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ABSTRACT: All-inorganic double perovskites (elpasolites) are a

promising potential alternatives to lead halide perovskites in optoelectronic |:Cl h

applications. Although halide mixing is a well-established strategy for band
gap tuning, little is known about halide mixing and phase segregation
phenomena in double perovskites. Here, we synthesize a wide range of
single- and mixed-halide Cs,AgBiX, (X = Cl, Br, and I) double perovskites
using mechanosynthesis and probe their atomic-level microstructure using
133Cs solid-state MAS NMR. We show that mixed Cl/Br materials form
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pure phases for any Cl/Br ratio while Cl/I and Br/I mixing is only possible

within a narrow range of halide ratios (<3 mol % I) and leads to a complex mixture of products for higher ratios. We characterize the
optical properties of the resulting materials and show that halide mixing does not lead to an appreciable tunability of the PL
emission. We find that iodide incorporation is particularly pernicious in that it quenches the PL emission intensity and radiative
charge carrier lifetimes for iodide ratios as low as 0.3 mol %. Our study shows that solid-state NMR, in conjunction with optical
spectroscopies, provides a comprehensive understanding of the structure—activity relationships, halide mixing, and phase segregation
phenomena in Cs,AgBiX, (X = Cl, Br, and I) double perovskites.

B INTRODUCTION

Since the first report of a lead halide perovskite solar cell
(PSC) by Kojima et al. in 2009," the field has quickly
developed, leading to efliciencies above 25%.° Halide
perovskites can be represented as ABX;, where A is a small
cation such as methylammonium (CH;NH;*, MA), dimethy-
lammonium ((CH;),NH*, DMA), formamidinium
(CH;(NH,),", FA), or cesium. The inorganic framework
consists of [BXs]*™ octahedra, where B is a divalent metal such
as Pb**, while X is a halide: 17, Br~, or CI". One of the key
concerns regarding lead halide PSCs is the environmental
toxicity of water-soluble lead." This problem has been
addressed by a partial or complete replacement of lead in
the perovskite structure by other cations such as Sn** and
Ge*".>™® The 3D perovskite structure can also be preserved
using a mixture of mono- and trivalent cations such as Ag" and
In** or Bi**, TI**,” leading to the double perovskite (elpasolite)
structure.'”"* Lower dimensionality structures based on Bi**,
Sb**, and Cu®" and featuring suitable band gaps have been
introduced; however, the reported power conversion efficien-
cies of solar cells typically do not exceed 1%.*'*'> While
tin(1I)- and germanium(II)-based perovskites are unstable in
ambient conditions due to their propensity to oxidize and
disproportionate, the recently discovered Ag/In and Ag/Bi
elpasolites have exceptionally high ambient stability. After the
first report on the synthesis of Cs,AgBiBrs and
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CszAgBiClé,m’17 the Br-based material has been shown to
form high-quality thin films suitable for the fabrication of solar
cells with power conversion efficiencies reaching 1, 4, and 2.5%
using vacuum deposition and solution processing, respec-
tively.'"* ™" The material has been further investigated

as a single crystal,””** and its band gap
b2+ 24
)

