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Abstract

Halide perovskites possess ultra-low thermal conductivity and show high potential for thermoelectric devices. The chemical proper-
ties and molecular structure of halide perovskite materials are not completely stable under ambient conditions, which hinders their
use in thermoelectric generators. Changes in the properties of bulk halide perovskite thermoelectrics are accompanied by partial
phase transitions and surface oxidation processes. In this paper, we conducted a comprehensive study of the transport and struc-
tural properties of CsSnl,, which were pristine by vacuum melting followed by spark plasma sintering. The research results on the
electrical transport of these materials revealed that exposure to an inert atmosphere does not deteriorate stability and the properties
of the materials remain unchanged. However, prolonged exposure to air leads to a significant degradation of the electrical transport
properties. Contrary to thin-film samples, the shift to the double perovskite structure from the perovskite one is limited to a specific
surface layer. This change significantly influences the electrical transport of the material while maintaining the essential properties
of both perovskite types.
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Introduction and long operation time, TE energy converters are widely used in
the space industry, medical and health care devices, thermoelec-
tric refrigerators, photovoltaic cooling, etc. [1-5].

The maximum efficiency zT of a thermoelectric material is de-
fined as:

Thermoelectric (TE) devices, based on the direct conversion of
heat into electrical energy, are an essential part of the develop-
ment of new and environmentally friendly technology for power
generation, refrigeration, temperature sensors and thermal man-
agement. Since they have the characteristics of high reliability 2T = o’0T/ (kiar + Kel) 1)
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where a is the Seebeck coefficient, o is the electrical conduct-
ivity, and x, and x_ are the lattice and electronic thermal con-
ductivities, respectively.

The most effective thermoelectric materials for low-
temperature applications, operating within the temperature
range of 300-600 K, have been inorganic compounds, specifically
bismuth telluride and bismuth selenide [6-8]. Nevertheless, the
high costs associated with the fabrication of these materials have
prompted a quest for alternative solutions. Despite extensive re-
search into alternative inorganic and organic materials with the
potential for high thermoelectric efficiency, their performance
notably lags behind that of chalcogenides [9]. This highlights the
continuous demand for developing thermoelectric materials that
are not only cost-effective, but also efficient, especially for the
specified low-temperature range.

In recent years, the appeal of hybrid organic-inorganic and
entirely inorganic perovskite materials has grown markedly,
finding extensive applications across the spectrum of optoelec-
tronic devices [10-12]. Although lead perovskites have shown
superior performance, their toxicity presents a major barrier to
commercialization [13, 14]. This has led to an increased focus
on research into tin-based perovskites, which, beyond having
excellent optical properties, are notable for their exceptionally
low thermal conductivity, recorded at <1 Wm™K™ [15]. Such a
characteristic makes them highly attractive for thermoelectric
applications.

Miyata et al. have classified halide perovskites as having a
‘phonon glass, electron crystal’ structure [16]. This structural
configuration combines the efficient charge transport character-
istic of crystals with the phonon thermal conduction inhibition
typical of glass [17]. Such a unique property of the material is
expected to result in exceptional thermoelectric performance,
especially within the realm of lead-free halide perovskites [18].
The inorganic perovskite composition CsSnl, exhibits a promising
combination of semiconductor properties for thermoelectric ap-
plications, with a relatively high specific conductivity (~10* S/cm
at room temperature) and a low band gap (1.25 eV).

The rapid oxidation of Sn? to Sn*, when exposed to air or
water, limits the development of Sn-based halide perovskites for
thermoelectrics. Considerable research efforts have been directed
towards stabilizing thin films, aiming to enhance their utility in
optoelectronic devices [19-23]. These principles from thin-film re-
search are now being applied to stabilize bulk perovskite mater-
ials [24].

However, there is a notable gap in research concerning the oxi-
dation and degradation dynamics within bulk perovskites and
their consequent impact on transport characteristics. Conducting
such studies on bulk materials is essential to comprehensively
evaluate the suitability of perovskites for thermoelectric devices
designed for sustained operation under standard conditions.

The inorganic perovskites CsSnl, have notable attributes in
terms of structural stability and chemical composition. The un-
balanced presence of different phases of CsSnl, at room tempera-
ture affects the stability of electrical properties during repeated
heating and cooling processes [25]. Structural rearrangements of
atoms occur during the transitions between phases, leading to
macroscopic changes in the structure of the material [26].

