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Abstract: Metal halide perovskite (MHP) detectors are highly esteemed for their outstanding pho-
toelectric properties and versatility in applications. However, they are unfortunately prone to
degradation, which constitutes a significant barrier to their sustained performance. This review
meticulously delves into the causes leading to their instability, predominantly attributable to factors
such as humidity, temperature, and electric fields and, notably, to various radiation factors such as
X-rays, y-rays, electron beams, and proton beams. Furthermore, it outlines recent advancements in
strategies aimed at mitigating these detrimental effects, emphasizing breakthroughs in composition
engineering, heterostructure construction, and encapsulation methodologies. At last, this review
underscores the needs for future improvements in theoretical studies, material design, and standard
testing protocols. In the pursuit of optimizing the chemical stability of MHP detectors, collaborative
efforts are in an imperative need. In this way, broad industrial applications of MHP detectors could
be achieved.
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1. Introduction

Metal halide perovskites (MHPs) have emerged as prominent candidates for various
technological applications, including solar cells, light-emitting diodes, detectors, and
lasers [1-3]. In recent years, they have been recognized as promising detectors due to
their unique multi-field coupling response and photoelectric conversion, electro-optic
conversion, and all-optical conversion characteristics. Notably, in contrast to traditional
semiconductor materials [4,5], MHP detectors offer several advantages in the detection
field [6,7]. Their exceptional carrier mobility (2000 cm? V1 s71) ensures efficient charge
transfer within materials [8], leading to a rapid response. Additionally, the long diffusion
length (175 um) of the charge carriers facilitates an effective charge collection [9], thereby
enhancing the overall detector performance. Furthermore, the ability of MHP materials
to incorporate atoms with a high atomic number (e.g., Pb, Cs, Sn, I, and Br) allows for
the absorption of high-energy radiation, making them well-suited for radiation detection
applications. Moreover, the tunable bandgap (1.17-3.46 eV) of MHPs enables customization
to meet specific detection requirements [2,10,11], extending their utility across various
wavelength and energy ranges. Additionally, the low trap density (107-10° cm~3) of
single crystalline perovskite-based detectors improves the signal-to-noise ratio [12], crucial
for achieving accurate and sensitive detection. This collective suite of characteristics
makes MHP detectors promising candidates for various detection applications, such as in
photodetectors and X-ray detectors [13,14].

At present, MHPs have been used to construct direct and indirect detectors. In the case
of MHP-based direct detectors, a common configuration involves a sandwiched structure
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insetting an MHP layer between two electrodes. The MHP layer acts as the active material
that absorbs incident photons or radiation. When photons or radiation interact with the
MHP layer, it generates electron-hole pairs, leading to the formation of excited charge
carriers. The resulting charge carriers are then collected by the electrodes and generate
a measurable electrical signal. Direct detectors typically offer higher quantum efficiency,
higher spatial resolution, and faster response time compared to indirect detectors [14,15]. As
for indirect detectors, an MHP scintillator material is employed. MHP scintillators absorb
the incident radiation and generate visible light as a result of the radiative recombination of
excited electrons and holes. This visible light signal is then detected by the photodetector,
typically a photomultiplier tube or a solid-state detector. The photodetector converts the
optical signals into electrical signals for further processing. MHP-based indirect detectors
generally have lower quantum efficiency and spatial resolution compared to direct detectors
but can offer superior sensitivity to low-energy radiation and a better signal-to-noise ratio
in certain imaging applications [16,17].

However, despite their numerous advantages, MHP detectors face challenges related
to their chemical stability. The susceptibility of these materials to degradation under
ambient or detection conditions poses a significant obstacle to achieve their long-term
performance and practical implementation. Factors such as humidity, temperature, electric
fields, and radiation (Figure 1) can lead to the formation of undesired phases or the libera-
tion of harmful species, resulting in a decline in device performance and lifetime [18,19].
In view of this, stability is pivotal not only for prolonging the operational life of MHP
detectors but also for ensuring their consistent and reliable performance across diverse
detection conditions. As detectors find applications in critical fields such as medical sensing
and industrial monitoring, the reliability of the derived results becomes paramount. A
nuanced exploration of stability challenges and their mitigation strategies will contribute to
the ongoing efforts to make MHP detectors robust and deployable in real-world scenarios.
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Figure 1. Factors affecting the stability of metal halide perovskite detectors.

Several review articles have been published on the degradation mechanisms of MHPs
in solar cells [20-23]. These comprehensive reviews offer valuable insights into the degra-
dation processes and mechanisms of perovskite materials in solar cells, with a particular
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emphasis on factors such as humidity, light, and heat. At present, limited attention has been
given to the influence of radiation factors on MHPs, making it a relatively less explored area
in existing review articles. Therefore, this review article aims to fill this gap by discussing
the latest research on the degradation mechanisms of MHPs, specifically focusing on the
impact of radiation factors. By including radiation factors, this review article provides a
more comprehensive understanding of the degradation mechanisms of perovskite materials
in various environmental conditions.

Once the significance of addressing stability issues to unlock the full potential of
MHP detectors is recognized, a comprehensive review focused on chemical stability be-
comes imperative. This review aims to delve into the existing literature, synthesizing the
available knowledge to provide a thorough understanding of the stability-affecting factors
encountered by MHP detectors (Figure 1). Beyond the identification of these factors, this
review will numerate the advances made in stabilizing MHP materials through diverse
approaches, including composition engineering, innovative heterostructures, and effective
encapsulation strategies.

2. Degradation Factors Impacting MHP Detectors

The stability of MHP material is paramount as it directly impacts the reliability and
accuracy of the detector. However, the stability of MHPs is susceptible to various envi-
ronmental factors such as temperature, radiation, oxygen, and other factors. This review
aims to analyze and elucidate the influence of these factors on the stability of MHP ma-
terials. By exploring the mechanisms behind their impact, we can gain a comprehensive
understanding of the joint effect that different factors have on MHP materials. Additionally,
comprehensive explanations regarding the unavoidable radiation factors in the detector
application scenarios will be provided, offering a detailed account of their effects.

2.1. Radiation
2.1.1. Ultraviolet and Visible Light

The degradation of MAPbI; by light radiation can occur in two conditions: aerobic
and anaerobic. Aristidou further deeply analyzed the mechanism of the oxygen-light
degradation process [23]. The decomposition of MAPbI; by O, primarily occurs due to
the irradiation of ultraviolet (UV) and visible (VIS) light, which excites the photoelectrons
in MAPDI;. Subsequently, O, captures these photoelectrons, forming peroxy ions (O, 7).
Thus, O, further deprotonates CH3NH;3*. This mechanism was verified by Aristidou,
who conducted experiments in four distinct conditions: in pure Ny, in the dark, with an
Al,O37 covering layer, and with a TiO,~ covering layer. Fluorescence molecular probe
analysis found that MAPbI; decomposition was practically absent in both the pure Nj
environment and the dark environment. Furthermore, the decomposition rate was higher
when Al,O3 was used as a covering layer compared to TiO, (Figure 2a). To further confirm
the mechanism by which O, ™ acts upon CH3NHj3*, a solution of MAI in anhydrous ethanol
was subjected to hydrogen NMR analysis after the addition of potassium peroxide (KO,).
The analysis revealed the oxidation of CH3NH3" to methylamine (MeNH,;) by O, as
depicted in Figure 2b. The specific influence mechanism of light is summarized as follows:

Light
Anhydrous
CH;3NH;3PbI3(s) — CH3;NH;PbL; (1)
CH3NH3PbI;
O, — O, (2)

Deprotonation

CH;3NH;3PbI;(s) + O, — CH3NH, (g) + PbIz(S) + %IZ (S) + H,O 3)