computationally,®*'
has been shown to be tunable by alloying with P
Sn2*/4 25 T13*? In3*, and SH*"." Very recently, mixed-halides
Cs,AgBiCly Br, have been investigated both theoretically***’
and experimentally.””** However, very little is known about
halide miscibility and phase segregation phenomena in this
class of materials. For example, optical properties have been
previously calculated for Cs,AgInX, (X = Cl, Br, and I) double
perovskites, assuming that halides can be mixed in any ratio,
leading to pure-phase materials.'” In general, however, phase
segregation is expected to occur for some halide combinations
due to differences in ionic radii.”’
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Solid-state magic angle spinning (MAS) NMR has been
established as the primary tool for studying the atomic-level
microstructure of hybrid halide perovskites.”” We and other
groups have shown its use for determining local changes
induced by composition engineering: A/B-site cation’' ~’ and
halide*”**~** mixing and phase segregation as well as surface
interactions between perovskites and organic passivation
dopants.” ™" Solid-state NMR has also been used to study
the degradation of hybrid halide perovskites'” and the
dynamics of their constituents: A-site cation reorienta-
tion>"*°">* and ion diffusion.”*™>® Many of these solid-state
NMR studies used cesium NMR as one of the local probes
owing to the importance of cesium in this class of materials as
well as the advantageous NMR properties of cesium—high
sensitivity and spectral resolution. Cesium-133 is a 100%
abundant spin-7/2 characterized by a receptivity of about 280
times higher than that of '*C. Its small quadrupole moment
(—0.343 fm®) means that, in practice, it can be manipulated
like a spin-1/2 nucleus.”” The *3Cs shift range spans about
400 pm, which translates to wide shift dispersion and therefore
high spectral resolution. In the case of halide perovskites,
cesium NMR studies have allowed discernment between
cesium-containing phases with different dimensionalities,””**
different halide compositions,””**>® and different nearest
neighbor A-site compositions.”” Cesium NMR has been widely
used to study cesium-containing inorganic*”~** and organic®®
materials.

Mechanosynthesis is a facile solid-state protocol for
preparing various complex materials without the use of
solvents. It is an attractive alternative to wet chemistry
methods as it allows for shorter reaction times, facilitates
product processing, and alleviates solubility restrictions.’®”
We have previously developed mechanosynthesis of hy-
brid®*™7° and all-inorganic®” halide perovskites and have
shown using solid-state MAS NMR and X-ray diffraction
(XRD) that it leads to materials indistinguishable from those
prepared using solution-processed thin films.”>** The key
advantage of mechanosynthesis is that it makes it possible to
prepare large quantities of materials, allowing for NMR data
acquisition with high sensitivity.

Here, we synthesize a wide range of single- and mixed-halide
Cs,AgBiX; (X = Cl, Br, and I) double perovskites using
mechanosynthesis and establish their full binary phase
diagrams using 133Cs solid-state MAS NMR and XRD, which
probe the local and long-range structures, respectively (Figure
1). We show that mixed Cl/Br materials form pure phases for
any Cl/Br ratio, while Cl/I and Br/I mixing is only possible
within a narrow range of halide ratios and leads to complex
mixtures of products for other ratios. We characterize the
optical properties of the resulting materials and show that
halide mixing does not lead to substantial tunability of the PL
emission. We find that iodide doping is particularly pernicious
in that it quenches the PL emission intensity and radiative
charge carrier lifetimes for iodide ratios as low as 0.3 mol %.

B EXPERIMENTAL SECTION

Materials. The following materials were used: CsI (Tokyo
Chemical Industry (TCI), >99.0%), CsBr (TCI, >99.0%), CsCl
(TCI, >99.0%), Agl (ABCR, 99.9%), AgBr (ABCR, 99,9%), AgCl
(ABCR, 99.9%), Bil; (Sigma-Aldrich, 99.998%), BiBr; (ABCR,
99.0%), and BiCl, (ABCR, 99.9%).

Perovskite Mechanosynthesis. The double perovskites were
prepared using mechanosynthesis following methods reported
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Figure 1. Schematic representation of the crystal structure of
Cs,AgBiX,s (X = Cl, Br, and I) double perovskites investigated in
this work.

6.

previously for lead halide perovskites.®*®” The precursors were stored
under argon. The materials were synthesized by grinding the reactants
in an electric ball mill (Retsch MM — 400) using a Teflon grinding jar
(10 mL) and ball (210 mm) for 30 min at 30 Hz. The quantities of
reagents used in the synthesis are given in the Supporting
Information.