The formation of a native oxidized layer can act as a stabilizing
passivation film [27]. Hence, it is crucial to investigate the dy-
namics of changes in the structural and transport properties of
bulk CsSnl, thermoelectrics under cyclic exposure to an external
oxidizing environment (air atmosphere) and heating.

In this work, we investigated the correlation between the oxi-
dation/degradation processes and the electrical transport proper-
ties of all-inorganic lead-free perovskite CsSnl,. A comprehensive
analysis was performed on the evolution of phase composition
and the surface state of bulk CsSnl, semiconductors fabricated
using spark plasma sintering. The study evaluated the influence
of external corrosion factors (air atmosphere and humidity) by
observing structural changes and variations in the elemental
composition. The results were evaluated against the stability of
transport properties in CsSnl, (i.e. electrical conductivity) and
thermoelectric performance (Seebeck coefficient and power
factor).

1 Experimental methods
1.1 Synthesis

The samples of CsSnl, were synthesized through a meticulous
procedure involving vacuum melting and subsequent spark
plasma sintering (SPS). High-purity Csl granules (with a purity of
99.998 % from LLC Lanhit, Russia) and Snl, granules (with a purity
of 99.999 % from LLC Lanhit, Russia) were carefully weighed
and mixed in stoichiometric proportions within an argon-filled
(99.998 % purity) glovebox to prevent contamination and oxida-
tion. The resulting mixtures were hermetically sealed in evacu-
ated quartz tubes with an inner diameter of 10 mm and a wall
thickness of 1.5 mm. The sealed tubes were then subjected to a
controlled thermal treatment, with a gradual heating to 923 K at
a rate of 100 Kh™, followed by a 24-hour dwell at this temperature
and a subsequent gradual cooling to room temperature within
the furnace.

The opening of the quartz tubes after melting was carried out
in the argon-filled glovebox. Subsequently, the obtained ingots
were manually ground into fine powders and subjected to the
SPS process under a pressure of 30 MPa at 573 K for a duration
of 5 minutes in a vacuum environment. The preparation of the
die was also carried out in an argon-filled glovebox and packed
in vacuum bags there. This stage allowed the transfer of the die
to the SPS unit. After sintering, the dies were again packed into
vacuum bags and carried to the glovebox in them. This process
yielded fully consolidated bulk cylindrical samples featuring a
diameter @ of 12.7 mm and a thickness of 2 mm.

It is essential to note that the sensitivity of the samples to
moisture necessitates stringent precautions throughout both the
synthetic and measurement processes. Any contact with solv-
ents or exposure to humidity from the environment should be
rigorously avoided to preserve the integrity and properties of the
samples.

1.2 Characterization

X-ray diffraction (XRD) patterns were obtained by using a
SmartLab diffractometer (Rigaku, Japan) with Cu-Ka radiation
(L =1.5419 A). To further examine the morphology and chemical
composition of the bulk specimens were employed scanning elec-
tron microscopy (Vega 3 SB, Tescan, Czech Republic) and energy-
dispersive X-ray spectroscopy (EDX; x-act, Oxford Instruments,
UK). Additionally, Raman-scattering data were acquired using a
Thermo DXR spectrometer, with excitation provided by a 532-nm
laser source. The density of the samples was measured by using
the Archimedes principle in isopropyl alcohol, which does not
dissolve perovskite. The X-ray photoelectron spectroscopy (XPS)
measurements were performed using a «PREVAC EA15» electron
spectrometer. In the current work, Al-Ka (hv = 1486.6 eV, 150 W)
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was used as a primary radiation source. The pressure in the ana-
lytical chamber did not exceed 5 x 10 mbar during spectra ac-
quisition. The binding energy (BE) scale was pre-calibrated using
the positions of Ag 3d;,, (368.3 eV) and Au 4f, , (84.0 eV) from silver
and gold foils, respectively.

1.3 Transport property measurements

Sample preparation for measurements of electrical trans-
port properties was carried out in an argon-filled glovebox.
Consolidated pellets were cut into bars (3 x 12.7 x 2 mm?®) using
a hand-held string saw. Samples were transferred to the set-up
without exposure to air in the glovebox. The evaluation included
the simultaneous determination of both electrical conductivity
o and the Seebeck coefficient a, employing four-probe and dif-
ferential techniques, respectively. The measurements were per-
formed under a helium atmosphere in the temperature range of
280-450 K. These analyses were carried out within laboratory-
made systems situated at the National University of Science and
Technology MISIS. The estimated errors in the Seebeck coefficient
and the electrical conductivity measurements are ~8% and ~5%,
respectively.