In addition to the previously mentioned role of light radiation in aiding oxygen-
induced perovskite decomposition, it was found that light radiation in an oxygen-free
environment can generate peroxy ions (O, ™). Subsequently, O, will assist CH3NH3*
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to capture the charge of the N-H antibonding state, leading to decomposition. In the
absence of oxygen, ultraviolet radiation alone can induce the dissociation of organic cations,
resulting in the generation of highly mobile CH3NH; (MA). The process involves the
abstraction of an H atom from NHj3, which can occur when an electron occupies one of
the antibonding orbitals; in an isolated NH3z molecule, a considerable excitation energy
would be required for an electron to transition from a bonding to an antibonding orbital,
surpassing typical photon energy levels. However, in CH3NH;3;Pbl; perovskites, the organic
ions occupy regular lattice sites. Consequently, in the solid state, the molecular orbitals
form energy bands that contribute to the overall band structure. Nickel et al. demonstrated
that a photon energy (UV light, >3 eV) is enough to excite electrons from the valence band
edge into the antibonding orbitals of NHj [19], resulting in the dissociation of an N-H bond.
Consequently, the H atom is released from the NHj3 group of the organic ions, leading to
the formation of highly mobile MA and hydrogen ions. It is worth noting that compared to
the reaction in aerobic conditions, this reaction usually requires higher energy photons (UV
light) [24]. The specific mechanism is as follows:

igh
2CHsNH;t 420~ 8" 2CH3NH;(g) + Ha(g) (4)

Taking MAPDI; as an example, the migration of MA™* leads to the collapse of the
MAPbI; lattice to produce Pbl,, and the subsequent reduction of Pb** will continue to
produce Pb and I. Interestingly, subsequent research revealed that radiation exposure can
induce two distinct types of perovskite degradation: reversible and irreversible. Gottesman
et al. investigated this phenomenon by continuously monitoring the PL spectra of MAPbI3
films under light or no light in a dry N, environment [25]. As shown in Figure 2c, the
intensity of the MAPbI; PL spectra sharply declined within 100 min of light exposure.
But the PL intensity gradually recovered after the exposure of MAPDbI; to darkness. Nie
et al. explained this observation by proposing that radiation exposure generates numerous
metastable defects within the perovskite film, and their accumulation contributes to the
decline in the film performance. However, after returning to darkness, such metastable de-
fects would disappear spontaneously, leading to the observed recovery [26]. Domanski et al.
put forth a systematic and distinct explanation for this phenomenon [27]. They attributed
the reversible part of this phenomenon to ion migration. They suggested that light caused
the migration of both halide ions and cation vacancies, which led to the deterioration of
the device performance. Upon returning to darkness, the migrated ions returned to their
original position as a result of the action of the internal electric field (Figure 2d) [27]. While
both explanations for the reversible part of the described phenomenon are plausible, there
is currently a lack of relevant reports concerning the irreversible part.

The light radiation-induced phase separation described above is not applicable to all
perovskite materials but is specific to mixed halide perovskites. Using CH3NH3PbBryI3_y)
as an example, researchers can regulate the band gap of the material by adjusting the
halogen ratio [28]. When x > 0.6, the energy provided by light triggers the aforementioned
halide ion migration in the degradation process, resulting in phase separation and the
formation of a bromine-rich phase and an iodine-rich phase. This phase separation was
clearly observed in the X-ray diffraction (XRD) peaks, both before and after radiation
irradiation, with the appearance of new peaks corresponding to the bromine-rich and
iodine-rich phases. Upon returning to darkness, the phenomenon of phase separation
gradually diminishes, and this can be attributed to the presence of the internal electric field
mentioned below. Further studies into phase separation revealed a fascinating observa-
tion that contrasts with the degradation mechanism. Surprisingly, it is not the radiation
with higher energy that is predominantly responsible for inducing the phase separation
phenomenon. Yang et al. demonstrated that defects within MHPs capture photons with
specific energy, consequently introducing new energy bands within the existing band gap.
This particular process facilitates the migration of the halide element (Figure 2e) [28].
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Figure 2. (a) Ig(t) is the maximum fluorescence intensity at time t, and Ip(tp) is the background
fluorescence intensity of the probe at time t = 0. The ratio Ig(t)/Ip(tp) is the yield of superoxide
products. (b) NMR spectra of an MAPbI; sample (bottom) and spectra after adding potassium
superoxide (Both the signal for the NH>* and the methyl group protons shift up-field upon addition
of potassium superoxide, which is consistent with the deprotonation of the ammonium group to
form methylamine (MeNH,)) [23]. For details, see ref. [23]. Reprinted with permission from ref. [23].
Copyright 2015 Angew. Chem. Int. Ed. (c) The PL intensity of MAPbI3 dropped sharply under light
conditions and slowly recovered after returning to darkness [25]. For details, see ref. [25]. Reprinted
with permission from ref. [25]. Copyright 2015 J. Phys. Chem. Lett. (d) Schematics of the evolution
of ion distribution under light irradiation [27]. For details, see ref. [27]. Reprinted with permission
from ref. [27]. Copyright 2017 Energ. Environ. Sci. (e) The new band inserted provides a model for
the migration of X elements [28]. For details, see ref. [28]. Reprinted with permission from ref. [28].
Copyright 2016 Org. Electron.

The occurrence of phase transitions induced by light radiation can be attributed to
the nature of the phase transitions in MHPs. MHPs have a special octahedral structure
due to a special bonding between ions. However, this structure can undergo various
structural distortions in response to changes in the bonding forces, thereby leading to phase
transitions. The generated phase transitions are typically affected by external forces such as
electric fields and an increase in chemical bond energy due, for example, to temperature or
radiation exposure. By considering the aforementioned theoretical framework, it becomes
evident that the forces driving the phase transitions are closely linked to the external
forces or the energy applied [29,30]. The phase transitions observed under light irradiation
may occur due to the generation of photo-generated carriers, which in turn induce lattice
dilation in the material. In the case of MAPbI; [26], when subjected to above-bandgap
light radiation, there is a charge transfer from the hybridized Pb 6s-1 5p orbital to the
Pb 6p orbital. This electronic transition directly reduces the electron density on the I site,
consequently weakening the Coulomb interaction with the amine group. Thus, the Pb-I-Pb
bond becomes straightened, leading to an increased interatomic spacing that facilitates
phase transitions. Additionally, intense light radiation above the bandgap triggers a fast
electron-phonon coupling and Auger heating, which will rapidly deposit energy into the
lattices, thereby inducing phase transitions in MHPs [27].

2.1.2. X-ray

X-ray-induced damages to MHP materials were initially observed through X-ray
photoelectron spectroscopy (XPS) detection. Conings et al. detected the presence of
elemental lead (Pb?) in high-resolution XPS observations (Figure 3a) [31]. Shkrob et al.
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further explained that this elemental lead arose from the radiation-induced decomposition
caused by hard X-rays during XPS detection [32]. Moreover, the detrimental effects of
X-ray radiation were prominently observed at high temperatures [33]. Recently, perovskite
materials have gained significant attention as potential candidates for X-ray detectors,
thereby bringing the issue of X-ray stability into focus. Lin et al. employed the XPS
technology to examine the degradation process of a CH3NH;3Pbl3 thin film induced by
soft X-rays in vacuum [34]. The degradation of the perovskite film was observed to occur
rapidly, with prolonged irradiation, resulting in the production of elemental lead. The
degradation process is as follow:

CH3NH3PbI;(s) =57 Pbly(s) + CH;NH;I(s) 5)
CH3NH;1(s) % CH3NHa(g) + HI(g) ©)
PbLy(s) 5 Pb(s) + I(s) @)

Recently, Cappel et al. conducted an investigation on the radiolysis of MHPs using
hard X-ray irradiation generated by a synchrotron accelerator [35]. The study revealed
that inorganic perovskites own higher stability compared to those containing organic
cations. The hybrid Csg 17FA( g3Pbls perovskite underwent decomposition at an irradiation
dose in the range of 10'°~10'” photons per cm?, whereas inorganic CsPbBr; exhibited
decomposition at a dose of 10! photons per cm? (Figure 3b). Moreover, the decomposition
mechanisms of the two materials also differed. In the case of CsPbBrs, the decomposition
reaction proceeded as follows:

CsPbBr3(s) gy Pb?(s) + CsBr(s) + Bry(g) (8)

However, for the Cs 17FA( g3Pbl; material, the authors observed a lead /halide ratio
of 1:2 in the radiation product, and no metallic lead was formed. Consequently, they
proposed that X-ray-induced decomposition involves two pathways. One pathway is
associated with the radiative decomposition of lead halide cages, resulting in the formation
of halide salts, halogen gases, and metallic lead. This decomposition process seems to
be influenced by defects present in the perovskite structure. On the other hand, another
pathway is induced by the radiolysis of organic cations, leading to the generation of organic
degradation products and the subsequent collapse of the perovskite structure. In addition
to utilizing the XPS technology for detecting the effects of X-ray irradiation, Huang et al.
directly investigated the performance of the Csy1FA( 9Pbl; material under X-ray irradiation
(X-ray tube: 120 kV, 3 mA) [36]. The authors attributed the observed X-ray-induced damage
to lattice defects, specifically, I~ displacement, which was caused by secondary electrons
generated during radiation. The comparable responses observed in both e-beam and X-
ray irradiations provided a confirmation that the X-ray-induced radiation damage may
originate from secondary electrons generated by X-rays.

