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ABSTRACT Cs2AgBiBrs double perovskites are intensely investigated as lead-free, stable

alternatives to organic lead halide perovskites. In this contribution, we revise the vibrational
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modes of Cs2AgBiBrs and show that Raman spectroscopy is well suited for the detection of
common secondary phases such as Cs3Bi2Brg. The combined Raman analysis at pre-, near- and
non-resonant conditions allows us to extract the four vibrational modes of Cs,AgBiBrs to
unprecedented detail, the most intense one at 177.3 cm™!. The experimental results are in good
agreement with theoretical density functional theory calculations. In addition, we monitor the

decomposition of Cs2AgBiBrs into Cs3Bi2Bro at temperatures above 255°C.

During the last decade, their unique opto-electronic properties'!) enabled a fulminant parade of
organic-inorganic lead halide perovskites in a variety of opto-electronic applications such as solar

c 123,45

cells, photodetectors, X-ray detectors, light emitting diodes, et 1'Yet, the implication of the

toxic heavy metal Pb as well as their instability to moisture, UV-light and thermal stress have so

6,7,8

far impeded commercial exploitation.! I Considerable research interest is therefore currently

put into the investigation of lead-free,[® '% !l intrinsically more stable (perovskite) materials with
similar opto-electronic properties.[!> 13 14]

Perovskite materials in general have the generic formula ABX3. In the (Cs,FA,MA)Pb(L,Br,Cl)3
perovskite materials considered here, X is a halide (I, Br, CI), B is lead and A is an organic
molecule such as methyl ammonium (MA), formamidinium (FA) or a large inorganic atom such
as Cs. In general, inorganic (Cs-based) perovskites are reported to be thermally more stable than
their organic (MA-based) counterparts.[!> 16171 Homovalent substitution of Pb with Sn is possible,
but the resulting tin-based materials are even less stable. Other more stable lead-free homovalent
Pb substitutions with similar opto-electronic properties have not been found in vast theoretical
screening of possible candidates.!'8) McClure et al. suggested the double perovskite Cs2AgBiBre

as a lead-free and more stable substitute for MAPbI3, and successfully synthesized this compound

from a solid-state and a solution route. They determined the band gap experimentally to be indirect
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at 2.19 eV,["”) which is supported by theoretical calculations.””®! An improved stability of
Cs2AgBiBrs against thermal decomposition?!! and to ambient air'*) has been reported. An intense
and on-going research is producing very promising advances applying Cs2AgBiBrs in high-
sensitivity and air-stable photodetectors,!*> 2% 241 or photocatalysis.[*! The sufficiently large band-
gap and the heavy elements involved turn Cs2AgBiBrs also into an efficient and air-stable X-ray

detector 126 27

. For example, Steele et al. reported highly sensitive X-ray detectors based on
Cs2AgBiBrs single crystals with long charge carrier lifetimes exceeding 1.5 ps and a sensitivity of
316 nCGy 'cm 2.8 Yang et al. were already able to

produce passivated Cs2AgBiBrs wafers that enabled highly sensitive, low-noise X-ray imaging
with good spatial resolution.!?’!

This stimulates further characterization of structural and opto-electronic properties in view of
luminescent and other semiconductor applications. The compositional stability range is rather
narrow,*%! and several binary and ternary secondary phases have been reported.** 3!: 321 Raman
spectroscopy is a non-destructive and fast tool to control phase purity and monitor the undesired,
uncontrolled appearance of secondary phases.[** In this contribution, we therefore revise the

Raman modes of the double perovskite Cs2AgBiBrs in detail and show how Raman can be used to

detect the most common secondary phase Cs3Bi2Bry.

Cs2AgBiBrs crystallizes in a cubic elpasolite (KoNaAlFg) crystal structure at room temperature
(space group Fm3m, a = 11.264 A) resembling a double perovskite crystal structure.”® 34 The
structure is derived from the conventional perovskite structure ABX3 (e.g. CsPbls) by heterovalent
substitution of the B atom, i.e. substituting two divalent B cations (Pb) by one monovalent metal

cation M* (Ag) and by one trivalent cation M>" (Bi). This substitution leads to the generic formula
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A>M*"M?**Xe, where in this crystal structure the M* (Ag) and M*" (Bi) cations are ordered in a rock-
salt configuration. An illustration of the crystal structure is depicted in figure 1 b). Other possible
cesium halide double perovskites arise from the combination of other monovalent (M* = Cu*, Ag”,
Au’...) and trivalent cations (M** = Bi**, Sb**, In**...), some of which have been theoretically
investigated in references 4 and 1%,

Based on this generic double perovskite structure, the atomic positions are listed in table 1,
together with the derived irreducible representations. These symmetry considerations predict

four active Raman modes, namely one Ajg, one Eg and two F2, modes.

