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‘‘Green’’ synthesis of highly luminescent lead-free
Cs2AgxNa1�xBiyIn1�yCl6 perovskites†
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A new ‘‘green’’ and mild synthesis of highly stable microcrystalline

Cs2AgxNa1�xBiyIn1�yCl6 (CANBIC) perovskites under ambient con-

ditions was developed that is scalable to the multi-gram produc-

tion. Under UV illumination, the CANBIC perovskites emit intense

broadband photoluminescence (PL) with a quantum yield (QY) of

92% observed for x = 0.35 and y = 0.01–0.02. The combination of

strong UV absorbance and broadband visible emission, high PL QY,

and long PL lifetimes of up to 1.4 ls, along with an outstanding

stability makes these CANBICs a promising material class for many

optical applications.

Lead halide perovskites have gone through an unprecedented
rapid development from one of many promising photovoltaic
materials to a real competitor for established photovoltaic
absorbers such as silicon, copper–indium–gallium chalcogen-
ides, and CdTe.1–4 This triggered the search for novel lead-
based perovskite compounds and particularly for ‘‘greener’’
lead-free structural analogs with comparable optical and photo-
voltaic characteristics. Due to the many possible compositions
of lead-free perovskites (LFPs), especially of the so-called dou-
ble LFPs with a couple of Pb2+ being substituted by M+M3+

combinations,1,3 there are hundreds of structures which could
be identified as promising candidates for photovoltaics, light
emission, and light management (down-shifting, up-
conversion, etc.).1,3–6 Given the broad variability of alkali metal
and halide positions in LFPs, these structures translate into
thousands of compounds to be synthesized and tested for light-
conversion applications which presents a huge experimental
challenge.

LFP tunability can be exemplified by In-based double com-
pounds, A2MIInX6 (A – alkali metals, X – halides), where all four
positions can be independently varied. In particular, MI can be
occupied by Na+, K+, Ag+ or their mixtures, A – by Cs+, Rb+, or
organic cations, and X – by individual and mixed halides. At the
same time, InIII can be substituted by a number of MIII cations,
including BiIII and SbIII.1,4 The interest in such compounds,
particularly in Bi-doped Cs2AgxNa1�xInCl6 (referred to as
CANIC) or Cs2AgxNa1�xBiyIn1�yCl6 (referred to as CANBIC), is
constantly growing due to their intense broadband photolumi-
nescence (PL) combined with a unique tunability of the photo-
physical properties and an outstanding chemical stability.5–21

In view of this compositional variability, the progress in the
material science of LFP requires a transition from conventional
single-compound trials to high-throughput studies based on
robot-assisted synthesis and characterization, ideally supported
by machine-learning-based data analysis.22–24 The feasibility
and efficiency of high-throughput experiments in the field of
lead perovskite photovoltaics were recently demonstrated.25–30

However, the majority of the reported syntheses of double
LFPs require high energy input by hydrothermal treatment or
calcination. Furthermore, a considerable amount of manual
intermediate steps is needed which cannot be automated, as
well as the usage of hazardous chemicals such as concentrated
HCl in the case of chloride LFPs1,3,6,7,9,14,17,21 or unstable and
aggressive substances for bromide and iodide LFPs.1,3,21 More
favorable milder temperature-, saturation-, or antisolvent-
driven precipitation approaches, conventionally employed for
the fabrication of lead-based perovskites, often yield poorly
controlled mixtures of perovskite and non-perovskite phases
when applied to double LFPs.1,13,31 As a result, the development
of simple and mild procedures for the reproducible and phase-
controlled synthesis of double LFPs under ambient conditions
with robotized equipment still remains challenging.

In this communication, we introduce such an approach to
the fabrication of microcrystalline lead-free CANIC and CANBIC
perovskites, yielding compositionally controlled single-phase
products under ambient conditions in a single step without any
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additional thermally activated steps or the need for hazardous
chemicals. By focusing on the optical properties of the most
strongly emissive CANBIC perovskite composition, we show
that our approach results in a very stable and structurally
perfect material emitting broadband PL in the visible spectral
range with a PL quantum yield (QY) close to unity.