To eliminate the potential influence of grain boundaries, it is crucial to investigate the
impact of X-ray radiation on the surface of single crystals rather than on thin films. Motoki
et al. investigated the impact of soft X-ray irradiation on CH3NH3Pbls single crystals and
observed the evaporation of methylamine iodide from the crystal surface [37], leaving on it
polycrystalline lead iodide. The decrease in device performance caused by X-ray irradiation
stabilized after 40 h of continuous exposure. However, in a recent study by Armarali
et al. [38], it was found that the irradiation of MAPbBrj single crystals (up to 200 Gy) in
an air environment did not result in the formation of metallic lead. Furthermore, surface
photovoltage spectroscopy unveiled that X-ray irradiation can quench free excitons within
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the material and introduce new bound exciton species (Figure 3c). The corresponding
reaction is depicted as follows:

X-r
CH3NH3PbBr3(s) + O5(g) = HO + PbBry(s) + CH3NH,(g) + Bra(g) (9)

Gao et al. conducted research on the effect of X-ray radiation on a single crystal of
MAPDbBr3 in a vacuum environment, revealing that approximately 10% of the surface
MAPDbBr; was degraded into metallic lead (Figure 3d) [39]. Furthermore, recent work by
Cappel et al. delved deeper into the effects of X-ray radiation on single crystals comprising
different components under vacuum conditions [40]. Those findings indicated that only a
small amount of metallic lead was formed in MAPbI3 and CsPbBrj; single crystals. On the
other hand, MAPbCl3;, MAPbBr3, and FAPbBr; single crystals exhibited the formation of a
significant quantity of metallic lead, which continuously increased during the experimental
process. Moreover, the X-ray radiation-induced degradation mechanisms varied among
different single crystals. Specifically, the degradation of MAPbI; and MAPbCl; followed
distinct primary degradation pathways, i.e., radiolysis, leading to the formation of Pbl,
and Pb°, respectively. In contrast, MAPbBr3, FAPbBr3, and CsPbBrs experienced multiple
parallel degradation processes, including the formation of metallic lead, the generation of
volatile and solid degradation products, and ion migration (shown below). Collectively,
these results highlight the diverse and intricate nature of X-ray-induced degradation
processes in different components of perovskite materials, underscoring the need for
further comprehensive research in this area.

CH3NH;3PbBr3(s) — PbY(s) + CH3NH3 " + Br~ + Bra(g) (10)
Brl;ulk - Brs_urface (11)

CH3NHspuk " — CH3NHagurface (12)

CH3NH3 " + Br~ — gaseous products (13)

Based on the results in the above-mentioned literature, the X-ray-induced radiolysis of
MHP structures involves two distinct pathways, from a microscopic mechanism perspective.
In the first pathway, X-ray irradiation causes the radiative decomposition of lead halide
cages. High-energy X-rays interact with the lead halide cages, leading to the breakage of
bonds within the cages. This decomposition process is influenced by defects present in
the perovskite structure, which can act as nucleation sites for the decomposition reaction.
As a result of this decomposition, halide salts, halogen gases, and metallic lead can be
formed. The formation of these products may occur due to the release of halides from
the broken lead halide cages, leaving behind metallic lead and generating halide salts
and halogen gases as by-products. On the other hand, the second pathway involves the
radiolysis of organic cations present in the perovskite structure. When X-rays interact
with organic cations, chemical reactions take place, resulting in the generation of organic
degradation products. These organic degradation products are formed as a consequence of
the fragmentation and rearrangement of the organic cations induced by X-ray radiation.
As the accumulation of these degradation products continues, it ultimately leads to the
collapse of the perovskite structure, causing a deterioration of the overall material integrity.
Collectively, these results highlight the diverse and intricate nature of X-ray-induced
degradation processes in different components of perovskite materials, underscoring the
need for further comprehensive research in this area.

2.1.3. y-ray

In 2019, Yang et al. reported a remarkable 96.8% efficiency retention in Csg sFA( g1 MA 14
Pbl, 55Br( 45 perovskite devices even after high-dose y-ray radiation (2.3 Mrad) over a period of
1535 h [41]. However, subsequent research conducted by Boldyreva et al. demonstrated a perfor-
mance decrease of 32—41% in Cs( 15MA( 10FA( 75Pb(Brg 171 83)3 perovskite devices subjected
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to y-ray radiation (0-50 krad) [42]. The researchers observed a red shift and enhanced
luminescence, which they attributed to phase separation induced by y-ray radiation. Yang
et al. also observed a similar phase separation of perovskite materials and a noticeable de-
crease in the absorption of perovskite under y-ray radiation (100-500 krad) [43]. Boldyreva
et al. further examined the effects of y-ray radiation (0-1000 krad) on perovskite materials
with different compositions. They observed surface decomposition in MAPbIz and CsPbl;
under irradiation [44], according to the following the decomposition reaction:

CH3NH;Pblz(s) ' =" CHsl(g) + NH;s(g) + Pbly(s) (14)

Furthermore, they found that the radiation damage inflicted upon MAPbI; was re-
versible, highlighting the significant self-healing properties of MAPbI3 when placed in
darkness. It should be noted that most of the aforementioned studies were based on
perovskite polycrystalline films, which may have introduced interference due to grain
boundaries and a multitude of defects. To mitigate these interferences and gain a more
accurate understanding of the influence of y-ray irradiation on MHPs, the use of single
crystals is preferred. Xu et al. investigated the effects of y-ray irradiation (1656 krad)
on CH3NH;3PbBr; single crystals and observed a significant decrease in light transmit-
tance [45]. Gao et al. studied the impact of y-ray irradiation on FA( 95Cs 05Pbl, 7Br 3 single
crystals and found that their photoelectric performance remained relatively unaffected and
the material was capable of self-healing when the radiation dose was below 200 krad [46].
However, when the dose exceeded 400 krad, a noticeable decrease in device performance
was observed.

In comparison to organic—inorganic hybrid perovskites, inorganic CsPbBrz materials
exhibit superior tolerance to y-ray radiation. Yan et al. conducted investigations revealing
that CsPbBrj single crystals could withstand y-ray irradiation of up to 800 krad [47]. They
further observed a dose-dependent hardness in CsPbBrj single-crystal devices (Figure 3e),
particularly at high radiation doses (>400 krad). Notably, hole-type devices suffered greater
damage compared to electron-type devices. De Siena et al. even discovered that high-
quality CsPbBrj single crystals grown via the Bridgman method exhibited no changes in
properties under y-ray irradiation up to 1 MRad [48]. This outcome suggests that higher
y-ray radiation tolerance can be achieved when the crystal itself possesses fewer defects.
Furthermore, they observed that high doses of irradiation (10 Mrad) generated ionization
damages which could destroy the electrode or the electrode—perovskite material interface,
rendering the device nonfunctional. This issue underscores the importance of critical
considerations in the preparation of radiation detector devices.