NMR Measurements. Solid-state MAS NMR spectra of 'Cs
(39.3 MHz) were recorded on a Chemagnetics 7.0 T spectrometer
equipped with a 4.0 mm PENCIL MAS probe using a Bloch decay
(30° — acquire) with 50 kHz RF strength and a recycle delay of 30 s.
Pulse lengths were calibrated on Cs,AgBiCls and correspond to
solution pulse lengths owing to the absence of substantial second-
order quadrupolar effects for **Cs; 16—64 scans were acquired. The
spectra were fitted using a linear combination of Lorentzian and
Gaussian curves (Voigt profile) using MestReNova 14.1.0 (Mestrelab
Research). For very broad signals, the lowest feasible number of
components was used to satisfactorily represent the line shape without
overfitting. The numerical values are reported in Table S1. We also
recorded quantitative '33Cs spectra for selected samples and found no
qualitative differences with respect to those recorded using a shorter
recycling delay (Figures S8—S10, Table S2).

X-ray Diffraction. Diffractograms were recorded on an X'Pert
MPD PRO (Panalytical) diffractometer equipped with a ceramic tube
(Cu anode, 4 = 1.54060 A), a secondary graphite (002)
monochromator, and an RTMS X'Celerator (Panalytical) in an
angle range of 26 = 10 to 50°, by step scanning with a step of 0.02
degree.

Photoluminescence Measurements. Steady-state photolumi-
nescence spectra were acquired with a Maya2000 Pro spectrometer.
Excitation was provided by a 405 nm continuous-wave laser source
with an incident irradiance of ~100 mW/cm?.

Photoluminescence Quantum Efficiency (PLQE). PLQE
measurements were conducted to establish the ratio of radiative
decay to nonradiative decay in photoexcited samples. Excitation was
provided by a continuous-wave diode laser (Thorlabs L405P20, 3.06
eV photon energy) at a solar equivalent intensity of ~100 mW/cm?
(200 W incident power, 510 ym effective beam diameter). Following
the method set out by De Mello et al., three measurements were made
on each sample to establish the external PLQE.”" The samples were
housed in an integrating sphere to collect all PL and any reflected or
transmitted laser light, which was then fiber-coupled to a spectrometer
(Andor iDus DU420A-BVF). Measurements were recorded with the
laser directly on the sample, off the sample (i.e., with the beam aimed
at the inner wall of the integrating sphere), and with no sample
present in the integrating sphere.

Time-Correlated Single-Photon Counting Measurements.
Time-resolved photoluminescence measurements were carried out
using a confocal microscope setup (PicoQuant, MicroTime 200). A
40S nm pulsed diode laser (PDL 828 “SEPIA II”, PicoQuant, pulse
width ~100 ps) was focused onto the surface of the microcrystalline
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powder sandwiched between two glass coverslips using an air
objective (20 X, 0.4 NA). The emission signal was separated from
the excitation light using a dichroic mirror (Z40SRDC, Chroma).
Repetition rates of 0.2 MHz were used with an average energy density
of 2.5 pJ/cm? Photoluminescence photon arrival times were binned
in 400 ps intervals.

B RESULTS AND DISCUSSION

Mechanosynthesis of Mixed-Halide Cs,AgBiXg (X =
Cl, Br, and 1) Double Perovskites. We prepared a series of
single- and mixed-halide Cs,AgBiXy (X = Cl, Br, and I) double
perovskite materials using mechanosynthesis, in analogy to the
protocols previously developed for lead halide perovskites.”””>
Examination of the resulting powders by powder X-ray
diffraction shows the formation of Cs,AgBiBr, Cs,AgBiCly,
and mixed-halide Cs,AgBiCly Br, double perovskites for any
ratio of halides, as indicated by a linear shift of the diffraction
peaks on going from the pure-chloride to the pure-bromide
materials (Figure S1), in full agreement with a recent study by
Gray et al.”®”® On the other hand, the XRD patterns of the
materials formally corresponding to Cs,AgBiCls_,I, and
Cs,AgBiBry_, I, show peaks attributable to phase-pure double
perovskites only for low iodide doping levels and a complex
mixture of products for higher iodide contents (Figures S2 and
S3). In order to corroborate and refine the long-range picture
provided by XRD, we employ solid-state NMR and investigate
the local structure, as probed by the 133Cs nuclei in the
materials.

