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Photoinduced degradation of thermally stable
Cs,AgBiBrg double perovskites by micro-Raman
studiesT

Athrey C. Dakshinamurthy ©2 and C. Sudakar 2 *

The thermal stability of lead-free double perovskite Cs,AgBiBrg for stable optoelectronic and
photovoltaic devices is essential. There are contradicting reports, with some claiming stability from
300 to 400 °C based on X-ray diffraction and thermogravimetry studies and others up to 250 °C from
Raman studies for Cs,AgBiBrg. We perform thermogravimetry analysis and temperature-dependent
Raman studies with different laser intensities and show that Cs,AgBiBrg is thermally stable up to
~410 °C. A low power (3.68 mW) laser excitation source does not induce any structural changes at all
temperatures. On the contrary, higher power laser light (7.15 mW) decomposes Cs,AgBiBrg to CszBisBrg
at temperatures beyond 180 °C. Meticulous thermogravimetry, Raman, and X-ray diffraction studies
confirm that Cs,AgBiBrg is structurally stable up to 410 °C, whereas its stability decreases under light
exposure beyond a certain critical intensity. This study brings out the importance of light and thermal
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1. Introduction

Halide double perovskites (HDPs) of the form A,B'B"X, are
emerging as a promising alternative to lead-based inorganic
perovskites due to their efficiency and promising applications
in photovoltaics and optoelectronics.”* HDPs exhibit exceptional
thermal stability and nontoxicity in addition to their promising
optical properties." In HDPs, B’ and B” are monovalent and
trivalent metal cations, thus forming a three-dimensional net-
work of corner-connected metal-halide octahedra. Among various
HDPs, Cs,AgBiBr, is gaining significant momentum due to its
reduced band gap (~1.7-2.1 eV), long carrier lifetimes (> 1 ps),
and smaller carrier effective mass, making it a promising candi-
date for photovoltaic and photocatalytic devices.>™® Solar cells
with Cs,AgBiBrs as photo-absorbers have been fabricated
recently, which show a promising efficiency of over 3%.” Never-
theless, studies on the stability of double perovskites or degrada-
tion under thermal and photoinduced conditions are scarce in
the literature. Burwig et al. have demonstrated through X-ray
diffraction studies that the annealing temperature plays a crucial
role in the phase and crystal structure evolution in Cs,AgBiBrg,
with the cubic phase shown to be stable up to 300 °C.* Beyond
this temperature, it was ambiguous whether a high-temperature
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stability of Cs,AgBiBre, which is crucial for designing various optoelectronic devices.

Cs,AgBiBrg phase is formed, or thermal degradation begins.
Contrastingly, Pistor et al. have reported that the Cs,AgBiBr,
undergoes thermal decomposition to Cs;Bi,Bry at 250 °C.° In
fact, recent studies on solar cells fabricated using a Cs,AgBiBrg
absorber layer, reported by Ghasemi et al., demonstrated that the
dual ion diffusion (Ag" and Br™) of the material, which is an
intrinsic property, affects the long term operational stability of
the device.'® Thus, there is a lack of understanding of the
structural stability and phase stability of Cs,AgBiBrs double
perovskites at elevated temperatures.

Laser irradiation is widely used to probe various structural,
vibrational, and optical properties. However, stability or degra-
dation studies of HDPs under laser light exposure are scarce.
Thermally-induced phase changes and compositional modifi-
cation due to chemical effects caused by such exposure need to
be understood. Various photochemical transformations such as
oxidation-reduction, defect formation, phase transitions, and
laser-induced degradation occur upon laser exposure.'*** Such
changes are mostly observed in lead-halide perovskites.'?
Although HDPs are mostly known to be stable under ambient
conditions and light exposure, it is important to explore the
laser-induced effects as these compounds show applicability in
high-energy X-ray and UV radiation detectors.'*"*

In this communication, we demonstrate that the Cs,AgBiBrg
compound is thermally stable up to ~410 °C, in contrast to an
earlier observation® that Cs,AgBiBrs degrades to Cs;Bi,Br, at
250 °C. We unequivocally show, on the other hand, that
Cs,AgBiBr degrades to the Cs;Bi,Bry phase even at 180 °C only
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upon exposure to a high intense laser power of ~7.15 mW,
revealing the instability of Cs,AgBiBrs under intense photon
interaction.