Synthesis and characterization of
CANBIC perovskites
Synthesis

Cs2AgxNa1�xInCl6 (CANIC) and Cs2AgxNa1�xBiyIn1�yCl6 (CAN-
BIC) perovskites were synthesized at room temperature under
ambient atmosphere via the combination of two precursor
solutions in 2-propanol:water mixtures, one of them containing
a minimal amount of HCl to prevent hydrolytic reactions of Bi3+

and In3+ ions. A stock InCl3 solution (1.0 M) was first prepared
in 1.0 M HCl. In a similar manner, a stock BiCl3 solution (1.0 M)
in 4.0 M HCl was made. Stock solutions of silver(I) nitrate
(1.0 M), sodium acetate (4.0 M) and cesium acetate (4.0 M) were
prepared in deionized (DI) water.

Two stable and transparent precursor solutions were pre-
pared for the synthesis of the perovskites as described below.
Precursor solution I was then mixed with precursor solution II
under vigorous stirring and the resulting sample was kept at
ambient conditions for 60 min to allow crystallization. The
most luminescent CANBIC sample with x = 0.35 and y = 0.02
was chosen to be described in more detail below. Precursor
solution I was prepared by adding 2 mL stock 1.0 M BiCl3

solution (in 4.0 M HCl), 98 mL 1.0 M stock InCl3 solution (in
1.0 M HCl), 0.10 mL concentrated 37 w% (12 M) HCl, and
0.5 mL 2-propanol to an Eppendorf vial. The acid can be mixed
with 2-propanol beforehand to avoid HCl evaporation and used
as a single reactant. Precursor solution II was prepared by
mixing 0.5 mL 2-propanol with 0.1 mL DI water, 0.04 mL
aqueous 1.0 M AgNO3 solution, and 0.025 mL aqueous 5.0 M
ammonia solution in an Eppendorf vial under continuous
stirring. Ammonia was added to form an Ag(I)–NH3 complex
to avoid the formation of silver hydroxide upon interaction with
alkaline solutions of Cs(I) and Na(I) acetates. Subsequently,
0.025 mL 4.0 M aqueous NaAc (Ac = acetate) and 0.06 mL
aqueous 4.0 M CsAc solutions were added at intense stirring.
The as-precipitated perovskite was separated from the super-
natant, 1 mL of pure 2-propanol added, and the mixture
centrifuged at 5000 rpm for 3 min. The precipitate was sepa-
rated, and the procedure of 2-propanol addition and centrifu-
gation was repeated.

Characterization

The structural parameters and the chemical composition of the
samples (powders and samples deposited on substrates) were
characterized by X-ray diffraction (XRD), scanning electron
microscopy (SEM), and cathodoluminescence (CL) imaging.
Details of the characterization techniques are provided in the
ESI.† The perovskite samples were also characterized with

reflectance, PL, and Raman spectroscopy, as well as time-
resolved PL spectroscopy, and X-ray photoelectron spectroscopy
(XPS). The PL QY of the perovskite samples was absolutely
determined using a calibrated Quantaurus spectrometer
(Hamamatsu) with ultrapure BaSO4 powder (Thermo Fisher)
as a blank.

General description of the synthetic
protocol

We developed a simple and ‘‘green’’ approach for the synthesis
of CANIC and CANBIC perovskites which can be performed
under ambient conditions without annealing, boiling, or hydro-
thermal treatment. The formation of perovskites occurs upon
the contact of two stable and transparent precursor solutions,
thereby avoiding the formation of secondary phases and achiev-
ing elemental and structural homogeneity. For this process, an
excess of sodium with respect to the stoichiometric amount is
necessary to drive the precipitation towards the formation of
perovskite CAN(B)IC phases instead of forming less soluble Ag–
M–Cl phases. Therefore, the Na-to-Ag content was varied by
introducing different amounts of silver nitrate in the presence
of a constant excess of sodium acetate (NaAc).

The addition of a 20% excess of Cs+ results in more
luminescent and stable CAN(B)IC perovskites. This is ascribed
to the suppression of the formation of non-luminescent ternary
Cs–M–Cl phases, for example, Cs3M2Cl9 (with Cs : M = 1.5 : 1)
instead of CAN(B)IC compounds, where the Cs : M ratio equals
to 2 : 1. Excessive Na+ and Cs+ are removed during the purifica-
tion stage. Fig. 1a schematically summarizes the composition
of both precursor solutions and the synthetic procedure which
is followed by an optimization of the composition of CANBIC
perovskites to reach a maximum PL efficiency. The latter is
illustrated by photographs taken under ambient and UV illu-
mination shown in Fig. 1b and c.

