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1. Introduction

Halide perovskites, a class of materials with chemical formula of
ABX; [where A is an organic type like methylammonium (MA,
CH;NH;) and formamidinium (FA, CH(NH,),) or inorganic
like Cs, B is Pb or Sn, X is CI, Br, or I], possess superior opto-
electronic properties and therefore have attracted tremendous
attention in the fields of photovoltaics, photodetection, light
emitting diodes, scintillation, and photocatalysis“’lo]. Despite
the enhanced stability of the all-inorganic halide-perovskite-
based devices compared to the hybrid ones'"'**, the degrada-
tion of all-inorganic halide perovskites under the action of
external stimuli like UV light is still inevitable and presents as
an obstacle towards stable device performances. UV light soak-
ing all-inorganic perovskite nanocrystals such as CsPbBr; suffer
from the merging and aggregation of nanocrystals into larger
particles and additional introduction of trap states!'*'*).
Considering that such CsPbBr; nanocrystals are mostly reported
to be terminated with CsBr, and part of the Cs ions are substi-
tuted with ligand"'®"'®), their predominant merging into a con-
tinuous perovskite lattice under UV illumination indicates the
occurrence of ion migration at the boundaries of adjacent nano-
crystals and even the desorption of bromine. Photon stimulated
halogen desorption is not new for halogen containing materials
and is generally driven by electronic transitions'* "), We pos-
tulate that electronic-transition-induced halogen desorption
occurs at the CsPbBr; nanocrystal boundaries as well in the light
triggered transformation process. This effect, however, has been
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The instability of lead halide perovskites in various application-related conditions is a key challenge to be resolved. We
investigated the formation of metal nanoparticles during transmission electron microscopy (TEM) imaging of perov-
skite-related metal halide compounds. The metal nanoparticle formation on these materials originates from stimulated
desorption of halogen under electron beams and subsequent aggregation of metal atoms. Based on shared mechanisms,
the TEM-based degradation test can help to evaluate the material stability against light irradiation.

Keywords: halide perovskite; TEM; degradation; electronic transition; stimulated desorption.

neglected due to the limited spatial resolution of optical spectro-
scopic measurements.

Fortunately, halogen desorption is also shared in the interac-
tion of all-inorganic halide perovskites with other excitation
sources such as an energetic electron beam. Especially, the
unique advantages of the superior spatial resolution of advanced
transmission electron microscopy (TEM) techniques, and the
versatility that this tool provides by incorporating various in-situ
holders such as heating enabled more precise monitoring and
profound understanding of degradation mechanisms of halide
perovskites under electron beam irradiation. Numerous works
on the electron-beam-induced degradation of CsPbX; have been
reported, especially on thin films and nanocrystals[zz’zsl. The
reported transformation is generally featured by temperature-
dependent metallic lead nanoparticles formation and halogen
desorption during in-situ TEM imaging and analysis.