Table 1: Wyckoff positions, symmetry and the associated irreducible representation for the atoms

in the double perovskite Cs2AgBiBrs phase with cubic structure, space group Fm3m.

Atom \;‘;};?Egif Symmetry Irreducible representation
Cs 8¢ On E,
Ag 4a On F,
Bi 4b Tq F, ®F,
Br 24e Cavy A,®E,®OF, ®2F, ®F, ©F,
Modes classification
IR Raman Acoustic Silent
4F, A, ®E, ®2F, E, F, ®F,

In the next step, we applied ab initio density functional theory to calculate the expected positions
of these four Raman modes. Norm-conserving pseudopotentials and the local density
approximation (LDA) to the exchange-correlation functional as implemented in the ABINIT

codel36: 37, 38, 391

were used for this. The calculated electron and phonon band structures can be
found in Figure 1 a) and c), respectively. The calculated electronic band structure confirms the

indirect nature of the band gap. The calculated frequencies of the fundamental vibrational Raman
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active modes are collected in the table 2, and illustrations of the corresponding vibrational
eigenmodes can be found in the supporting information. The main mode (A1g), can be considered
a breathing mode involving only the 6 Br atoms moving towards and away from the central Ag
atom. The E; mode is similar, but with 3 Br atoms moving towards the Ag atom, and 3 away from
it at the same time. In mode F2,("), Cs atoms start moving in addition to Br, while in F2,® all atoms

are involved in the vibration.

a) Electronic bandstructure b) Crystal structure c) Phonon bandstructure
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Figure 1 a) Calculated electron band structure of the double perovskite Cs2AgBiBrs. b) Sketch of

the elpasolite crystal structure of Cs2AgBiBrs. ¢) Calculated phonon band structure of Cs>AgBiBre.

In this work, we investigate two types of crystals by detailed analysis of their Raman spectra. Both
crystals (type A and type B) were precipitated from an aqueous precursor solution by slow
temperature induced single crystal growth following the route described by Slavney et al.[*! with
nearly identical growth conditions, but marginally lower AgBr concentration for the type B

crystals (see the supporting information (SI) for experimental details).

The first crystal (type A) is homogenous with dark orange color and large facets as fotographed in

the inset of figure 2 a). Our phase analysis confirmed this type A crystal to be essentially phase
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pure Cs2AgBiBrs: X-ray fluorescence spectroscopy (XRF) revealed near stoichiometric
Cs2AgBiBrs composition for this crystal and X-ray diffraction (XRD) analysis confirmed the
elpasolite-type crystal structure of Cs2AgBiBrs with space group Fm3m (figure 2 a)). A complete
Rietveld refinement yielded a lattice constant of @ = 11.27317 A (details may be found in the
supporting information (SI)). A Kubelka-Munk plot (figure S2 of the SI) of the diffuse reflectance

of these crystals revealed an indirect bandgap of 2.12 eV, in accordance with literature.*!

The second crystal (type B) was inhomogeneous, dominated by a bright-yellow bulk color with
large darker orange inclusions (figure 2 b)). In this case XRF measurements on the yellow regions
indicate the absence of the Ag and a Cs:Bi:Br composition of close to 2:3:9. XRD measurements
of ground powder samples of this type B crystals revealed phase mixtures of Cs2AgBiBrs and a
hexagonal crystal phase with space group P3m1 and lattice constants a = 7.96026 A, ¢ = 9.84647
A. The latter phase is identified as hexagonal Cs3Bi»Bro, a layered form of a vacancy-ordered

perovskite (ICDD PDF data entry 4-10-2676)*!! which has a direct band gap of 2.65 eV.[*?!

Please note that the most intense XRD peaks of this hexagonal Cs3Bi2Bry phase overlap with peaks
of the double perovskite Cs2AgBiBrs. These nearly coinciding peaks are marked with red-blue
circles in figure 2 b). The detection of Cs3Bi2Bry traces in a Cs2AgBiBrs matrix will therefore rely

on less intense peaks which means that high quality diffractograms with long measurement times
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will be necessary for a clear distinction of the two phases in XRD.
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Figure 2: X-ray diffractograms of the two crystal types analyzed in this work. Left: Dark orange
Type A crystals, which consist of phase pure CsxAgBiBre. Right: Inhomogeneous Type B crystals
consisting of a mixture of Cs2AgBiBrs and Cs3BixBro. The insets show photographs of respective

single crystals.