Chloride-Bromide Mixing in Cs,AgBiX, (X = Cl and
Br). Figure 2 shows '**Cs solid-state MAS NMR spectra of

(a) Cs,AgBICl
(b) Cs,AgBICI Br,
(c) Cs,AgBiClBr,

(d) Cs,AgBICLBr,

(e) Cs,AgBiCl Br,

(f) Cs,AgBiBr, j\

140 120 100 80 60 40 20
133Cs shift [ppm]

Figure 2. '3Cs solid-state MAS NMR spectra of mixed-halide
Cs,AgBiCls_,Br, compositions at 7.0 T, 12 kHz MAS and 298 K: (a)
x=0,(b)x=1(c)x=2,(d)x=4(e)x=5 (f) x=6.

bulk mechanochemical Cs,AgBiCl,_Br, (x = 0—6) double
perovskites. The spectra of both Cs,AgBiClg (6 = 69.9 ppm)
and Cs,AgBiBr, (6§ = 76.3 ppm) contain a single peak,
consistent with the presence of a single cesium site in the
crystal structure of these materials. The spectra of the mixed
bromide/chloride compositions are considerably broader (see
Figure S8 and Table S1 for the fitted fwhm values), which we
attribute to the presence of halide disorder. The Cs sites in
double perovskites have a dodecahedral coordination environ-
ment, that is, 12 halide nearest neighbors. In the mixed-halide
compositions, these 12 sites are occupied by a varying ratio of
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Cl and Br anions, which in turn leads to the presence of a
distribution of cesium environments with slightly differing
133Cs shifts. Halides which are farther away may also contribute
to the chemical shift of the cesium site through long-range
effects. Figures S12—14 and Table S3 show the calculated
random distribution of nearest-neighbor halide environments
for the experimental Cl-to-Br ratios studied here and for radii
of 5,10, and 15 A around the cesium site, which correspond to
12, 60, and 240 nearest halide neighbors, respectively. Both the
experimental spectra and the calculated random distributions
of environments are Gaussian, which shows that the halides are
distributed randomly in the mixed chloride-bromides; that is,
there is no halide clustering. This result is in perfect agreement
with a recent computational study of Cs,AgBiCl_,Br, double
perovskites.” We note that the '3Cs shift is not a linear
function of the CI/Br ratio (Figure S4). Similar nonlinearity
caused by the nonadditive effect of the nearest and next-
nearest neighbors on the chemical shift has been previously
observed for ®Y and '"Sn in solid solutions of mixed-metal
pyrochlores and for "*C in mixed-halide hybrid tin(II) halide
perovskites.”*””® We also note that the broadening and signal
positions are not field-dependent, which confirms that they are
caused by chemical disorders rather than quadrupolar effects
(Figure S8c). No other cesium-containing phases were
detected in this group of materials (see Figure S7 for the full