With massive efforts in recent years, a wide range of all-
inorganic perovskite-related compounds with various composi-
tions and phases have emerged, such as Cs,PbBrg, Cs;Bi,l,,
Cs,AgInCl,, Cs,AgBiCl,, and Cs;CuylIn,Cl;52°72°). Similar to
the standard CsPbX;, most of the all-inorganic perovskite-
related compounds are also unstable, and it is necessary to
understand their degradation pathways. Herein, following the
above-mentioned works on CsPbBr; nanocrystals, we expanded
in-situ TEM investigations to the nanocrystals of Cs,PbBr
and two lead-free halide-perovskite-related compounds.
Intriguingly, we observed similar phenomena of temperature-
dependent metal nanoparticle formation upon electron beam
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irradiation. Based on these observations, we extend the previ-  nanocrystals after 200 keV electron beam irradiation at three dif-
ously established understanding of the Pb nanoparticle creation ~ ferent temperatures. Similar to our earlier work!®®!, a high-
in CsPbBr; to the lead-free cases and propose a generalized  energy electron beam induces the transformation process of
mechanism for high-energy electron-beam-induced metal ~ CsPbBr; nanocrystals, in which metallic lead nanoparticles [as
nanoparticle formation on all of the inorganic halide-  confirmed in the high-resolution TEM (HRTEM) analysis of
perovskite-related compounds. A better understanding of the  Fig. 1(g)] are formed above certain temperatures. Through
degradation mechanism of these electron-beam-sensitive halide  the composition analysis, as shown in Figs. S1, S2 and Table
perovskites can give intuition into the understanding of their ~ $2 of Supplementary Materials, we identify the mechanism as
interaction with light. a stimulated desorption and subsequent diffusion process.
Stimulated desorption is featured by the occurrence of bromine
desorption and concurrent reduction of Pb?* ions to Pb® spe-
cies. This tandem effect of halogen desorption and Pb?* reduc-
We started with synthesizing the nanomaterials of various inor- ~ tion resembles the stimulated desorption that occurs in the TEM
ganic halide-perovskite-related compounds using a hot injection ~ study of CaF, and some oxides (such as CuO, WO3, PbO,,
colloidal synthesis approach, as reported in Refs. [27,30,31] and NaBiO;)****). One stimulated desorption pathway is based
described in Supplementary Materials. These nanocrystals — on a Knotek-Feibelman inter-atom Auger mechanism’**],
include CsPbBr; nanocubes and nanosheets, Cs,PbBrg nano- in which an inner-shell electron of the cation (i.e., Pb?*) is
crystals, Cs3;CoCl; nanowires, and Cs;Bi,Iy nanocrystals, for ~ excited by an incident electron, creating an inner-shell hole;
which the morphology and size are listed in Table S1 in  the electron from an adjacent anion (i.e., Br™) fills this vacancy.
Supplementary Materials. After the synthesis, the morphology, = The energy released is absorbed by other electrons of the anion,
structure and composition evolution of these nanomaterials  leading to Auger emission. Consequently, the anion species are
induced by the incident electron beam is investigated by using oxidized to a neutral or cation state (i.e., Br~ to Br’ or Brt) and
a JEOL-2200FS microscope. then migrate to the surface and are desorbed to the vacuum.
Meanwhile, the Pb ions are reduced to Pb°. Therefore, the stimu-
) . lated desorption process of all-inorganic halide perovskite can
3. Results and Discussion be mainly defined as a type of ionization damage'®”’.

Figures 1(a)-1(f) report the high angular annular dark- Additionally, the overall damage process also involves knock-
field-scanning TEM (HAADEF-STEM) images of CsPbBr; on displacement because the incident electrons can transfer
momentum to both the loosened bromine species and the

Temperature rise reduced lead species and consequently speed up their diffusion

. process. As a consequence, Pb nanoparticle formation is influ-
enced by the incident electron energy in a complex way: on one
hand, the radiolysis damage is less pronounced at higher inci-
dent electron energy; on the other hand, higher-energy electrons
cause more significant knock-on displacement that enhances
both the oxidized bromine desorption and the Pb® atom diffu-
sion. We compared composition change induced by electrons of
two energies (80 keV and 200 keV) and found that the overall
damage is less pronounced at higher energy, suggesting the
dominance of ionization damage mechanisms (see Fig. S3 of
Supplementary Materials).

Since the diffusion process depends largely on the substrate
temperature, with rising temperatures, an obvious increase in
the number and size of Pb nanoparticles is observed in Fig. 1.
Two mechanisms are at work simultaneously here: (1) a faster
thermally activated diffusion of the oxidized bromine species
leads to a faster stimulated desorption process and production
of more Pb® species; (2) the promotion of diffusion and aggre-
gation of Pb’ atoms gives rise to more and larger Pb
nanoparticles.

Fig. 1. HAADF-STEM images demonstrating the Pb nanoparticle formation on We have also examined the transformation of another lead-
CsPbBrs nanocrystals induced by 200 keV electron irradiation at increasing based and two lead-free perovskite-related halide compounds
temperature: (a)-(c) 3 nm thick nanosheet and (d)-(f) nanocubes of edge size under an electron beam. Cs PbBrg is a lead-based perovskite-
of 20 nm. (g) HRTEM image of CsPbBrs; nanosheet showing the atomic details related compound that has a crystal structure, in which
of the Pb nanoparticles. PbBry octahedra are disconnected, as illustrated in Fig. 2(a).

2. Experimental Methods

Bz
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Fig. 2. Crystal model and HAADF-STEM images at different temperatures
under 200 keV electron irradiation for nanocrystals of (a)-(d) Cs,PbBrg (Cs,
Br, and Pb atoms as big cyan spheres, small green and blue spheres, respec-
tively, PbBrg octahedra are shaded in blue), (e)-(h) Cs3CoCls (Cs atoms in cyan,
Cl atoms in green, Co atoms in blue, CoClg octahedra in blue), (i)-(k) CsBizlg
(Cs atoms in cyan, | atoms in green, Bi atoms in blue, and Bilg octahedra in
blue).