For the experimental Raman analysis, laser light with four different wavelengths above and
below the (indirect) optical band gap energy of Cs2AgBiBrg, was used as excitation source. This
allows the characterization of the material in non-resonant (488 nm), pre-resonant (532 and 785
nm), and resonant (633nm) conditions with respect to the dominant optical absorption onset at
2.12 eV. We would like to remark that in contrast to common organic perovskites such as MAPDbI;,
no laser-induced degradation was observed for the Cs2AgBiBrs single crystals during the laser
exposure while measuring with these excitation wavelengths, in accordance with previously
published results for this material based on thin film samples.?>** Figure 3 shows the Raman

spectra under these excitation conditions. Six Raman peaks can be observed, whose exact positions
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are collected in table 2 and have been extracted with the simultaneous fitting methodology reported
by Dimitrievska et al.[**]

We observe a good agreement of our experimental data with the theoretical prediction, especially
for the higher wavenumbers, which allows us to assign each peak to the specific symmetry (Table
2). The observed Raman modes are also in agreement with previously reported data, which are
added to table 2 for comparison. The highest discrepancy in the Raman peaks frequency between
our experimental and theoretical results, and data published in Ref. **! was related to the Fag"
mode, which calculation and and previously published data locate close to 40 cm™, while in our
spectra it is observed at 60.3 cm™! (see table 2). The spectra excited with 488 nm excitation were
recorded using a high resolution triple monochromator which allows approaching the laser line
down to 20 cm™'. With these conditions, (and in contrast to results from Ref. 1) we would be
easily able to identify any peaks close to 40 cm™!, which was not the case in our measurements.
However, a clear shoulder was observed at 60.3 cm™!, which we assigned to the F2,'") symmetry
mode consequently. Moreover, and the aforementioned shoulder was also clearly observed in the
spectra measured with 532 nm excitation wavelength using another filter-based monochromator
(see SI for more details). In this combination, we do not have any doubts of the existence of the
peak at 60.3 cm’! in a phase pure Cs;AgBiBrs compound, although these results differ from
previously published and theoretically calculated values and encourage a more detailed study on
the nature of this peak.

Together with the four fundamental one-phonon peaks, we observed multi-phonon peaks at
344.3 and 518.2 cm™!, which corresponds to the second and third order of the Az mode at 177.3
cm’!, respectively. The small discrepancy (10 — 13 cm™) with respect to the expected position of

the higher overtones can be explained by a strong anharmonicity in the atomic vibrations due to
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energies involved in the overtones that are far from the parabolic approximation of the interatomic
potential energy.[**l A strong anharmonicity of this material has already been discussed in the
context of large Stokes energy shifts and large emission line widths.[**! The intensity of the multi-
phonon peaks is generally expected to be highest under the resonant conditions, when the
excitation wavelength is close to the fundamental optical transitions, which in our case corresponds
to 633 nm excitation. However, due to the indirect nature of band gap of Cs2AgBiBrs a resonant
effect became more pronounced when approaching the direct transition at the I'-point of the
Brillouin zone, which in this case has an energy of 2.6 eV (see SI) and is close to the energy of
laser line at 488 nm (~2.54 eV). The better coupling with blue lasers was also observed by the
authors in Ref. (3],

Additionally, the relative peak intensities are clearly modified by changing the excitation
wavelengths (Fig. 3). For instance, there is a clear increase of the Az peak for lower excitation
wavelengths in comparison to the intensity of other peaks. This is related to strong

electron—phonon Fréhlich interactions within Cs,AgBiBrs for the longitudinal A1, mode.[*!
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Figure 3: Raman spectra of the dark orange cubic CsyAgBiBrs double perovskite phase (type A)

and the bright yellow hexagonal Cs3;BiBry phase (type B) measured with different excitation

wavelengths.

Table 2: Experimentally determined Raman shifts and comparison to theoretical prediction and
reference data for the Cs2AgBiBrs double perovskite and the hexagonal Cs3;Bi:2Brg secondary

phase.
Cs2AgBiBrs Cs3Bi2Bry
This  Ref. Theor. cal.  Symm. This work ~ Ref[*>41  Symm.
work 43 6]
60.3 40 40.31 Fag) 33.2 27/30
73.6 75 68.22 F2g® 43.4 37/40
135.7 135 140.34 E, 66.6 63/65

10
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177.3 175 180.66 Alg 79.4 76/78
92.6 91/89