To identify CANBICs with optimum performance, a compo-
sitional screening was performed, using PL QY as the key
performance parameter. Therefore, we varied the ratios of the
metal components of the CANBIC perovskites and the reaction
temperature.

Fig. 1 (a) Schematic of the CANBIC perovskite synthesis. (b and c)
Photographs of a set of CANBIC samples with varied x and y taken under
(b) ambient light and (c) UV illumination at 370–390 nm.
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Ag-to-Na ratio

As previously reported, CANBIC perovskites show a strong
dependence of their PL QY on the Ag-to-Na ratio with a
maximum PL QY, often found for x = 0.4.5,6,19 To find the best
Ag-to-Na ratio, we assessed the PL behavior of a series of
perovskites with a constant Bi content (y = 0.02), while varying
the nominal silver fraction calculated as rAg = [Ag+]/([Ag+] +
[Na+]). Here, the integral PL intensity and PL lifetime (see a
more detailed discussion below) were used as key performance
parameters as shown in Fig. 1b and c. The maximum PL
intensity was found for rAg close to 0.30 (Fig. S1, ESI†). A similar
trend was observed for the PL lifetime with a maximum of ca.
1.4 ms at rAg = 0.30. Subsequently performed EDX measure-
ments of this particular sample confirmed a molar Ag fraction
of x = 0.35.

Cs content

Our synthetic procedures rely on the ionic equilibria in the
precursor and the final reaction mixtures. Therefore, the
presence of excess amounts of Na+ and Cs+ is required for
the complete crystallization of the CANBIC perovskites and
high PL efficiencies. We examined the effect of the nominal
Cs-to-In molar ratio chosen for the synthesis on the PL intensity
and PL dynamics (Fig. S2, ESI†). The maximum of both PL
intensity and PL lifetime was found for a Cs-to-In molar ratio of
2–3.

Temperature

Subsequently, the effect of the reaction temperature, varied
from 10 1C to 90 1C, on the PL properties of the resulting
perovskites was studied. The highest PL intensity and the
longest PL lifetime were found for a reaction temperature as
low as 22 1C (Fig. S3, ESI†). Raman spectroscopic studies of
CANBIC powders produced at varied Ag-to-Na ratios, varying Cs
content, and different temperatures confirm that all samples
have an identical perovskite structure, except for two samples
where neither Ag nor Cs were introduced to the precursors
(Fig. S4, ESI†).

Bi-to-In ratio

As a platform for Bi-doping, we used CANBIC perovskites with
optimized Ag and Cs content synthesized at an optimum
reaction temperature where the Bi content was varied from
y = 0.002 to 0.05. EDX measurements shown in the next section
confirmed the good match between the nominal and real y
values within the entire range of studied Bi-to-In ratios. PL
studies revealed the dependence of the PL intensity on the
parameter y (Fig. S5a, ESI†) with a maximum observed for 1–2
mol% Bi, smaller and larger Bi contents showing lower PL
intensities. At the same time, both the bandgap and the PL
lifetime decreased almost linearly with increasing Bi content in
the entire probed range (Fig. S5b and c, ESI†). Therefore, the
most luminescent CANBIC sample with 2 mol% of Bi doping
was selected for further in-depth characterization and PL

studies. The brutto-formula of the selected sample derived
from the EDX data is Cs2Ag0.35Na0.65Bi0.02In0.98Cl6.

Structural characterization of CAN(B)IC

SEM imaging of the CANIC perovskite revealed its polygonal
crystal structure with individual sizes of 1–5 mm (Fig. S6, left
image, ESI†). Introduction of 2% Bi(III) resulted in a shift of
crystal size distribution to ca. 0.5–3 mm (Fig. S6, right image,
ESI†), indicating a restrictive effect of Bi(III) doping on the
crystal growth.

Another remarkable feature of CANBIC crystals is a very
strong cathodoluminescence (CL), while CANIC crystals did not
show CL at all. The SEM images of the CANBIC sample
registered using secondary electron contract and CL contrast
are shown in Fig. 2a and b, respectively. Both images are
identical indicating a uniform distribution of emission centers
in the CANBIC crystals.