Inorganic scintillator perovskite materials also display remarkable tolerance to y-ray
radiation. Zaffalon et al. validated that CsPbBrs nanocrystals maintained their initial
radioluminescence efficiency and scintillation performance even under extreme y-ray
doses (up to 10,000 krad) (Figure 3f) [49]. In a recent study, Gao et al. investigated the
y-ray radiation tolerance of a Cs3Cuyls single-crystal scintillator and observed that the
scintillation mechanism remained unchanged at high irradiance (800 krad) [50], although
the photoluminescence (PL) intensity decreased. Interestingly, they discovered that the
most significant performance degradation occurred within the low y-ray radiation dose
range from 400 to 600 krad. They speculated that this might be attributed to defects induced
by low-dose irradiation, which could potentially be repaired at higher doses. Currently, the
stability of MHPs under y-ray radiation remains a topic of ongoing debate, particularly in
regard to the recently reported exceptional tolerance to extreme y-ray radiation [51]. The
results of y-ray radiation tolerance and the corresponding radiation damage mechanisms
are subject to substantial variations due to differences in material composition, defect
density, size (nano, thin film, single crystal), and even testing conditions. Therefore, further
research is required to elucidate these factors and gain a deeper understanding of the
v-radiation tolerance exhibited by perovskite materials.
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2.1.4. Electron Beams

Electron beam radiation is known to significantly compromise the stability of per-
ovskite materials, as evidenced by transmission electron microscopy (TEM) analyses. Dang
et al. observed a clear degradation of CsPbBrz nanocrystalline structures under high-energy
(80/200 keV) electron radiation [52]. This radiolysis process involved the destruction of a
fraction of bromine atoms and the reduction of a fraction of Pb2* ions to Pb?, which was
also observed after applying other types of irradiation, such as X-rays. Subsequently, Pb°
atoms diffused and aggregated to form Pb nanoparticles (Figure 3g). The temperature rise
induced by the electron beam further accelerated the diffusion and aggregation of Pb atoms,
ultimately leading to the formation of Pb nanoparticles. Chen et al. also demonstrated the
rapid degradation of inorganic perovskite (CsPbls) films caused by electron beam radiation
(80/200 keV) [53], even at extremely low doses (10 e~/ (A2s) for 4 min). Similarly, Syafutra
etal. irradiated CH3NH3PbBr; single crystals with a 15 keV electron beam under ultra-high
vacuum [54]. They found that the surface components of the single crystals changed from
MAPDbBr; to MABr, Bry, and Pb. The reaction formula is as follows:

CH;3NH;3PbBr; — CH3NHj; (g) + Brp (g) + Pb(s) (15)

However, the researchers observed that the structural damage to the CH3NH3Pbl3
film primarily occurred at the periphery of the irradiation area, while the structure within
the irradiation area remained relatively intact. Huang et al. and Miyazawa et al. found that
high-energy (1 MeV) electron irradiation only caused a slight decline in the performance of
perovskite thin-film devices [55,56]. This observation might be attributed to the fact that
such high-energy electrons penetrate all layers within the device without directly inducing
ionization and damaging the thin perovskite film. Further comprehensive investigations
are warranted to delve into the structural changes and associated mechanisms occurring in
materials when subjected to electron irradiation across various energy ranges.

2.1.5. Proton Beams

MHPs have demonstrated remarkable radiation tolerance to proton irradiation, with
significantly lesser adverse effects compared to those induced by electron irradiation. This
disparity can be attributed to the substantial difference in mass between protons and
electrons (positively charged hydrogen nuclei, over 2000 times heavier than electrons),
resulting in lower material damage caused by proton collisions compared to electron
collisions. High-energy protons within the MeV range are the primary form of ionizing
radiation encountered in space environments. In light of this, Lang et al. conducted
device performance tests under high-energy proton (68 MeV) irradiation and found that
the perovskite absorber could withstand proton doses up to 10'? p cm 2 [57], exceeding the
damage threshold of c-Si by three orders of magnitude. Furthermore, Lang et al. confirmed
that high-energy proton (20/68 MeV) radiation minimally affected device performance.
However, they found that 68 MeV proton radiation contributed to a slower decay in
open circuit voltage and photoluminescence intensity, indicating the occurrence of proton
radiation-induced trap states. Due to the ability of protons to easily penetrate the perovskite
absorption layer without causing significant collisions, the evaluation of proton tolerance
is challenging. Miyazawa et al. recently investigated the effects of low-energy proton
radiation (50 keV) on MHPs and found minimal impacts at doses below 10'* p cm =2 [58]
Additionally, Afshari et al. explored the effects of proton irradiation with different energies
(75 keV, 300 keV, and 1 MeV) on perovskite material devices [59]. They observed a certain
decrease in performance due to proton irradiation, although the devices exhibited recovery
after being stored in the dark for two months. Notably, there appears to be a radiation
dose threshold (1 MeV, 10'4 p cm~2) for this self-healing phenomenon. Recently, Huang
et al. also observed the quick self-healing properties of MAPbBr; single-crystal detectors at
room temperature following proton radiation exposure (Figure 3h) [60]. Further research is
necessary to elucidate the underlying mechanisms.
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Figure 3. (a) High-resolution XPS of the Pb-4f;/, core level on a perovskite film. The vertical lines
indicate different oxidation states of Pb: (0); (+2), and (+3) [31]. For details, see ref. [31]. Reprinted
with permission from ref. [31]. Copyright 2014 Adv. Mater. (b) Percentage of the remaining PbI, or
perovskite as a function of X-ray fluence [35]. For details, see ref. [35]. Reprinted with permission
from ref. [35]. Copyright 2021 Phys. Chem. Chem. Phys. (c) Surface photovoltage of an MAPbBr3
single crystal as a function of X-ray dose [38]. For details, see ref. [38]. Reprinted with permission
from ref. [38]. Copyright 2021 ACS Appl. Mater. Interfaces. (d) X-ray environment affects the surface
stability of an MAPbBr3 single crystal [39]. For details, see ref. [39]. Reprinted with permission
from ref. [39]. Copyright 2018 J. Phys. Chem. C. (e) y-ray irradiation (>400 krad) induces defects in
CsPbBrj; single-crystal devices [47]. For details, see ref. [47]. Reprinted with permission from ref. [47].
Copyright 2022 ACS Appl. Mater. Interfaces. (f) Sketch of the pool-type y-ray plant used to deliver
radiation doses up to 1 MGy. Photographs of the sample vials are shown before and after exposure
to the extreme y-ray dose [49]. For details, see ref. [49]. Reprinted with permission from ref. [49].
Copyright 2022 Nat. Photonics. (g) Electron irradiation on cesium lead bromide nanocrystals induces
the formation of Pb nanoparticles [52]. For details, see ref. [52]. Reprinted with permission from
ref. [52]. Copyright 2017 ACS Nano. (h) Dark current recovery times at room temperature after proton
irradiation [60]. For details, see ref. [60]. Reprinted with permission from ref. [60]. Copyright 2023
ACS Appl. Electron. Mater.

2.1.6. Neutron Beams

In addition to the radiation emitted by high-energy charged particles, neutron radi-
ation can also affect the stability of MHPs. Patern et al. tested the stability of a device
under irradiation with fast neutrons (>10 MeV, 1.5 x 10° neutrons-cm~2) for a duration
of 435 min [61], which corresponds to almost 80 years of fast neutron exposure on the
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International Space Station (ISS). They found that the device suffered irreversible damages,
which could be attributed to atomic displacement caused by neutron collisions. However,
the permanent damages inflicted by neutron radiation only led to a 14% decrease in the
efficiency of the glass-encapsulated device, which falls within an acceptable range. Without
glass packaging, Rossi et al. found that neutron irradiation (1.62 x 10'° neutrons-cm2,
equivalent to 864 years of fast neutron exposure on the ISS) only lowered the perovskite
device performance by a figure ranging from 15% to 30% [62]. Considering the relatively
lower actual dose of neutron irradiation in space environments, the resultant neutron radi-
ation damage remained within acceptable limits. At present, there are only a few articles
on the impact of neutron irradiation on MHPs, and further research is needed.