2 Results and discussion

We evaluated the phase composition change of the bulk CsSnl,
sample by investigating the XRD spectra (Fig. S1 in the online
Supplementary Data). After exposing the bulk CsSnl, to an oxi-
dizing air atmosphere (ambient conditions, 22-25°C, 20-45% rela-
tive humidity) for different periods, we estimated the dynamics of
the phase transitions.

The first measurement of the pristine compressed tablet was
taken immediately after its first exposure to the atmosphere
after storage in an inert atmosphere. For the ‘pristine’ sample,
we observed two phases: the black Pnam phase of orthorhombic
perovskite CsSnl, (PDF# 01-080-2139) and the yellow Pnma phase
of orthorhombic perovskite Y-CsSnl, (PDF# 01-071-1898). The
analysis of the intensity ratio of the main XRD peaks revealed a
composition of 79% for the black phase and 21% for the yellow
phase of CsSnl, (Fig. 1). The studies were conducted on bulk sam-
ples in tablet form. The attenuation depth of Cu-Ka X-Ray, cal-
culated according to the Beer-Lambert Law, for CsSnl, is ~5 pm.
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Fig. 1: The phase composition of the CsSnl, bulk sample, determined by
using XRD, following distinct exposure intervals in ambient air

Hence, the presence of a yellow phase in the ‘pristine’ sample
can be related to rapid oxidation processes, even with short-term
exposure to air. The content of the Y-CsSnl, phase significantly
increased with the prolonged exposure of the samples to the am-
bient atmosphere. Upon 24 hours of exposure to oxidation, the
Y-CsSnl, phase evolved to be the dominant phase, representing
76%. In parallel with the phase transition of CsSnl, from the
black to the yellow phase, we observed the appearance of the
cubic Cs,Snl, (PDF# 01-073-0330). This process points to the oxi-
dation process of Sn** to Sn* [28]. Continuous exposure of the
sample for 120 hours resulted in a change in the phase compos-
ition, with an increase in the ratio for Cs,Snl, (up to 24%), a slight
decrease in Y-CsSnl, (up to 72%) and a significant decrease for
black CsSnl, (5%).

To analyse the compositional changes on the surface of
bulk Cssnl, samples, we conducted Raman spectroscopy meas-
urements (Fig. 2). The penetration depth of visible light (wave-
length = 532 nm) for CsSnl, is submicron (<300 nm) (calculated as
the depth of field of the microscope).

The spectra were acquired using backscattering geometry,
employing a diffraction grating with 1200 lines/mm and a rect-
angular aperture measuring 50 x 1000 pm. A solid-state laser
with a wavelength of 532 nm served as the source for the laser
radiation, which was concentrated through a 100x objective lens
featuring a 0.75 numerical aperture. The power conversion at the
sample site was 3 mW, with each exposure spanning 5 seconds
and conducted 12 times.

Due to rapid surface oxidation, measurements were taken at
short intervals initially in the ‘pristine’ state and then after 5
minutes, 15 minutes, 4 hours and 24 hours of ambient exposure.
For the surface of the pristine sample, we observed the peaks of
Y-CsSnl, at 135, 125 and 89 cm™ [29]. After 15 minutes of external
exposure, we observed the appearance of Snl, and Sn(OH),, as
indicated by the characteristic peaks at 145 and 108 cm™ as the
products of perovskite dissolution in air moisture. The presence
of oxidation and hydrolysis products highlights interactions with
moisture and atmospheric oxygen [30, 31]. After 24 hours of ex-
posure to ambient conditions, high-intensity peaks were identi-
fied only for the oxidation products, while the signals for Y-CsSnl,
were almost indistinguishable.