EDX analysis of the CANBIC sample performed at three
different positions within the samples (Fig. 2c) revealed an
identical elemental distribution for all three points, confirming
the excellent compositional homogeneity of the sample. The
real y values determined from the measured elemental ratios
were always close to the nominal ones used for perovskite
synthesis). As shown in Table 1, the ratios of Cs and Cl to the
sum of In + Bi are close to 2 and 6, respectively, as expected
from the nominal compositions. X-ray photoelectron (XPS)
spectra of CANIC and CANBIC (Fig. S7, ESI†) confirmed the
presence of silver, indium, and, in the case of CANBIC, also
bismuth cations in the expected oxidation states: Ag(I), In(III),
and Bi(III).32

Fig. 2 (a and b) SEM images of CANBIC microcrystals registered using
secondary electron contrast (a) and CL contrast (b). (c) Elemental compo-
sition of CANBIC crystals determined by EDX at three points indicated in
(a and b). (d) X-ray diffractograms of CANBIC (top) and CANIC (bottom)
perovskites. The gray circles correspond to experimental data, red solid
lines – to data derived from a Rietveld refinement analysis. (e) Raman
spectra of CANIC (curve 1) and CANBIC (curve 2) perovskites, where gray
lines represent the experimentally obtained spectra, and the red lines show
Lorentzian fits. Abbreviations: CANIC – Cs2Ag0.35Na0.65InCl6, CANBIC –
Cs2Ag0.35Na0.65Bi0.02In0.98Cl6.
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The XRD pattern of the undoped CANIC perovskites presented
in Fig. 2d (bottom) exhibit the typical reflections for cubic perovs-
kites with the lattice of Fm3m space group.7–9,11,12,14,17,21 The
lattice parameter derived via a Rietveld refinement procedure,
a = 10.515 Å, is close to the reported values. As can been seen in
the top panel of Fig. 2d, the introduction of 2 mol% Bi did not
change the structure of the XRD pattern, indicating that Bi(III)
substitutes In(III) without affecting the lattice type. However, a small
lattice expansion (a = 10.527 Å) was observed due to the larger ionic
radius of Bi(III) as compared to In(III).6–8,12

The Raman spectrum of CANIC perovskite, shown in Fig. 2e
(curve 1), reveals three major vibrations at approximately
300 cm�1, 173 cm�1, and 144 cm�1 which can be assigned to
A1g, Eg, and T2g modes of the CANIC lattice, respectively.8,9,14,17

Thereby, also Raman spectroscopy confirmed that the intro-
duction of 2% Bi(III) led only to minor peak shifts (Fig. 2e, curve
2) due to the In-to-Bi exchange but no structural changes. Both
XRD and Raman results suggest that Bi-doping is not accom-
panied by the formation of additional phases or changes in the
perovskite structure. Despite the high PL intensity of CANBIC
under UV excitation, Raman spectra can be reliably measured
without a noticeable PL background using a non-resonant
excitation at 532 nm. The fact indicates a high quality of the
CANBIC lattice, with a very low population of the mid-bandgap
states related to lattice defects.

Spectroscopic properties of CAN(B)IC
perovskites
Absorption and PL

Doping with 2% Bi resulted in a ‘‘red’’ shift of the optical
bandgap, from about 3.5–3.6 eV (345–355 nm) for CANIC
(Fig. 3a, curve 1) to ca. 3.0 eV (410 nm) for CANBIC (Fig. 3a,
curve 2), as well as the formation of a distinct absorption peak
at approx. 3.3 eV (375 nm).

CANBIC perovskites showed a broad PL band from 450–
900 nm centered at about 590–595 nm or ca. 2.1 eV (Fig. 3a,
curve 3). The large Stokes shift as well as the large spectral
width of the PL band indicate that the PL is emitted via the self-
trapped exciton (STE) mechanism which is typical for doped/
alloyed lead-free halide perovskites.6,19,33 The PL excitation
(PLE) spectrum recorded in the center of the PL band
(Fig. 3a, curve 4) perfectly matches with the absorption spec-
trum suggesting that the PL emission solely originates from
light absorption in the fundamental band. In contrast, CANIC
perovskite showed only a negligible emission.