range spectra). The XRD data corroborate that the materials
are phase pure and show a linear shift of all diffraction peaks as
a function of the Cl:Br ratio (Figure S1). Similarly, the band
gaps obtained from absorption spectra are a linear function of
the Cl:Br ratio (Figures S17 and S18). We, therefore, conclude
that Cs,AgBiCls and Cs,AgBiBrs are miscible in any
proportion and form solid solutions for any Cl/Br ratio.
Bromide—lodide Mixing in Cs,AgBiX¢; (X = Br and I).
Figure 3 shows '¥*Cs solid-state MAS NMR spectra of bulk
mechanochemical Cs,AgBiBry_,I, (x = 0—6) double perov-
skites and related cesium-containing nonperovskite phases.
While the spectrum of Cs,AgBiBry is best fitted with a single
component (Figure 3a), the addition of iodide ions leads to the
appearance of a small second component at higher shift values
whose intensity relative to the main perovskite peak increases
as the I-to-Br mole ratio increases from 0.02:5.98 to 0.20:5.80
(Figure 3b—d). This new component corresponds to cesium
environments with one or more iodide nearest neighbors. In
practice, the substantially populated (>1%) combinations are
those with 1 (for I/Br = 0.02:5.98 and 0.10:5.90) and 2 (for I/
Br = 0.20:5.80) iodides surrounding the dodecahedral cavity
(Figure S1S and Table S4). This is accompanied by slight
changes in the shift and line width of the initial component
corresponding to only-bromide [AgBr¢][BiBrs]*” nearest
neighbors (76.3 ppm and 145 Hz in Cs,AgBiBrg and 75.7
and 178 ppm in Cs,AgBiBr; oIy ¢; see Figure S9 and Table S1
for the fitted values). These more subtle changes are likely due
to the long-range effect of iodide substitution, i.e., outside the
first dodecahedral coordination environment, on cesium sites
which only have bromides in their first coordination sphere.
As the I/Br ratio increases further (Figure 3e), new cesium
environments appear in the 38—71 ppm and 87-110 ppm
ranges, which we assign to mixed-halide nonperovskite
Cs;Bi,Jo_,Br, and Cs;Bi,Brs_,I, phases, respectively. The
onset of phase segregation is also clearly visible in the 110—
350 ppm range, where a number of nonperovskite phases
become apparent for I/Br ratios greater than 0.20:5.80. These
phases do not match any of the reference phases, and we did
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Figure 3. '*3Cs solid-state MAS NMR spectra of (a—k) mixed-halide
Cs,AgBiBr,_,I, compositions and (1-n) related nonperovskite phases
at 7.0 T, 12 kHz MAS and 298 K: (a) x =0, (b) x = 0.02, (c) x = 0.10,
(d)x=02,(e)x=05 (H)x=1,(g)x=2,(h)x=3, (i) x=4, () x =
5, (k) x = 6, (1) Cs3Bi,lo, (m) Cs,Agls, and (n) Cs;Bi,Bro. The black
diamond indicates an impurity phase (likely CsAg,l;).