2.2. Humidity

The influence of moisture on MHPs is diverse. Research suggests that within a spe-
cific humidity range, moisture can promote the bonding of BX3~ to A*, which improves
the performance of detectors and solar cells, but too high humidity will show different
effects on different perovskites [63,64]. Moisture-induced degradation of hybrid MHPs
occurs through successive steps. Initially, strong hydrogen bonds form between A* species
and moisture, leading to the formation of ABX3-yH,O hydrates. Subsequently, the bond
between A* and BX3~ weakens or breaks, resulting in the collapse of the MHP struc-
ture [65,66]. However, further investigations indicate the existence of a moisture erosion
threshold for MHPs. As mentioned earlier, within a certain range, moisture can even have
a positive impact on device performance. However, as humidity continues to rise beyond
this threshold, moisture-induced surface degradation of MHPs becomes prominent. It is
important to note that this surface degradation remains superficial when moisture concen-
tration is low, but progressively extends deeper into the MHP structure with increasing
relative humidity (RH) [67,68].

The main effect of humidity on MHPs is manifested in the water absorption of
CH3;NH;3* cations in the material. Consequently, the deprotonation of CH3NH;* is caused
by water, leading to the breakdown of the bond between site A and the lead halide octa-
hedron and resulting in the formation of methylamine. Taking MAPbI3 as an example, it
completely changed from black to colorless within 15 h when exposed to an environment
with approximately 85% humidity [69]. In their study, Niu et al. reported the detailed hy-
drolysis process of MAPbI3. By comparing the XRD patterns before and after degradation,
the peaks associated with MAPbI; at 38° decreased, while new peaks corresponding to I,
and Pbl; at 34.3°, 39.5°, and 52.4° emerged. These findings indicated that MAPbI3 rapidly
decomposed into I and Pbl;, in a water-oxygen environment [70]. The specific degradation
process can be represented as follows:

CH3NH;Pbl;(s) ' CH3NH,(g) + Pbly(s) (16)
CH3NH31(s) — CH3NH,(g) + HI(g) (17)
4HI(s) + O, — 2I5(s) + 2H,O (18)

2HI(s) 28 Hy(g) +In(s) (19)

From the aforementioned information, it becomes apparent that the degradation of
MAPDI; by oxygen alone is negligible. However, the presence of oxygen leads to the
further oxidation of the hydrolysis product, HI, resulting in the production of H,O, thus
accelerating the hydrolysis reaction. In addition, elevated temperature and radiation will
also aggravate the hydrolysis process of MAPbI3. High temperature has an impact on the
above reaction, mainly because it provides the energy required for the reaction. As for
the influence of light radiation, it not only provides the activation energy required for the
reaction but might also involve other mechanisms [71].

The degradation mechanism induced by moisture in mixed-halogen and mixed-cation
MHPs is similar to that observed in hybrid perovskites. When water comes into contact
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with MHPs, it forms strong hydrogen bonds with organic cations present in the perovskite
structure. This interaction weakens other bonds within the MHPs, ultimately resulting
in MHP degradation. Taking Csgg5FA(s5sMAg 15Pb (Ips5Brg15) as an example, after its
initial contact with water, the MHP converted to Csg g5FAgs5MAg 15Pb (I g5Brg.15)3-HyO,
which was followed by its decomposition into CsI, CH3NH,, HC (=NH) NHj, HI, Pbl,,
PbBry, and H,O [67]. In addition to degradation, moisture can cause phase transitions in
mixed-halogen MHPs, as the bandgap of MHPs varies with the ratio of its components. For
example, MAPbI,Br;_y can achieve bandgap tuning in the range from about 1.6 eV to 2.3 eV
due to Br/I changes in its composition. Therefore, the properties of MHPs can be influenced
by the proportions of their components [10,11]. Howard considered four experimental
groups with different proportions of Cs, FA, I, and Br in CsxFA;_4IyBr;_y and determined
the phase stability of experimental samples by comparing Cs/Br PL images under different
humidity conditions [72]. The redshift intensity of Cs/Br with different surfaces was
different under different humidity conditions. The Cs17%/Br38% and Cs10%/Br38%
groups exhibited the most significant redshift at 35% humidity and experienced a decrease
in redshift intensity as humidity increased to 55%. This situation was partly due to the fact
that H,O inserted into the MHP lattice. Then, the vacancy-mediated halide ion migration
activation energy lowered, and the migration of a large number of halide ions produced
a rich Br phase and a rich I phase. However, after the formation of the hydrated phase,
the activation energy for halogen ion migration increased, leading to a weakening of the
redshift. Ho also demonstrated that the mixed cationic perovskite FA( g5Csp 15Pbls can
be separated into needles (5-CsPbl3) and large particles (-FAPbI3) under light and high
humidity [68].

The degradation mechanism of inorganic MHPs by moisture differs significantly from
that observed in hybrid MHPs. Inorganic MHPs will not form hydrates with H,O due
to the hydrophobic nature of the A* component. According to Rubel, the degradation of
inorganic MHPs is primarily attributed to the solubility of the ABX3 compound in water,
producing A*, X~, and BX; [73]. It is also noteworthy that CsPbl; exhibited rapid phase
transitions at a relatively low humidity of 11%RH [74].

2.3. Temperature

The impact of temperature on MHPs can be roughly described as due to (1) the
promotion of the decomposition of MHP materials; (2) the induction of phase transition.

As previously discussed, humidity primarily enhances the decomposition of MHPs.
However, MHPs can degrade even in the absence of water due to the inherent thermal
instability of certain components. For instance, Beal et al. reported the degradation of
MAPbI;3 in a noble gas environment. Figure 4a illustrates that MAPbI; degraded in 10 min
at 180°, and the absorption edge of visible light rapidly dropped from 780 nm to 520 nm [75].
Conings et al. further analyzed its degradation mechanism [76]. The binding energy of
the C-N bonds in MAI cations was 286.7 eV, and the binding energy of the C—C and C-H
bonds was 285.3 eV. XPS measurements (Figure 4b) were obtained over a period of 24 h
at 85 °C, revealing a decrease in the peak value of the C-N bonds over time. The increase
in the peak value of the C—H bonds indicated the transformation of the bound C in the
C-N bonds into amorphous C. Additionally, the decrease in the N1s energy level intensity
indicated that N slowly volatilized into the air.

It is evident that temperature alone can induce MHP degradation, albeit at a notably
high value of 180 °C, which is not reflective of typical operating conditions. This inconsis-
tency prompted the exploration of additional factors that may interact with temperature to
cause MHP degradation at room temperature. To do this, Abdelmageed et al. conducted
an experiment to examine the combined effect of temperature and light [77]. MAPbI3
samples were placed in a dark N, environment at 75°, 85°, and 95°, and their UV-VIS
absorbance spectra were recorded. The results align with previous reports, indicating
that degradation is more severe at higher temperatures. To study the difference between
products degraded by temperature and those degraded by light, Ghada et al. set a dark
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environment at 95°, a dry air light environment at 30°, and a N; light environment at 75°
and tested them by XRD. Figure 4c shows that the only degradation product in the dark
and high-temperature environment was Pbl,, but Pbl, and I, were produced under the
simultaneous action of light and temperature. These results indicate that light reduces the
temperature required for MHP degradation and alters the degradation pathway induced
by temperature. Building upon the volatilization of MAI observed in the aforementioned
experiments, Akbulatov et al. investigated the intrinsic thermal decomposition pathways of
halogenated perovskites [78]. By utilizing MAPDbI3 as an example, thermal decomposition
can be summarized into the following two mechanisms:

CH3NH3Pb13 (S) 83; CH3NH31(S) + PbIz(S) (20)
75° light
2CH;3;NH3Pbl3 (S) — I (S) + Pbl, (S) + 2CH3NH3I(S) (21)