We utilized XPS with Al-Ka emission to precisely analyse the
surface properties of the samples. The spectra were calibrated
using the C 1s line with an assigned BE of 285.0 eV. A reference
sample in the ‘pristine’ configuration was kept in an inert at-
mosphere before measurement, briefly exposed to ambient air
for no more than 10 seconds upon loading into the vacuum
chamber of the XPS system. The investigation into the impact
of the oxidation processes was conducted following the 96-hour
storage of the sample in an atmospheric air environment with
a 20% humidity level. We examined the variations in elemental
composition analysis (Table S1 in the online Supplementary
Data) based on the integrated intensity of the C 1s, O 1s, Sn
3d,,, and Cs 3d,,, peaks, considering their respective sensitivity
factors of 1, 2.93, 25.05 and 16.46. The increased carbon concen-
tration in the initial sample can be attributed to the conditions
of the SPS, which involved interaction with the carbon matrix.
Both samples exhibit an imbalance in Cs, Sn and I concentra-
tions compared with the stoichiometric composition of the bulk
CsSnl, sample. The atomic concentration of tin was found to
be 6.6 and 6.9 times greater than that of caesium. We propose
that the excess tin present on the surface engages in a reaction
with oxygen.
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Fig. 2: Raman spectra of the sample with nominal composition of
CsSnl, following distinct exposure intervals in ambient air

In the case of tin, which exhibits only slight chemical shifts,
the chemical state is typically assessed through the modified
Auger parameter (a'). This parameter is the total of the kinetic
energy for one of the leading Auger peaks plus the BE for the pri-
mary photoelectron line, formulated as o’ = E + E,.. Here, E | |
is the peak position of the Auger emission in the kinetic energy
domain and E,, represents the BE for the photoelectron line. Fig.
S2 (in the online Supplementary Data) presents the spectra in the
Sn 3d and Sn,,,, regions. For the pristine sample, the modified
Auger parameter (') was determined to be 919.45 + 0.6 and, for
the sample after 96 hours, it was 919.36 + 0.6. These results in-
dicate that the chemical state of the tin on the surfaces of both
samples is identical. The absolute a’ values, as depicted in the
Wagner plot, suggest that tin in the sample exhibits an oxidation
state intermediately between those of SnO and SnO, (valences
of +2 and +4, respectively) [32]. The O 1s spectra, as illustrated in
Fig. S3 (in the online Supplementary Data), reveal the existence
of two distinct types of metal(Me)-oxygen bonds: Me-O-H, char-
acterized by a peak at 532.6 eV and Me-0, evident at 531 eV. This
observation can be ascribed to the formation of tin oxides (SnO
and Sn0O,) and tin hydroxide (Sn(CH),) on the surfaces of both
pristine and aged samples. The performed analysis demonstrates
that minimal contact with the atmosphere induces alterations in
the surface properties of CsSnl, perovskites, suggesting that the
oxidation process commences instantaneously upon exposure.

Elemental analysis (Figs S4-S8 in the online Supplementary
Data and Table 1), provided via EDX of the sample surfaces during
prolonged exposure to air, confirmed the presence of areas with
elevated tin and oxygen content. EDX mapping of the specimens
revealed a consistent distribution of elements in the sample
without air exposure (Fig. S4 in the online Supplementary Data).
Energy-dispersive analysis established a congruence between the
elemental composition and the nominal composition.

As the air exposure time extended, the elemental ratio was
maintained, with the only noticeable change being an increase
in oxygen on the surface (Figs S5-S8 in the online Supplementary
Data). Surface embrittlement was observed after 24 hours and
became more severe with increased exposure. Furthermore,
spectroscopic results after 48 hours revealed the emergence of a
secondary phase, mainly tin-based, suggesting the potential pres-
ence of Snl,. The prevalence of these tin-rich secondary phases
grew with prolonged exposure.

Table 1: Exposure time, actual composition (from the EDX
analysis), phase composition and relative density d of the CsSnl,
following exposure intervals in ambient air

Exposure Actual Phase composition (wt%) d(g

time (h) composition an’)