not attempt to identify them. Finally, the composition formally
corresponding to Cs,AgBily (Figure 2k) is a mixture of two
nonperovskite phases: Cs;Bi I, (Figure 21) and Cs,Agl,
(Figure 2m). This result is consistent with previous reports
which identified that the double perovskite phase of Cs,AgBilg
does not form,”” although the synthesis of its nanocrystalline
form has been reported.”® We note that the spectrum of
Cs;Bi,Jg has two peaks that correspond to two inequivalent
cesium sites in the asymmetric unit cell, consistent with a
previous report.’”” The XRD data corroborate these assign-
ments and display the same phase segregation phenomena,
although their diffraction fingerprint is considerably more
complex (Figure S2). Taken together, these results show that
small amounts of iodide can replace Br in the Cs,AgBiBry
structure, but phase segregation occurs for I/Br ratios higher
than 0.20:5.80 (3 mol % I). This conclusion can also be
expressed in terms of the nearest neighbor count: phase
segregation occurs for stoichiometries, which would lead to a
substantial (>1%) population of cesium sites with more than
two nearest neighbor iodide ions.

Chloride-lodide Mixing in Cs,AgBiX; (X = Cl, I). Figure
4 shows '3Cs solid-state MAS NMR spectra of bulk
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Figure 4. '*Cs solid-state MAS NMR spectra of mixed-halide
Cs,AgBiCl¢_,I, compositions (a—k) and related nonperovskite phases
(1-n) at 7.0 T, 12 kHz MAS and 298 K: (a) x=0, (b) x = 0.02, (¢) x
=0.10,(d)x=02,(e)x=05, () x=1,(g) x=2, (h)x=3, (1) x=4,
(G) x=5, (k) x = 6, (1) Cs3Bi,l, (m) Cs,Agls, (n) Cs;Bi,Cly. The
black diamond indicates an impurity phase (likely CsAg,l;). The
heavy four balloon-spoked asterisk indicates unknown nonperovskite
impurity phases. The black circle indicates CsCl.

mechanochemical Cs,AgBiCly_ I, (x = 0—6) double perov-
skites and related cesium-containing nonperovskite phases.
The replacement of a small amount of chloride, ongoing from
Cs,AgBiClg (6 = 69.9 ppm, Figure 4a) to Cs,AgBiClg gglo ¢, (6
= 69.9 ppm, Figure 4b), does not lead to an appreciable change
in the spectrum. However, for I/Cl = 0.10:5.90 (Figure 4c), a
new chemical environment appears at 6 = 78.2 ppm, which
likely corresponds to new [AgCly_,I][BiCl_I.]*" environ-
ments in which the cesium site has at least one iodide in its
first coordination sphere (see Figure S10 and Table S1 for the
fitted values). As the I/Cl ratio increases, the relative
contribution of this new environment increases from 10 to
14% (ascertained from the fitted peak area), for I/Cl ratios of
0.10:5.90 and 0.20:5.80, respectively. The relative contribution
of this signal does not increase beyond this I/Cl ratio. Instead,
as the I/Cl ratio increases further, new signals appear at 44.3
and 60.6 ppm, which we assign to a mixed-halide non-
perovskite Cs;Bi,l,_,Cl, phase (Figure 4e). The narrow
component corresponding to native [AgCl,][BiClg]*~ environ-
ments disappears at I/Cl = 1:5 where only a single broad
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Figure 5. Schematic representation of the Cs,AgBiX, (X = Cl/Br, Br/I and Cl/I) miscibility diagram established in the present work based on

133Cs MAS NMR data.

convoluted signal is visible. For I/Cl > 2:4, a new species
appears, which we assign to a mixed-halide nonperovskite
Cs;BiCly_,I, phase (Figure 4g—j). The broadened 3D double
mixed-halide perovskite signal is distinguishable for ratios of I/
Cl = 2:4 and 3:3 (at § = 76.9 and 75.1 ppm, respectively), but
it disappears for I/Cl > 4:2 at which point only nonperovskite
phases are present. The larger line width of the double
perovskite peak for I/Cl = 2:4 (fwhm = 261 Hz) as compared
to I/Cl = 0.20:5:80 (fwhm = 159 Hz) is due to an increase in
the halide disorder around the cesium site. This result shows
that iodides can, in principle, be incorporated in ratios slightly
higher than I/Cl = 0.20:5.80, although, in all experiments, this
is accompanied by the formation of nonperovskite phases that
exist in equilibrium with the perovskite phase. In addition, for
high I/Cl ratios (I/Cl > 3:3), a silver-rich mixed-halide
Cs,Agl;_,Cl, phase (§ = 143—144 ppm) becomes apparent.
Therefore, analogous to the Br/I case discussed above, phase
segregation occurs in materials in which the nominal I/Cl ratio
would lead to the nearest neighbor count of iodide ions on a
cesium site that is higher than 2 (Figure S16 and Table SS).
The XRD data are in agreement with this interpretation and
show clear segregation into a complex mixture of phases for I/
Cl > 0.50:5:50 (Figure S3). We conclude that chloride ions
can replace iodide ions in the structure of Cs,AgBiClg to form
phase-pure materials up to I/Cl ratios of 0.20:5.80, while phase
segregation of nonperovskite phases occurs above this ratio.