Temperature also affects phase transition in MHPs. The thermal defects in MHPs are
generally vacancy defects and gap defects, also known as intrinsic defects. In polyphase MHDPs,
different phases correspond to distinct defect state densities. For instance, CsPb(Br 31y 7)3 exists
in three phases: «, 3, and y. The « phase possesses higher energy compared to the 3 and
v phases. Consequently, at lower temperatures, CsPb(Bry 3]y 7); typically appears in the
v phase. However, upon heating, it undergoes a transformation into the 3 and « phases.
Molecular dynamics analysis indicated that, as the temperature increased, the movement of
CsPb(Bry 31p.7)3 molecules became more vigorous, leading to atom recombination and the
activation of vacancy defects and gap defects. Subsequently, these defects induced lattice
distortion, ultimately resulting in a phase transition [79].
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Figure 4. (a) MAPbI; quickly degraded to Pbl; at 180°, with the absorption edge dropping from 780 nm
to 520 nm [75]. For details, see ref. [75]. Reprinted with permission from ref. [75]. Copyright 2016 J.
Phys. Chem. Lett. (b) XPS measurements of perovskite samples at 85 °C for 24 h: C1s (left), I3d and N1s
(right) [76]. For details, see ref. [76]. Reprinted with permission from ref. [76]. Copyright 2015 Adv.
Energy Mater. (c) X-ray diffraction (XRD) spectra of MAPDbI; perovskite films in different conditions
(PbI, peaks at 26 = 12.5° are marked by asterisks; MAPbI; peaks at 20 = 14.23°, 28.47° are marked by
solid triangles; and metallic Pb peak at 26 = 31.25° is marked by the open circle) [77]. For details, see
ref. [77]. Reprinted with permission from ref. [77]. Copyright 2018 Sol. Energy Mater. Sol. C.

From a microscopic mechanism perspective, formation energy or dissociation energy
is a crucial indicator to characterize the thermal stability of materials. In the case of the
MAPDI; crystal, its poor thermodynamic stability is primarily intrinsic and related to
the lower energy cost associated with phase separation compared to other compounds.
Remarkably, the dissociation energy of both the cubic and the room-temperature tetragonal
phases of MAPbIj; is consistently negative. This implies that the energy required to disso-
ciate or separate these phases into their constituent parts (i.e., the lead iodide (Pbl;) and
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methylammonium iodide (CH3NHj3I) components) is lower than the energy gained upon
their association. Therefore, under certain heating conditions, the MAPbI; crystal is prone
to phase separation, which will lead to the spontaneous formation of separate domains or
clusters of Pbl, and CH3NH;I within the crystal lattice.

2.4. Electric Fields

During sensitivity testing of MHPs, it is often observed that the peak value of the
signal current decreases after repeated measurements, and the interface topography tends
to improve after the tests. These phenomena can be attributed to the induced decomposition
effect of electric fields. Antonio et al. found that during the I-V scanning of MHPs, the
forward and reverse I-V curves exhibited slight disparities, with the initial scan showing
a relatively linear curve. However, subsequent scans revealed a curved I-V diagram,
accompanied by a reduction in the measured current. After careful analysis, Rizzo et al.
deduced that the prolonged exposure of MHPs to an electric field promotes significant
ion migration. As a consequence, ions tend to accumulate in the vicinity of the electrode,
inducing slight changes in surface topography. The accumulation of a substantial amount
of ions leads to a high ion concentration near the electrode, generating a strong electric field
and a high horizontal stress, which contribute to the degradation of the crystal lattice [80].

In a more in-depth study of this phenomenon, Leijtens et al. demonstrated that
MAPbI; decomposed into Pbl,, I~, and CH3NH3™" near the electrode (Figure 5) [81]. The
role of water in this process has been a subject of inquiry, which was experimentally
addressed by Deng et al. [82]. The researchers prepared a pre-wetted sample and a control
group for comparison. Under a bias voltage of 0.5 Vum ! for 15 min, the pre-wetted sample
exhibited a PL (photoluminescence) value decrease of over 70%, while the PL of the control
sample remained relatively unchanged. In addition, the PL characteristic peak of Pbl, near
510 nm was also observed, suggesting that the pre-wetted sample had a higher degree
of decomposition [82]. The reason is that HyO promotes halogen ion migration, which
is consistent with the above results. Deng also explored the relationship between MHP
degradation and electric field intensity. They unexpectedly found that the degradation
of MHPs was reversible when the electric field was lower than 0.4 V mm~!; when the
electric field exceeded 0.4 V mm ™!, the PL quenching rate increased, with an increase in
bias voltage, and recovery was not achieved. Based on these two experiments, it becomes
evident that there exists a threshold value for the combined action of water and electric
field. Once the threshold is exceeded, water molecules will participate in the reaction to
decompose MHPs, resulting in irreversible changes. However, when the threshold is not
surpassed, only the intrinsic effect of the electric field occurs, resulting in ion migration.
Water, in this context, only plays a promoting effect and does not cause chemical reactions.
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Figure 5. (a) Absorption spectra recorded at various distances from the electrode at positive bias.
(b) PL spectra in and outside the degraded region of the MHP after bias [81]. For details, see ref. [81].
Reprinted with permission from ref. [81]. Copyright 2015 Adv. Energy Mater.
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In addition, some researchers have conjectured that the influence of the electric field on
perovskite materials extends beyond degradation, with the potential induction of biogenic
alterations in perovskite minerals. However, to date, there is a shortage of research in this
specific domain [83].

3. Stability Optimization of MHP Detectors

At present, the sensitivity and response time of perovskite detectors have already
met the commercial requirements. However, the main obstacle to the widespread com-
mercialization of perovskite detectors is their inherent poor stability. This brief section
will outline strategies to improve the stability of these detectors through advancements
in molecular design, heterojunction engineering, and doping techniques and improved
packaging solutions [84].

3.1. Composition

The stability of perovskite is primarily influenced by two main factors: (1) the breaking
of ionic bonds and subsequent chemical reactions leading to degradation; (2) the structural
changes resulting in phase transformations induced by the provision of energy or external
forces. The fundamental solution to address both of these influences lies in improving
the structural stability of perovskite materials. In the context of ABX3 perovskites (A is a
monovalent cation, B is a divalent metal cation, and X is a halide ion), the structural capa-
bility of self-assembled 3D perovskite materials can be predicted using two key parameters:
the tolerance factor () and the octahedral factor (). These factors play a crucial role in
determining the stability of the perovskite structure. The prediction formula for assessing
structural stability is as follows:

t=(Ry + Ra)/2V%(Ry + Rp) (22)

1 =Rp/Rx (23)

where Ry, Ra, and R are the ionic radii of the X, A, and B ions of the perovskite materials,
respectively; u characterizes the filling of B ions within the X¢ octahedron, and t represents
the filling of A ions within the BX3 structure. Structural stability is primarily obtained by
maintaining a regular octahedral structure, where larger y and t values indicate higher
binding energy. Generally, when the tolerance factor falls within the range of 0.9 <t <1,
a three-dimensional (3D) perovskite structure is formed. On the other hand, when the
tolerance factor lies within the range of 0.7 < t < 0.9, the formation of low-dimensional
structures such as square and rhombohedral structures can be observed. ABX3 perovskite
structures accommodate both inorganic and organic cations at the A-site (Figure 6a). Hy-
drolysis of ABX3 primarily occurs due to the hydrophilicity of the AX component. By
modifying the hydrophilicity of AX, the water stability of the perovskite structure can be
significantly improved. Inorganic A-site ions, which include Cs, Rb, K, Li, etc., generally
exhibit good stability towards water molecules [85]. For organic A-site ions, methylamine
(MA) and formamidine (FA) are commonly used. FA exhibits better humidity stability,
due to its larger ionic radius of 2.53 A, compared to MA, with a radius of 2.17 A. In the
case of MAPbI; and FAPbI3, the t factor increases from 0.91 to 0.99, indicating higher
binding energy (Figure 6b) [86]. In other words, the enhanced stability of halide perovskite
materials can be achieved when the radius of the A-site ion closely approaches its critical
value. In addition to large-size organic A-site cations, bivalent metal cations like Pb, Sn,
and Ge have garnered significant attention due to their excellent photoelectric performance.
However, it is worth noting that the bivalent state of Sn and Ge ions is unstable and prone
to oxidation into a quadrivalent state. Consequently, the production environment and
packaging requirements for Sn- and Ge-based perovskites are more stringent compared to
those for Pb-based materials [87].