2. Experimental details

Cs,AgBiBrs double perovskite powder is synthesized through a
modified solution-based approach reported earlier.” In a typi-
cal synthesis, stoichiometric concentrations of bismuth acetate
and silver acetate are dissolved in HBr solution at 170 °C. After
complete dissolution, CsBr is added to the above precursor
solution. At this point, an orange-red precipitate immediately
forms, indicating the crystallization and growth of Cs,AgBiBrs.
The precipitate is filtered and dried at 75 °C. The crystal
structure and phase purity of Cs,AgBiBrs are analyzed by
powder X-ray diffractometry (Rigaku SmartLab) with a CuKa
(A = 1.5406 A) X-ray source. The Raman spectra are acquired
using a Horiba-JobinYvon (HR 800 UV) micro-Raman spectro-
meter operating with a 632 nm laser excitation source. Raman
spectra are also acquired at various temperatures with a
Linkam stage attached to the spectrometer in a backscattered
configuration with the microscope. Differential scanning
calorimetry (DSC) and thermogravimetric analysis (TGA) are
simultaneously performed using a DSC-TGA Standard, SDT
Q600 V20.9 Build 20 instrument to evaluate thermal stability
and phase changes such as decomposition of Cs,AgBiBre.

3. Results and discussion

X-Ray diffraction (XRD) studies show that the synthesized
compound exhibits phase pure composition of Cs,AgBiBrg
without the presence of any trace of other secondary phases
(Fig. 1). Cs,AgBiBrg crystallizes into a cubic elpasolite structure
with the space group Fm3m symmetry. Ag" and Bi*" exhibit rock
salt ordering in the structure, as evident from the presence of
all odd Miller indices in the XRD pattern. The lattice parameter
estimated using Rietveld refinement gives a = 11.2719 A, which
matches with the reported values.

Raman spectral analyses are performed on Cs,AgBiBrs to
elucidate the local structural information using octahedral
vibrational modes and the stability of the compound as a
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Fig. 1 Powder XRD pattern of the synthesized Cs,AgBiBre along with the
Rietveld refinement. Inset shows its crystal structure.
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Fig. 2 Raman spectra of Cs,AgBiBre acquired at various temperatures

using a 632 nm He-Ne-ion laser with (a) 3.68 mW and (b) 7.15 mW laser

power.

function of temperature. Fig. 2 shows the Raman spectra of
the Cs,AgBiBrs compound at various temperatures in the range
from 30 °C to 310 °C performed using 3.68 mW and 7.15 mW
laser power of a 632 nm excitation source, which corresponds
to a power density of ~1.1 mW pum 2> and 2.2 mW pm 2,
respectively. The beam size of the laser is ~2 um in all these
measurements. Based on the Wyckoff positions of atoms and
symmetry considerations, four modes viz., F,, (2 modes), Eg,
and A, are Raman active in Cs,AgBiBre. These modes are
attributed to the scissoring motion of Br atoms along with Cs
motion, and asymmetric and symmetric stretching of [AgBre]*~
octahedra, respectively.'® The vibrational energies of these
modes observed at 30 °C are in good agreement with the values
reported in the literature.’

The temperature stability of the Cs,AgBiBr, and laser-
induced effects on the structure can be directly inferred from
the Raman spectra acquired at different temperatures using
two different laser powers. When excited with lower laser power
(~3.68 mW), all the Raman modes are clearly discernible at all
the temperatures suggesting the robust structural stability of
Cs,AgBiBr,. The vibrational modes get substantially broadened
with an increase in temperature due to the increased anhar-
monicities in the atomic vibrations at elevated temperatures.
Most importantly, the cubic structure of Cs,AgBiBry is retained
at high temperatures indicating that the compound Cs,AgBiBrg
is highly stable and does not undergo any thermal degradation.
This agrees well with the studies reported by Burwig et al.,
where they demonstrated through XRD measurements that the
Cs,AgBiBr; structure is stable up to 300 °C and can be clearly
assigned to the cubic polymorph.® In their report, it is quite
ambiguous, for temperatures greater than 300 °C, whether
Cs,AgBiBrs remains still in a cubic structure or undergoes
phase degradation. However, a recent report by Pistor et al.
showed contrastingly different results, wherein they demon-
strated that the cubic structure of Cs,AgBiBrs undergoes

© 2022 The Author(s). Published by the Royal Society of Chemistry
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thermally induced phase degradation to a layered Cs;Bi,Brg
structure at 250 °C.° This has been inferred from the changes
observed in the Raman spectra acquired after annealing the
samples at various temperatures. In fact, we observe a similar
feature; however, when the Raman spectra are acquired with a
higher laser power (7.15 mW), as shown in Fig. 2b.

