, many kinds of modifications have been applied to per-
ovskite materials to achieve higher performance and stability, including composition engi-
neering (e.g., single cation to multiple cations) [127-129], surface engineering/passivation [130],
and preparation method optimization [131,132]. The most stable device reported today
has exceed 10,000 h of operation [133]. With improved stability, the investigation into its
degradation has also become increasingly challenging. Therefore, to keep the pace of the
improvements to its stability and to study the determinate pathway in these perovskite
materials, improvement of in situ and operando approaches of characterization techniques
is also urgently needed. To achieve this goal, we suggest following directions on the future
improvements:

(1) Combine multiple degradation factors in studies.

Most of the current studies use only one degradation stress for simplicity. The studies
that use two or more stresses noticed very different degradation processes, probably due to
synergistic effects. Therefore, to investigate degradation under multiple stresses would be
more important for devices. The integration of multiple stresses into experimental setups
is a viable way to improve the capability of the techniques used.

(2) Extend the measurement range of in situ and operando techniques (higher humidity,
higher temperature, and so on).

Due to the intrinsic constraints of certain techniques, in situ and operando techniques
have limited operational range. For example, for vacuum-related techniques, like MS,
SIMS, PES, SEM, and TEM, it is difficult to achieve realistic humidity levels in in situ
studies. However, many degradation processes are intensity-dependent. For instance,
a WF change caused by water-adsorption-induced degradation starts at 10~® mbar [99],
while water penetration through the grain boundary starts at RH levels up to ~20%, and
water-induced recrystallization needs 80% RH or higher [121]. Therefore, a wider range is
crucial for studying perovskite degradation in detail. Furthermore, if the range is beyond
normal operational conditions, accelerated degradation can be achieved to greatly save
experimental time. Currently, the double 85 test protocol (85 °C and 85% RH) has been
widely used in PV devices, but this condition has not been used to study the degradation
mechanism of perovskite devices.

There are a few guidelines to extend the range of in situ and operando studies. For
techniques working at atmospheric condition, such as XRD or AFM, a closed chamber is
commonly used to control stresses. Therefore, the modification will be mainly on how
to extend the working range of the chamber itself. The chamber should be designed to
withstand the stress properly, such as inert water and water corrosion resistance (for higher
water partial pressure), heat resistance (for higher temperature), transparency (for higher
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light illumination), and electrical insulation (for higher electric fields). For techniques
requiring a vacuum to operate, there are two strategies to extend the range for pressure.
The first strategy is to design a specialized setup to withstand the huge pressure difference,
such as NAP-XPS, which uses differential pumping to withstand a pressure difference of
more than 8~9 magnitudes. Such a strategy is also used in SEM and TEM to design a proper
window material to be electron-transparent and withstand large pressure differences, such
as graphene. Another strategy is to separate the measurement and exposure step, making
the whole process pseudo-operando. Due to slower degradation of perovskite, by using this
strategy, realistic conditions are much simpler to achieve without sophisticated modification
to the current setup.

(3) Integrate multiple techniques.

Since perovskite degradation is a complex process, including structural, compositional,
morphological, and electronic changes, it is important to study it from multiple aspects
simultaneously. Integrating multiple characterization techniques can greatly enhance our
understanding of the crucial steps in the degradation process and how they affect the
device’s performance and lifetime. Some of the techniques can be easily integrated, such
as PES and MS, which can detect compositional changes from solid and gaseous products
simultaneously, giving a full picture of decomposition process. Similarly, vacuum-based
techniques, like SEM, may easily combine with optical techniques to investigate the relation
morphological changes and ion migration.

With the proper modification of current in situ and operando techniques, we believe
that the degradation of perovskite can be fully understood and that the stability of this
material can be further improved to fulfill commercial requirements.
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