344.3 2xAjg 133.6

518.2 3xAjg 165.4 167/167  Aig
189.7 192/191  Eg
360.6

We now turn to the inhomogeneous type B crystal, which according to the phase analysis consist
of a mixture of the Cs2AgBiBrs double perovskite phase and the hexagonal Cs>Bi3Bry phase. At
the dark orange locations, identical Raman spectra corresponding to CsxAgBiBr as reported above
were observed. The very different Raman spectra at the yellow light phase regions are displayed
in figure 2 b). The simultaneous deconvolution of the four Raman spectra results in 9 peaks (table
2), with the principal peak positions showing good agreement to the literature values for
Cs2BisBro.[*) %91 However, the use of multiple excitation wavelengths greatly enhanced the
sensitivity for several minor peaks, which have not been reported for this phase hitherto. For the
hexagonal Cs:Bi3Bro with space group P3m1, nine fundamental Raman active modes can be
expected (four A and five Eg), just as derived from our experiments. Valakh et al. were able to
assign only the most intense modes at 165.4 cm™ and 189.7 cm! to A, and E; symmetry,
respectively, while the other modes remained unclear.!*®! These assignments were confirmed by
theoretical calculations of Kentsch et al.[”]

To summarize, we find that Cs2AgBiBrs shows sharp and intense Raman peaks at a variety of
excitation conditions. This is in contrast to MAPbI3, which was found to be prone to degradation
upon laser excitation and offers only rather broad Raman features similar to the ones of Pbl, [**!

Furthermore, the peaks of Cs2AgBiBrs are clearly distinguished from the sharp Raman peaks of

11
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the most common secondary phase Cs3Bi2Bro, which readily formed during our crystal synthesis.
This makes Raman spectroscopy very useful for the analysis of phase purity and the detection of
secondary phases in this kind of double perovskite materials. With this in mind, we had a closer
second look at the type A crystal and could identify very small traces of a Cs3Bi2Bry secondary
phase at some edge even for this crystal, undetected by other measurement techniques.

Finally, we investigate the thermal decomposition and placed an Cs2AgBiBrs type A crystal
repeatedly for 5 min. on a hot plate (in air), whose temperature was increased stepwise from 35 °C
to 275°C. Its Raman spectrum was recorded with 633 nm excitation wavelength after each
temperature step (figure 4). No variation of the Raman spectra was observed up to 225 °C,
confirming the enhanced thermal stability of this inorganic double perovskite. At higher
temperatures, the main peaks of Cs3BixBro at 165.4 cm™ and 189.7 cm™ can clearly be
distinguished. This evidences degradation of the double perovskite CsAgBiBrs into Cs3BixBry at
temperatures above 250 °C (in air). The onset of decomposition can be more clearly identified by
inspecting the full width at half maximum (FWHM) of the main A, mode of Cs2AgBiBrs (inset

figure 4), which sharply increase at a temperature of 255 °C and above.

12
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Figure 4: Evolution of the Raman spectra of a Cs2AgBiBrs crystal (type A) during thermal
decomposition on a hot plate, measured with an excitation wavelength of 633 nm. Inset: Evolution

of the full width at half maximum (FWHM) of the A, mode (177.3 cm™).

We revised the Raman modes of Cs2AgBiBre and identified four active modes by crosslinking
group theory arguments, DFT predictions and experimental multi-wavelength Raman
measurements of phase-pure Cs,AgBiBrg single crystals. We accurately determined the positions
of the F2,() F2,® Eg and the main Aj, mode to be at 60.3, 73.6, 135.7 and 177.3 cm’!, respectively.

We find large portions of a hexagonal Cs3BixBrg secondary phase for inhomogeneous type B

13
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crystals, whose very distinct Raman features are also analyzed and compared to CsAgBiBrs. With
Raman spectroscopy, we are able to detect the thermal decomposition of Cs2AgBiBrs into
Cs3Bi2Brg at temperatures above 250 °C, way above standard operation temperatures of opto-
electronic devices. We offer precise reference values for the Raman analysis of Cs3Bi2Bry and
Cs3Bi2Bry materials and show the potential of Raman spectroscopy to characterize these inorganic
double halide perovskite materials and its sensitivity to detect secondary phases. With this, we
help the development of high quality material synthesis and hope to foster further research on this

promising lead-free and stable perovskite material family.

Supporting Information.

In the supporting information, details on the experimental methods and conditions as well as the
theoretical DFT calculations can be found as well as additional data concerning the diffuse
reflectance measurements and Rietveld refinement of the crystals. A schematic sketch of the four

Raman active eigenmodes of Cs2AgBiBrs are also included.
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