Halide single perovskites are known to undergo photoin-
duced and laser-induced degradation resulting in phase segre-
gations. Udalova et al demonstrated the photochemical
degradation of hybrid lead iodide perovskites upon laser irra-
diation, resulting in polyiodides.'” In the case of HDPs, to the
best of our knowledge, such studies are scarce. However, we
believe it is quite possible that the laser-induced degradation
could play a significant role in converting the phase locally. To
understand whether the degradation is induced by a thermal
effect or due to a laser light exposure effect, Raman spectra of
Cs,AgBiBrg are acquired using a high laser power. At tempera-
tures below 180 °C, all the Raman spectra are identical when
the spectra were acquired with lower power excitation. How-
ever, at temperatures above 180 °C, we observe that the Raman
modes get altered with the emergence of several new peaks
(marked with the symbol *). This indicates the structural
degradation of Cs,AgBiBrs and the formation of a new phase,
viz. Cs;3Bi,Bro. The Fp, mode at 74.8 cm ! splits into three peaks
(2E; and 1A;,), which can be attributed to the vibrations
associated with BiBr, octahedra involving only Br atoms.'”
One of the three low energy peaks (1E4) corresponds to the
octahedral vibrations around the x, y axes. The other two peaks
could be due to the deformational vibrations of BiBrg
octahedra."” This indicates a deformation of the cubic lattice.
The intense A;; mode of Cs,AgBiBre at ~177.5 cm™ !, which is
observed at all temperatures for low laser power excitation or at
temperatures below 180 °C for high power laser excitation, disap-
pears and two new peaks at ~161 cm ' and ~185 cm™ " emerge at
temperatures >180 °C upon excitation with a 7.15 mW, 632 nm
laser source. These two modes are A,y (~161 cm ') and E,
(~185 cm™ ") vibrations arising from the stretching of Bi-Br bonds
in the Cs;Bi,Bry structure.”” Thus, it is evident from our Raman
spectral studies that the Cs,AgBiBrs phase degrades to Cs;Bi,Br
only upon using a high laser power. This is in stark contrast to an
earlier report by Pistor et al, in which Cs,AgBiBr; is found to be
thermally stable only up to 250 °C.° Our study unequivocally
demonstrates that (i) Cs,AgBiBr; is stable up to high temperatures
of 410 °C, as discussed in the following section, and (ii) Cs,AgBiBr,
can degrade under the influence of an intense laser source. The
degradation does not happen at lower temperatures (<180 °C) as
the compound is inherently stable, whereas, at higher temperatures,
higher laser intensities generate a significant amount of localized
heat resulting in the local degradation of Cs,AgBiBrs.

It is known that the intense laser irradiation on samples
would increase the local temperature, which would cause
thermal decomposition of the compounds.'® The increase in
temperature upon laser exposure can be estimated'® and in the
present case a rough estimate is expected to be around a few
hundred Kelvin. As the sample temperature is raised using an
external heater, the net temperature can go beyond the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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decomposition temperature locally (~420 °C) leading to the
decomposition of Cs,AgBiBrs at 180 °C in the in situ heating
experiments. This is consistent with our observation. The
Raman spectra acquired at room temperature using low power
laser excitation on the compound obtained by annealing it in
an air ambiance up to 410 °C shows no tendency for decom-
position. On the contrary, when the same study is performed
under intense high power laser illumination, in in situ heating
experiments, the sample decomposes at 180 °C. This clearly
indicates that the intense laser photons generate localized heat
in the sample. This local heat in addition to the externally
applied heat (~ 180 °C) can make the overall temperature reach
beyond the decomposition temperature locally (>420 °C), thus
resulting in decomposition to other phases.

To further confirm the thermal stability of the compound,
we performed both static and dynamic thermogravimetry ana-
lyses (TGAs). Simultaneous TGA with differential scanning
calorimetry (DSC) studies performed on Cs,AgBiBrs powder
are shown in Fig. 3. The measurements are performed in an
air ambiance from 25 °C to 600 °C with a heating rate of
5 °C min~'. The weight percentage and heat flow changes with
temperature are plotted in Fig. 3. TGA studies show that the as-
prepared Cs,AgBiBrs powder does not undergo any weight loss
until a temperature of ~410 °C. DSC studies also do not show
any sharp endothermic/exothermic peaks indicating that there
are no phase transformations in this temperature range. This
confirms the thermal stability of Cs,AgBiBrs up to ~410 °C.
Beyond 410 °C, we observe a sharp endothermic peak at 420 °C.
At this temperature, the weight loss also seems to begin. The
weight loss proceeds continuously and the specimen undergoes
~35% weight loss until 600 °C. This gradual weight loss
indicates that Cs,AgBiBrs does not undergo spontaneous
decomposition. This is due to the positive values of decom-
position enthalpies for its decomposition pathways.>