0 Cs, 4,51, oL, 79% CsSnl,, 21% Y-CsSnl, 4.45

CSy 0,51, 6ls 00 58.8% CsSnl,, 41.2% 4.46

Y-CsSnl,

24 CEFIS o P S 14.9% CsSnl,, 76.1% 4.47
Y-Cssnl,, 9.1% Cs,Snl,

48 CSh 04SN gol5 04 10.7% CsSnl,, 78.6% 4.55
Y-CsSnl,, 10.7% Cs,Snl,

120 C846,51, 0,150 4.5% CsSnl,, 72% 4.33

Y-CsSnl,, 23.5% Cs,Snl,

Electrical transport property measurements were performed
in both heating and cooling regimes. To verify the stability of the
fabricated and estimate its reproducibility, we executed several
thermal cycles (Fig. S9 in the online Supplementary Data). The
electrical conductivity exhibits metal-like behaviour over the en-
tire temperature range (Fig. 3a). The enhancement in electrical
conductivity observed in the perovskite material after 14 hours
of ambient air exposure is attributed to intrinsic self-doping
processes in tin-based perovskites [22, 33]. This phenomenon
involves the oxidation of Sn? to Sn*, resulting in a rise in the con-
centration of charge carriers [34]. This process leads to a notice-
able increase in electrical conductivity. However, after 96 hours of
storage under ambient conditions, the electrical conductivity of
the material sharply decreases, likely attributed to a reduction in
charge-carrier mobility [35]. According to the provided EDX map-
ping and Raman spectroscopy data, clusters of Snl, phase are
formed on the surface of the bulk CsSnl, sample during oxida-
tion and partial decomposition. These clusters may serve as scat-
tering centres with a low charge-carrier mobility of 2 cm?V-!s at
room temperature [36]. Furthermore, the reduced mobility of the
charge carriers can be linked to the embrittlement of the CsSnl,
material.

Conversely, the stability of the Seebeck coefficient during ex-
tended air exposure suggests a notable decrease in charge-carrier
mobility (Fig. 3b). The electrical properties of CsSnl, in its black
phase, characterized by p-type conductivity [37, 38], distinctly
differed from the n-type conductivity of the double perovskite
Cs,Snl, [39]. Following an extended exposure to ambient air for
4 days, the Seebeck coefficient values consistently displayed posi-
tivity, indicating persistent p-type conductivity in the samples.
This consistent behaviour suggests the presence of a surface pas-
sivation phenomenon within the bulk CsSnl, material. Although
passivation results in a marked reduction in electrical conduct-
ivity, it does not affect the conductivity type. Similar property
changes were not observed in thin-film configurations of CsSnl,.
According to the literature [40], complete conversion of CsSnl,
into Cs,Snl, can occur in short periods of <48 hours of storage in
an air atmosphere. This observation highlights the complex rela-
tionship between material morphology, surface interactions and
electrical behaviour, revealing promising paths for modifying per-
ovskite materials to suit a range of applications.

Comparing the obtained data with existing literature proves
challenging (Fig. S10 in the online Supplementary Data). We
examine several significant experimental investigations into
the thermoelectric properties of halide perovskites. In the re-
search conducted by Yu et al. and Qian et al., bulk samples were
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Fig. 3: Temperature dependence of (a) the electrical conductivity o, (b)
the Seebeck coefficient a and (c) the power factor a’c for the CsSnl,

synthesized under nearly identical conditions using vacuum
melting and analysed using with similar set-ups. However, it
was not specified whether the samples were exposed to air prior
to measurement [24, 38]. The reported values of electrical con-
ductivity 84-86 Q'cm™ and the Seebeck coefficient 123-124 puV
K at room temperature in these studies exhibit similarity to
the values obtained for pristine sample (53 O'cm™ and 143 pV
K™ in our work (Table 2). In our investigation, the ingots, post
vacuum melting, were processed by grinding and then consoli-
dated via the SPS method. As a result, the electrical conductivity
of our samples was 35% lower and the Seebeck coefficient was
15% higher compared with the actual literature, showing a gen-

erally good agreement. The slight discrepancy could stem from
differences in the structure of the sample, heavily influenced by
the synthesis method or potential exposure to air during sample
transportation to the measurement set-ups.

In the study by Xie et al., the synthesis method differed only in
the consolidation temperature, with the authors noting that the
samples were not exposed to air for >3 minutes [37]. However,
the electrical conductivity values of 295 Q'cm™ obtained in this
study at room temperature exceeded those reported by Yu et al.,
Qian et al. and our study by 75-85%, while the Seebeck coeffi-
cient was three times lower (Table 2 and Fig. S10 in the online
Supplementary Data). Such a significant difference in values
may indicate material degradation. Although the Seebeck coeffi-
cient value after 14 hours of exposure (44 pV K') was comparable
to that reported by Xie et al. (48 uV K7), the electrical conduct-
ivity values, whether for bulk samples or thin films, were not as
high [22, 41, 42]. Properties of thin-film materials are heavily de-
pendent on the synthesis method; however, as previously noted,
oxidation/degradation processes occur much faster in them than
in bulk materials. Therefore, this discrepancy may be attributed
to varying degrees of material oxidation/degradation during
measurement. These observations underscore the critical ne-
cessity of accounting for the absence of any interaction with air
when investigating the stability of perovskite materials.