The HAADF-STEM images of hexagonal shape Cs,PbBrg nano-
crystals with an edge size of ~50 nm taken at —30, 22, and 45°C
are displayed in Figs. 2(b), 2(c), and 2(d), respectively. Upon
electron exposure, no distinguishable Pb nanoparticle forms
at —30°C, while particles with appreciable size and contrast,
as labelled by the yellow arrows, start appearing at 22°C, and
the size increases further at 45°C.

Cs;3CoCl; is a type of lead-free halide-perovskite-related com-
pound, which has a lattice structure shown in Fig. 2(e). The
HAADF-STEM images of the as synthesized Cs;CoCls; nano-
wires of 5-8 nm in width at various temperatures are displayed
in Figs. 2(f)-2(h). No nanoparticle is observed at 22°C, but,
when the temperature is raised to 130°C, bright nanoparticles
start emerging. The size and number of these nanoparticles
increase further when imaged at 170°C. More experimental data
of those lead-free compounds are presented in Fig. 3. The
HRTEM images in Figs. 3(a) and 3(b) reveal that the nanopar-
ticles on Cs;CoCl; are made of Co, and their lattice structure is
cubic, which is a metastable phase for Co. Besides brighter nano-
particles, one may also notice that the nanowires have merged
laterally and broken into short pieces, as shown in Fig. 2(h).

Cs3Bi, 1y, a Bi-based perovskite-related halide, has the lattice
shown in Fig. 2(i). When irradiated with a 200 keV electron
beam at 22°C, nanoparticles are already observable, as shown
in Fig. 2(j), indicating a high sensitivity of Cs;Bi,I, to the elec-
tron beam. A rise in temperature also causes coarsening of the
nanoparticles, so fewer nanoparticles are observed in Fig. 2(k),
which was imaged at 50°C. We have analyzed the nature of these
nanoparticles based on the HRTEM images shown in Figs. 3(c)
and 3(d) and found that their structure matches with the
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Fig. 3. HRTEM images of (a), (b) Cs3CoCls nanowires showing the formation of
metallic Co nanoparticles and (c), (d) CszBi,lg naoncrystals demonstrating the
creation of Bi nanoparticles.

tetragonal phase of metallic Bi. It is noted that the number of
Bi nanoparticles decreases at 50°C, indicating that the radiolysis
is an easy process for Cs;Bi,Ig, so electron irradiation at 22°C
can already induce prominent radiolysis effect, and an increase
in temperature only facilitates a faster diffusion of the formed
metallic species. The fast diffusion of Bi is probably related to
its low melting point as well.

The similarity shared by the atomic structure of these metal
halide-perovskite-related compounds is that the compound
involves coordination of metal M (M can be Co, Bi, or Pb)
and halogen X (i.e, X is Cl, Br, or I) into an MX4 octahedron.
As shown in the above TEM data, although the metal nanopar-
ticle formation rate and the temperature to render visible
nanoparticle formation in TEM imaging are different for various
compounds, the same phenomenon of a temperature-
dependent high contrast nanoparticle formation is observed
under high-energy electron beam irradiation. Our results sug-
gest that a temperature-dependent nanoparticle formation
occurs for all of these compounds under high-energy electron
irradiation in the TEM imaging process. Similar evolution of
these materials under electron irradiation suggests some
common features in the atomic and electronic structures and
their interaction mechanism with energetic electrons. We are
investigating these issues further in our future studies.

The underlying mechanisms that lead to metal cation reduc-
tion in metal halide perovskites exposed to light (including UV)
and electron beam can be compared. The photons with energy
larger than the bandgap mainly generate hot electrons and
holes!"?), which promote chemical bond breaking in the perov-
skites and stimulate desorption of loosely binding species near
the surface. Such hot carriers are also generated (indirectly in
most cases'*”!) by the energetic electron beam in TEM imaging,
with similar consequences. The rate of material degradation
under the electron beam seems to be much faster and more dra-
matic than that of photon exposure. Therefore, TEM-based
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degradation analysis could serve the purpose of burn-in tests for
the stability of the perovskites against photon and hot carrier
damages®>*") at a high spatial resolution. Of course, energetic
electrons can induce damages also through the knock-on and
core-level electron excitation, followed by inter-atomic Auger
processes, which are unlikely by photons. Further investigations
are needed in order to employ TEM-based analysis for accurate
evaluation of the stability of these materials exposed to photons
or hot carriers.
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