We also performed XRD studies on Cs,AgBiBrs samples
annealed under static conditions in open-air at 250 °C,
410 °C, and 450 °C for 30 min to understand the phase changes
that would arise upon annealing at elevated temperatures
(Fig. 4). It is observed that Cs,AgBiBrs is phase-pure with the
cubic structure intact up to ~400 °C. Beyond 410 °C, Cs,Ag-
BiBrs decomposes, yielding other phases like Cs;Bi,Bry and
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Fig. 3 DSC-TGA plots of Cs,AgBiBrg powder in the temperature range
from 25 °C to 600 °C.
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Fig. 4 XRD patterns of Cs,AgBiBrg samples annealed at 250 °C, 410 °C,
and 450 °C, along with the as-prepared sample.

CsAgBr,. The XRD patterns for the sample annealed at 410 °C
show intense cubic Cs,AgBiBr, reflections along with minor
secondary peaks, which correspond to Cs;Bi,Bry and
CsAgBr,.”"*? This indicates that Cs,AgBiBr, starts decomposition
at temperatures ~410 °C, consistent with TGA-DSC studies,
wherein no weight loss is seen until 410 °C. Upon further
annealing at 450 °C, Cs,AgBiBrs completely decomposes into
binary and ternary bromide compounds and oxybromide com-
pounds (Fig. 4 and 5). Thus, it is evident that the Cs,AgBiBrg
compound is thermally stable up to a much higher temperature,
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unlike the earlier report by Pistor et al’ Although we see the
similar degradation of Cs,AgBiBrs at 180 °C through Raman
spectral analyses, it is not due to the thermal degradation of
the compound as reported by Pistor et al., but instead, it is laser-
induced degradation of the sample at high temperatures with
higher laser intensities. We have also confirmed this argument by
collecting the Raman spectra of the samples annealed under
static conditions at 410 °C and 450 °C (Fig. 5). The Raman
spectrum of the sample annealed at 410 °C clearly shows the
Raman modes of Cs,AgBiBr, without any trace of Raman peaks
from other phases. This strongly suggests that the cubic perovs-
kite structure is intact up to 410 °C. The spectra collected for the
sample annealed at 450 °C were found to be highly inhomoge-
neous, showing a different set of peaks at different regions. These
were mostly from Cs;Bi,Bro, Cs3;BiBrs, and other possible oxybro-
mides, including BiOBr. This definitely shows the thermal degra-
dation of the sample around 450 °C.

Furthermore, we have tried to synthesize the decomposition
products like Cs;Bi,Bry, Cs;BiBrg, BiOBr and CsAgBr, in phase-
pure forms. Cs;Bi,Bre and BiOBr compounds can be synthesized
with phase purity as evident from the XRD and Raman studies
(Fig. S1 and S2, ESIf). Phase-pure synthesis of Cs;BiBrg is
challenging and the solution-based synthesis of the Cs;BiBrg
compound resulted in a mixture of phases like Cs;Bi,Broy and
Cs;BiBrg as observed from the Raman studies. Furthermore, the
CsAgBr, compound did not form when synthesized via a
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Fig. 5 Raman spectra of Cs,AgBiBrg annealed at (a) 410 °C, and 450 °C (b, c and d) at different regions.
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solution-based approach. We tried to synthesize CsAgBr, through
a solid-state reaction by thoroughly grinding equimolar concen-
trations of CsBr and AgBr, followed by annealing. The obtained
compound shows diffraction peaks corresponding to orthorhom-
bic CsAgBr, along with some unidentifiable minor phases and
agrees with the reported literature.”® The XRD and Raman spectra
for all these compounds are acquired under the same conditions
that are employed for Cs,AgBiBr,. The diffraction patterns and the
spectra found in the decomposition products are in good agree-
ment with the compounds synthesized individually (Fig. S1 and
S2, ESIt). This further substantiates the origin of extra peaks and
the assignment of the decomposition byproducts.

4. Conclusions

In summary, thermal stability and photostability studies are
performed on the Cs,AgBiBrs compound using temperature-
dependent Raman spectra and TGA-DSC studies. Cs,AgBiBry is
thermally stable up to ~410 °C. However, in the presence of a
high-intensity laser power source, the stability of the compound
comes down to 180 °C. This could be due to the localized heating
arising from intense laser light resulting in local decomposition.
This study, thus, unequivocally shows the photoinduced thermal
instability in an otherwise thermally stable compound. We
believe such a study on this novel compound is the first of its
kind and will be of great utility to effectively integrate Cs,AgBiBr,
into various optoelectronic devices.
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