Despite retaining characteristics of both CsSnl, and Cs,Snl,
the power factor a’o of the material after prolonged exposure
drops to ~10= pW cm™K?, contrasting sharply with the value of
1.2 pW cm™K? observed in the fresh sample (Fig. 3c).

3 Summary and conclusions

We investigated the evolution of the structural, chemical and
transport properties of bulk CsSnl, (cylinders with a diameter
of 12.7 mm and a thickness of 2 mm) fabricated by using SPS.
Analysis using XRD and Raman spectroscopy demonstrated rapid
changes in phase composition, as well as oxidation and decompos-
ition processes for the surface regions under ambient conditions.
The phase composition changes occurred in several stages and
directly correlated with the duration of air exposure. In the ‘pris-
tine’ sample, the predominant phase was the black Pnam phase of
orthorhombic perovskite CsSnl,. After 24 hours of air storage, the
primary phase on the surface of the bulk CsSnl, changed to the
yellow orthorhombic perovskite Pnma (76%). These phase tran-
sitions were accompanied by oxidation linked to the conversion
process of Sn* to Sn*. The elemental composition calculations in-
dicated that the Cs,Snl, phase content reached 9.1% after 24 hours
and subsequently rose to 23.5% after 120 hours. By employing
Raman spectroscopy, the surface composition changes were elu-
cidated, uncovering the existence of decomposition products re-
sulting from hydrolysis and oxidation. The formation of SnI, and
Sn(OH), occurred within a short exposure period of <1 hour.

The exposition under the ambient conditions enhanced con-
ductivity because of self-doping processes involving Sn* oxidation
to Sn* and raising the concentration of the charge carriers. After
96 hours, conductivity significantly dropped because of scattering
effects on the oxidized surface caused by the presence of the de-
composition products (Snl,). The decrease in charge-carrier mo-
bility was also associated with the embrittlement of bulk CsSnl,
and the spread of surface oxidation effects. The calculation of
the Seebeck coefficient in Y-CsSnl, showed persistent p-type con-
ductivity even after prolonged exposure, suggesting surface pas-
sivation effects. Despite decreased electrical conductivity, the
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Table 2: Comparison of representative electrical conductivity o and Seebeck coefficient a of CsSnl, determined by using experimental

methods

Sample Synthesis methods 0, O'cm™ (room temperature) a, uV K (room temperature) Reference

CsSnl, (this work) Vacuum melting and spark plasma 53 143 -
sintering

CsSnl, (bulk) Vacuum melting 86 123 [38]

CsSnl, (bulk) Vacuum melting 84 124 [24]

CsSnl, (bulk) Vacuum melting and spark plasma 295 48 [37]
sintering

CsSnl, (film) Mechanochemical synthesis and 41 27 [41]
single-source vacuum deposition

CsSnl, (film) Spin-coating technique 105 106 [42]

CsSnl, (film) Thermal vapour deposition 8 155 [22]

conductivity type remained unchanged. The findings highlight Data Availabihty

the complexity of tailoring perovskite material properties for di-
verse applications, considering material morphology, surface
interactions and synthesis methods. The stabilization of the con-
ductivity performance after the formation of the oxidized surface
areas and phase transformation demonstrates the high potential
of bulk CsSnl, thermoelectrics, as well as the necessity for the de-
velopment of passivation techniques. We assume that the devel-
opment of vapour (chemical vapour transport, plasma-enhanced
chemical vapour deposition (CVD)) or sputtering methods for the
growth of an encapsulation coating could provide long-term sta-
bility of the bulk CsSnl,. CVD can be used effectively to form the
passivation layer at low temperatures by utilizing n-conjugated
ligands (e.g. phenylethylammonium) that stabilize the Sn* state
[43]. The application of passivation and gas-tight coatings, such
as Si,N,, AIN and SiO,, is feasibly accomplished using ion-beam
deposition. This method ensures the complete uniformity of the
coating and eliminates any direct plasma-material interactions,
which are unfavourable for processing with halide perovskites
[44]. Potentially, the development of encapsulation coatings typic-
ally utilized in electronic materials can be tailored to the specific
properties of halide perovskites via advanced deposition methods.
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