We summarize the above findings on a phase diagram which
shows the miscibility range for the three types of two-halide
mixtures investigated here: full miscibility in any ratio for Br/
Cl and very limited miscibility for the Br/I and Cl/I
compositions (Figure 5). It is interesting to note that the
diagram is symmetrical; that is, both Cs,AgBiCls and
Cs,AgBiBrg can only accommodate up to 3 mol % iodide
through halide substitution, corresponding to no nearest-
neighbor iodides in the lattice. This behavior is different
compared to lead halide perovskites, where full Br/Cl and Br/I
halide miscibility has been reported for CsPbX;,**
MAPbX,,*”***" and FAPbX,* (X = Br/Cl and Br/I) while
nol/ (2:} miscibility was observed for MAPbX; (X = Br/Cl and
Br/I).**

Optoelectronic Properties of Mixed-Halide Cs,AgBiXg
(X = Cl, Br, and 1) Phases. We now evaluate the effect halide
mixing has on the optoelectronic properties of cesium silver—
bismuth double perovskites. Figure 6 shows the PL spectra of
the representative bulk mechanochemical compositions.
Cs,AgBiCly is the most emissive out of the samples measured
here (PLQE of 0.76%), consistent with previous reports
(Figure 6a, blue).* Its spectrum covers the range between 460
and 1000 nm with a broad fwhm of about 220 nm (we note
that the emission is a skewed Gaussian, see Table S6). The
broad emission peak has been previously attributed to self-
trapped excitonic species.*”** Cs,AgBiBrg prepared in an
analogous way has an emission intensity which is ~66 times
lower than that of the pure chloride material and a similar
broadband emission spectrum (Figure 6b, blue; Figure S19,
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Figure 6. PL spectra and PLQE of bulk mechanochemical mixed-
halide compositions (a) Cs,AgBiCl,_Br, (x = 0, 1, 2, and 6), (b)
Cs,AgBiBrg_,I, (x = 0, 0.10, and 0.20), and (c) Cs,AgBiCl,_,I, (x =
0, 0.02, 0.20, and 1). Excitation wavelength: 405 nm. The
discontinuity at ~720 nm is due to a fiber artefact. For conciseness,
only the halide composition is given in the legend.

Table S6). Bromide substitution into Cs,AgBiCls leads to
intermediate PL intensities: 19-fold and 41-fold reduction with
respect to pure Cs,AgBiClg for Br:Cl ratios of 1:5 and 2:4,
respectively (Figure 6a). The PLQE of the Br:Cl = 1:5 material
is 0.04%, while for the other mixed-halide materials as well as
pure bromide, it is below the threshold of reliable detection.
Therefore, bromide-addition to Cs,AgBiCly leads to substantial
photoluminescence quenching. Iodide addition to Cs,AgBiCl
has a similar effect: the incorporation of iodide at the I/Br ratio
of 0.10:5.90 (i.e.,, 1.7 mol % iodide) decreases the
luminescence fivefold with respect to the pure-bromide
material, while at the ratio of 0.20:5.80 (i.e, 3.3 mol %
iodide), there is essentially no detectable luminescence (Figure
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6b). Similarly, the PL quenching effect is very pronounced in
iodide-doped chlorides: we observe a 2-fold, 24-fold, and 142-
fold intensity decrease with respect to Cs,AgBiCly for I/Cl
ratios of 0.02:5.98 (0.3 mol % I), 0.20:5.80 (3.3 mol % I), and
1:5 (10.6 mol % I), respectively (Figure 6¢). The PLQE
decreases from 0.76% for the pure chloride to 0.15% for
Cs,AgBiCl;s g5l 0, and 0.03% for Cs,AgBiCl 4015, We note
that the PL wavelength distribution and peak wavelength
change only slightly as a function of the halide composition
(see Figures S19—21 and Tables S6 and S7 for the normalized
PL spectra and fitted values, respectively). This is expected for
self-trapped exciton emission since it is the strong electron—
phonon couspling that acts to broaden the transitions via
scattering.gl’ > We, therefore, conclude that not only does
halide mixing not lead to substantial PL emission tunability,
but it also dramatically decreases the PL emission intensity.