Doping is a technique employed to introduce impurity atoms into a preexisting
molecular structure, without altering the original molecular framework. This approach
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allows for the incorporation of impurity atoms possessing specific characteristics. By
doing so, desired attributes such as hydrophobicity and antioxidant properties can be
imparted to enhance the stability of the material. In this review, doping is categorized into
cationic doping and anionic doping based on the different types of ions used, with the aim
of exploring how doping can enhance the stability of perovskite materials. For anionic
doping, in the case of ABI3, I~ ions are prone to oxidize to elemental I, which significantly
compromises the perovskite material stability. For MAPbI;, doping with F~ and CI~ is
challenging, due to the large difference in ionic radius. However, introducing Br~ ions
meets the requirements for successful doping. Therefore, the incorporation of bromine ions
through ABBryI(3_) mixed-halogen perovskite has become the main way to improve the
stability of perovskite. Yao et al. [88] provided detailed information on lattice engineering
achieved by adding Br ions. This process significantly passivated the defects in the original
device and improved certain device performance aspects, promoting carrier migration
and mitigating nonradiative recombination effects. Since the strength of the Pb—Br bond is
obviously higher than that of the Pb-I bond, bromine doping also contributed to improve
the device stability. This was also demonstrated in a comparison between doped and
control devices based on FAq 75 MA( 55nl5. Both types of devices were subjected to various
stability tests including storage in a Ny environment for 2000 h, continuous exposure to
ultraviolet lamps for 300 min, and preservation at approximately 45% air humidity for 40 h.
The stability test results clearly showed that the doped device had superior stability [85].
Apart from halogen doping with X elements, the stability of MHPs was also reported to
improve through the doping of X elements from Group VI, such as sulfur (S), tellurium
(Te), and other similar elements [89].

Apart from doping with halogen anions, an effective strategy to enhance the photoelec-
tric performance and stability of MHPs involves introducing cations of suitable sizes into
the interstitial sites of the perovskite structure. These introduced cations can then capture
the more mobile X-site species, further improving the overall performance of MHPs. To
prevent lattice deformation in MHPs, caused by excessive doping, Zhao et al. compared the
effects of neodymium ion (Nd3*) with those of the commonly used sodium ion (Na*) and
calcium ion (Ca®*). The results showed that when a small amount of Nd3* ions was used,
the lattice microstrain improved, leading to higher passivation effects (Figure 6c). This
suggests that doping with high-valence cations can better inhibit ion migration and enhance
material stability [90]. Mixed cations have allowed achieving significant improvements in
the stability of perovskite materials.

To achieve a synergistic effect between A and B sites in perovskite materials, Gao et al.
introduced specific large organic amine guanidine ions into the A site of ABX;3 (Figure 6d).
This effectively increased the formation energy of halogen vacancies (X site) through
hydrogen bonding. Additionally, low concentrations of alkaline earth metal ion dopants
(Sr?*) were incorporated into the B site to raise the formation energy of B site vacancies.
By designing and optimizing the device structure, the team achieved exceptional results,
with a sensitivity of 2.7 x 10* uCGy~! cm~2 under a low electric field of 1 V.em~!. The
laboratory test showed a stable performance for 5 h and nearly no performance degradation
after 180 days of testing [84]. Lien et al. added CsPbl; to methylamine lead triiodide
(CH3NH3Pbl3), forming a mixed-cation composition, CH3NH3 () Cs (1_y). This approach
leveraged the hydrophobic and passivating properties of inorganic cations, effectively
enhancing the device performance and improving the overall material stability [91].

Essentially, doping involves the introduction of different anion—cation interactions
aimed at attracting free ions; typically, doping cations are used to capture free halogen
anions. Through the introduction of these strong bonding interactions, the stability of
the material is enhanced. However, it is imperative to recognize that doping is typically
performed at trace levels. Excessive doping can result in lattice deformation or collapse
due to an increase in the lattice microstress, ultimately compromising the stability of the
material.
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Figure 6. (a) Change of the A-position ion leads to changes in the perovskite material. (b) Taking
XPbl; as an example, tolerance factors correspond to different A-site cation radii [86]. For details,
see ref. [86]. Reprinted with permission from ref. [86]. Copyright 2022 Science. (c¢) Comparison of
the passivation effects of Na*, Ca?*, and Nd3* doped in different perovskites [90]. For details, see
ref. [90]. Reprinted with permission from ref. [90]. Copyright 2022 Nat. Mater. (d) Schematic of the
doping design of the CsFAG/Sr detector [84]. For details, see ref. [84]. Reprinted with permission
from ref. [84]. Copyright 2022 Nat. Photonics.

3.2. Heterojunctions

MHPs have emerged as prominent materials for sensitive components in detectors.
Specifically, 3D perovskite structures exhibit high sensitivity, a wide dynamic range, and a
fast response, which makes them the focus of current research efforts in perovskite detec-
tors development. At present, the sensitivity of perovskite-based X-ray detectors has far
exceeded that of the commercial x-Se-based X-ray detector. However, the significant carrier
migration in 3D perovskites poses a challenge to achieving commercial-level stability. In
this respect, interface engineering through heterojunction and homojunction approaches
has shown promising results in improving stability. In particular, heterojunction structures
offer the advantage of combining the characteristics of two different semiconductor materi-
als, leading to better complementarity effects compared to homojunction structures. This
was demonstrated to effectively reduce noise in large-area and highly sensitive perovskite
X-ray detectors (Figure 7a—i) [92].

In the context of detectors, for 3D perovskite materials, which represent the sensitive
component of detectors, it is necessary to solve the issues of large noise and high dark
current stemming from high ion migration. Two-dimensional perovskite has the char-
acteristic of high resistivity due to its layered structure and large layer spacing caused
by large A-site ions. The utilization of wide-gap 2D perovskite materials in detection
systems exhibits a deactivation effect that effectively passivates the surface defects present
in 3D perovskite structures. By growing a layer of 2D perovskite on the surface of 3D
perovskite, a 2D /3D heterojunction is formed, effectively mitigating the dark current and
reducing ion migration, thereby enhancing the material stability [93]. It is worth noting
that the influence of different types of 2D layers on heterojunction detectors can vary.
Specifically, the Dion-Jacobson (DJ) type of 2D layers exhibits better stability compared
to the Ruddlesden-Popper (RP) type, owing to the different chemical bonds between the
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layers. The DJ layer is connected to the 3D perovskite layer through hydrogen bonds,
which results in significantly stronger interlayer connections compared to the van der
Waals forces characteristic of the RP type. However, the RP perovskite layer containing
two A-site cations enables easier charge transfer through the 2D layer, leading to higher
sensitivity.
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Figure 7. Heterojunction perovskite detectors design, fabrication, and characterization. Structure
of a homojunction device (a) and a heterojunction device (b) used in simulations. The gray color
represents a narrow-bandgap perovskite, and the red color represents a wide-bandgap perovskite.
(c) Simulated J-V curves for single-junction and heterojunction perovskite devices. (d) Perovskite-
filled membrane film lamination scheme. (e) Heterojunction perovskite film structure scheme.
(f) Band diagram of the heterojunction perovskite film. (g) Cross-sectional image of the heterojunction
perovskite film. (h) Energy-dispersive spectrometer (EDS) scanning along the yellow line in (g).
(i) Location-dependent PL peak and bandgap; the layer numbers indicate the layers, from the bottom
Csp.15FA( g5Pbl; layer to the top Csg 15FA( g5Pb(Ip 15Brg 85)3 layer (The black curve indicates PL peaks
and the red curve indicates bandgaps) [92]. For details, see ref. [92]. Reprinted with permission from
ref. [92]. Copyright 2021 Sci. Adv.

To investigate the impact of different chain lengths on the stability of heterostructures,
Kim et al. conducted a study using (FAPbl3)p 95(MAPbBr3)g 05 perovskite films. They exam-
ined the effects of different chain lengths of butyl ammonium iodide (BAI), octylammonium
iodide (OAI), and dodecyl ammonium iodide (DAI) on the photoelectric properties (PCE)
and moisture stability of the materials. The results showed that solar resistance and humid-
ity stability notably increased with the chain length of the 2D layer, from BA to DA [94].
Furthermore, larger A-site ions, such as long-chain alkanes or benzene rings, exhibited
enhanced hydrophobicity. However, it is important to note that these ions may also weaken
the photoelectric properties of MHPs. Smith and colleagues managed to strike a good
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balance between photoelectric performance and humidity stability by selecting appropriate
A-site ions [95,96].

3.3. Encapsulation

Packaging plays a crucial role in improving the stability of perovskite materials. As
early as 2013, Gevorgyan et al. demonstrated the effectiveness of packaging in extending
the stability of perovskite devices, successfully storing them for over one year [97]. Here,
we will examine the impact of packaging on the stability of materials, focusing on two
key aspects: internal packaging and external packaging (Figure 8a—d) [98]. Internal en-
capsulation involves the application of a film directly onto the surface of the perovskite
material to shield it from adverse environmental factors. For proper internal encapsula-
tion in detectors, the film material should exhibit favorable characteristics such as good
hydrophobicity, stability, high transmission, low radiation absorption, and compatibility
with the perovskite material. Various techniques can be employed to produce thin films,
which can be classified into two categories: deposition and coating. With respect to the
coating method, using MAPbI; as the base material, Hwang et al. employed hydrophobic
polytetrafluoroethylene (PTFE) as the coating layer to examine the impact of coating on
stability. The results clearly showed significant changes in the untreated sample compared
to the coated sample. By day 30, the untreated sample had predominantly transformed
into Pbl,, indicating the occurrence of the aforementioned perovskite hydrolysis reaction.
In contrast, the coated experimental sample exhibited minimal changes in color, demon-
strating excellent humidity stability. XRD (Figure 8e) and quartz crystal microbalance
(QCM) analysis results co-demonstrated that internal encapsulation using a film to cover
the perovskite surface effectively created a protective barrier against detrimental environ-
mental factors [99]. Similarly, Li et al. used a hydrophobic polymeric film to enhance
the stability of MAPbBr3-based X-ray detectors [100]. In addition to organic polymers,
inorganic materials can also be utilized as outer coatings due to their exceptional stability.
For instance, Bose et al. employed an AlOy layer to encapsulate MHPs [101], ensuring the
long-term stability of the studied device. Similarly, Zhao et al. embedded metal halide
scintillators into an array of anodic aluminum oxide (AAO) and compressed them into a
film, thereby enhancing the stability of the studied detector [102].

External packaging involves the use of materials such as glass to create a closed
environment around the perovskite material, effectively protecting it from water and
oxygen in the external surroundings. In addition to providing a barrier against water and
air, certain external packaging materials like silica gel possess soft characteristics that offer
collision buffering. Currently, the most commonly employed external packaging method is
glass—glass packaging. This involves placing the perovskite material between glass layers,
evacuating the air (preferably in an inert gas atmosphere), and sealing the edges using
materials such as ethylene vinyl acetate copolymer (EVA) and polyisobutylene (PIB) [103].
In addition to glass—glass packaging, other organic and inorganic materials have been
explored for external packaging. Yang et al. utilized hexagonal boron nitride (hBN) to
package perovskite, significantly extending the stable preservation time of MHPs from
30 min to 10 h under intense light conditions [104]. Seitz et al. developed a double-sided
package (hBN/perovskite/hBN) that completely enclosed perovskite flakes within hBN
layers, resulting in a storage time extension from 5 h to 3 months, without significant
degradation (Figure 8f,g) [105].
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Figure 8. (a—d) The schematics of different encapsulation methods are as follows: edged-cover
encapsulation, film encapsulation, full-cover encapsulation, hybrid encapsulation [98]. For details,
see ref. [98]. Reprinted with permission from ref. [98]. Copyright 2021 Adv. Funct. Mater. (e) Changed
XRD patterns for the MAPbI; control group and the experimental group (coated with polytetraflu-
oroethylene) (¥, peaks from FTO; yellow mark, peaks from Pbl,; dark brown marks, peaks from
perovskite) [99]. For details, see ref. [99]. Reprinted with permission from ref. [99]. Copyright
2015 ACS Appl. Mater. Inter. (f,g) Comparison of the transmission and fluorescence micrographs of
perovskite flakes (The dashed blue and red lines represent the bottom and top edges of the hBN,
respectively); (g) control group, (f) encapsulation group [105]. For details, see ref. [105]. Reprinted
with permission from ref. [105]. Copyright 2019 Nanomaterials.

4. Conclusions and Outlook

In conclusion, this review provides a comprehensive exploration of the chemical
stability of halide perovskite detectors, focusing on the influence of various external factors.
The findings highlight the critical importance of addressing the challenges associated with
long-term stability to unlock the full potential of MHP detectors for practical applications
in sensing and imaging.

Radiation, humidity, temperature, and electric field were identified as key factors
that significantly impact the stability of MHP detectors. Through the uptake of moisture,
perovskite materials undergo degradation processes leading to the formation of undesirable
byproducts and the degradation of device performance. Similarly, exposure to elevated
temperatures, electric fields, and radiation can induce structural defects and affect the
integrity of the MHP material.

To mitigate the adverse effects of environmental factors and devise effective strategies
for enhancing the chemical stability of halide perovskite detectors, extensive research has
been conducted. Composition engineering, heterostructure construction, and encapsu-
lation have emerged as promising approaches for protecting perovskite materials from
moisture-induced degradation and other environmental threats. Additionally, the incor-
poration of protective layers, such as hydrophobic coatings or barrier films, has shown
potential in preventing water diffusion and improving the stability of halide perovskite
detectors. Furthermore, it is imperative to make further advancements in order to address
the remaining challenges and enhance the long-term stability of halide perovskite detec-
tors. Developing comprehensive models that can accurately predict and comprehend the
intricate interplay between environmental factors and perovskite materials is of utmost
importance. These models will serve as essential tools for guiding future research and
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engineering endeavors in this field. Additionally, novel materials with enhanced stability,
such as doped, mixed-halide, or double-perovskite structures, hold promise for achieving
improved chemical stability under diverse operating conditions. Moreover, advancements
in fabrication techniques, such as scalable deposition methods and improved encapsu-
lation technologies, are essential for enabling the large-scale production of stable halide
perovskite detectors.

The significance of the aforementioned stability factors and their combined effects
may vary for different types of detectors. Taking X-ray detectors as an example, the areas in
which they are most commonly employed are computed tomography (CT) and industrial
flaw detection. These applications typically involve minimal temperature fluctuations and
relatively low electric fields, thereby reducing the impact of these two factors. However,
the influence of humidity, oxygen, and radiation becomes magnified in such scenarios. In
the medical field, it is crucial to minimize the amount of X-ray exposure for patient safety,
and due to the stringent standards required by the industry, the sensitivity and stability of
the detector are of utmost importance. Encapsulation can potentially mitigate the effects of
humidity and oxygen by preventing contact with the detector material. But high-energy
X-rays can readily induce both phase separation and decomposition. Consequently, for
X-ray detector materials, the strength of the ionic bonds becomes particularly crucial to
maintain long-term stability under irradiation. This emphasizes the need for further in-
depth research into the bonding or atomic structure of MHPs for X-ray detectors. For
most other detectors (such as infrared detectors, photodetectors, ultraviolet detectors, etc.),
the primary concerns regard the effects of humidity and oxygen. The current solutions
involving heterojunctions, encapsulation, or doping have shown promising results in
addressing these challenges.

Furthermore, efforts should be directed towards standardizing testing protocols and
evaluation metrics for assessing the stability of these detectors, including continuous work-
ing time, long-term stability, and radiation dose tolerance, enabling robust comparisons
and accelerated progress in this field.

Ultimately, improving the chemical stability of MHP detectors will facilitate their
integration into industrial applications, such as environmental monitoring, biomedical
imaging, and security systems. With continued research and technological advancements,
MHP detectors have the potential to revolutionize the field of detectors, offering high
performance, cost-effectiveness, and stability for a wide range of applications. We believe
that this review will serve as a valuable resource and as a catalyst for further advancements
to achieve the desired long-term stability of MHP detectors.
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