Finally, we employ time-correlated single-photon counting
(TCSPC) to evaluate the effect halide mixing has on the PL
lifetimes. Figure 7 shows the TCSPC time traces for the three
groups of mixed-halide materials (Cl/Br, Br/I, and Cl/I).

All the traces are nonlinear on a semilogarithmic scale,
implying that the radiative recombination processes at play are
more complicated than what can be modeled through a single
exponential. Therefore, we do not fit the data to a physical
model and limit ourselves to a qualitative description.**
Cs,AgBiClg has a pronounced long-lived component, pre-
viously attributed to the intrinsic PL lifetime driven by self-
trapped excitons in this class of compounds (Figure 7a).'”*®

The contribution of the long-lived component decreases
significantly in the mixed Cl/Br sample and is essentially
absent in Cs,AgBiBr,. Iodide doping also reduces this long-
lived component, and in this case, the quenching effect is
considerably stronger than the pure halide cases, consistent
with the PL intensities in Figure 6. While Cs,AgBiBr still
exhibits an appreciable signal up to around 2 ps, the iodide-
doped sample, Cs,AgBiBr; gy, decays to negligible values
within less than 0.2 us (Figure 7b).

The quenching effect of iodide is evident when comparing
Cs,AgBiCly and Cs,AgBiCl; gl ;o — the presence of as little as
1.7 mol % I" leads to a complete quenching of the long-lived
component (Figure 7c). While there is still some debate on the
exact photophysical mechanism of recombination in halide
double perovskites, it is accepted that (a) the long-lived
component corresponds to the intrinsic recombination of the
materials,’” and (b) it is most likely caused by self-trapped
excitons.”"® In summary, the TCSPC results show that both
Br- and I- doping of Cs,AgBiCl lead to the quenching of the
long-lived component associated with self-trapped excitons.
We identify that the atomic-level mechanism of quenching is
the incorporation of Br-/I- into the parent lattice of
Cs,AgBiCly, leading to a mixed-halide double perovskite.

B CONCLUSIONS

In conclusion, we have synthesized a broad range of mixed-
halide Cs,AgBiX4 (X = Cl, Br, and I) double perovskites and
employed solid-state '**Cs MAS NMR to identify the limits of
miscibility of the different halides. We have found that
chlorides and bromides can be mixed in any ratio, leading to
phase-pure double perovskites, while iodides can be incorpo-
rated into the bromide-only and chloride-only lattices only at
low concentrations (<3 mol %). Higher iodide doping levels
lead to a complex mixture of silver-rich and bismuth-rich
nonperovskite phases. The mixed-halide materials exhibit a
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Figure 7. TCSPC time traces of bulk mechanochemical mixed-halide
compositions (a) Cs,AgBiCl_,Br, (x 0, 3, and 6), (b)
Cs,AgBiBrg_,I, (x = 0 and 0.10), (c) Cs,AgBiCls_,I. (0 and 0.10).
Excitation wavelength: 405 nm, repetition rate: 0.2 MHz, average

energy density per pulse: 2.5 yJ/cm’,

very broad self-trapped excitonic PL emission (c.a. 460—1000
nm), which does not substantially depend on the halide
composition. These results reveal that halide mixing is not a
viable way of tuning the emission characteristics of bulk
microcrystalline Cs,AgBiX; (X = Cl, Br, and I) double
perovskites. Notably, we have found that iodide doping of
Cs,AgBiCly and Cs,AgBiBr leads to a dramatic decrease of the
PL intensity and quenches the photophysical process
responsible for the long-lived PL decay observed in the pure-
chloride and pure-bromide materials, which we identify as
being due to the incorporation of iodide into the perovskite
lattice of these materials. We have therefore demonstrated that
the use of optical spectroscopies in conjunction with atomic-
level insight from solid-state NMR provides a comprehensive
understanding of the structure—activity relationships, halide
mixing, and phase segregation phenomena in Cs,AgBiXj X =
Cl, Br, and I) double perovskites.
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