The drastic enhancement of both absorption and PL emis-
sion is typically related to a decisive influence of the dopant on
the lattice symmetry of the perovskite matrix, even at very low
dopant contents.4,6,9,17 The introduction of Bi(III) breaks the
symmetry of the perovskite lattice and converts the interband
transitions from symmetry-forbidden to allowed ones, thereby
greatly increasing the oscillator strength as compared to pris-
tine CANIC.4,6,9,12,14,17,20,33 The emission color of our CANBIC
sample(s) is a warm white-yellow (inset in Fig. 3a) with the CIE
color coordinates of X = 0.43, Y = 0.50, and a color temperature
of about 3700 K (Fig. S8a, ESI†).

PL QY measurements

The PL QY was absolutely measured at room temperature for
three separately prepared batches of CANBIC of the same
composition, and recorded at different excitation wavelengths
ranging from 340 nm to 400 nm. These measurements revealed
a very high PL with an average PL QY (averaged for all three
samples and all excitation wavelengths) of 92% and a statistical
uncertainty of �2% (Fig. 3b). This value is the highest reported
so far for microcrystalline CANBIC perovskites; comparable PL
QY were obtained by Sargent et al. for 0.04% Bi doping (86%)6

and by Wang et al. for 1% Bi doping (ca. 90%).34 More examples
of reports on highly-luminescent double In/Bi-based perovs-
kites are presented in Table S1 (ESI†).

The PL QY uncertainty reported here (2%) reflects the
relative standard deviation observed in our experiments rather
than the inherent uncertainty of such measurements including
instrument calibrations, which is approximately 5%.35,36

Stability tests

The CANBIC perovskite samples were very stable when stored
under ambient conditions. No changes in PL properties (PL
intensity, peak position and spectral width) were detected after
five months of storage at room temperature, ambient humidity,
and diffuse illumination (Fig. S9a, ESI†). Heating to 200 1C for
30 min did not change the spectral position of the PL bands,
while a decrease of PL intensity was observed at 300 1C
(Fig. S9b, ESI†). The samples heated to 400 1C showed both a
coloration (yellow-brown) and a strong PL quenching. However,

Table 1 Elemental composition of CANIC and CANBIC perovskites
determined by EDX

Nominal
x

Nominal
y Real x Real y

Cs-to-M
ratio

Cl-to-M
ratio

CANIC 0.4 0 0.35 � 0.10 0 2.1 � 0.1 5.8 � 0.3
CANBIC 0.4 0.02 0.35 � 0.10 0.02 � 0.01 2.1 � 0.1 6.2 � 0.3

Fig. 3 (a) Normalized absorption (1, 2), PL emission (3), and PL excitation
(4) spectra of CANIC (curve 1) and CANBIC (curves 2–4) perovskites. (b) PL
QY of three CANBIC samples (series denoted by circles, rectangles and
triangles) measured at different excitation wavelengths. Inset: Distribution
of PL QY values measured at different excitation wavelengths.
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a prolonged (up to 6 h) treatment of the CANBIC perovskite at
150 1C (below the thermal damage threshold) caused no
appreciable changes in the PL intensity (Fig. S9c, ESI†).

The CANBIC sample showed also no changes in the PL
intensity when subjected to UV illumination for 12 h under
ambient atmosphere attesting to a high photochemical
stability.

Time-resolved PL

Time-resolved PL studies revealed complex decay kinetics, with
deviation from a single-exponential decay (Fig. 4a) depending
on the perovskite composition. To simultaneously extract the PL
lifetime and to evaluate the deviation from single-exponential
decay kinetics, we fitted the curves with a stretched-exponential

function IðtÞ ¼ I0 exp �t
t

� �1=h� �
.5,20,37,38 These fits provide a

characteristic PL time t and a heterogeneity parameter h,
which is equal to unity for single-exponential decay and
larger than 1 for more complex decay kinetics. For solid
samples, the heterogeneity parameter is often regarded as a
measure for random fluctuations of the lattice or local defects
close to the radiative recombination sites resulting in a
variation of the emission lifetime even for a single emitting
state.37–39

We focused here on the PL dynamics of the CANBIC per-
ovskites prepared with a varied Ag-to-Na ratio at room tempera-
ture (Fig. 4). Two sets of samples were studied, the first one
systematically varying the Ag content at a constant Na content
(squares in Fig. 4b), and the second one varying the Na(I)
content at a constant Ag content (circles in Fig. 4b). Thereby,
the entire range of rAg = 0.1 could be covered.

No PL was detected for compounds containing only Na(I), as
discussed above. As the nominal rAg in the precursor solution
was elevated, the PL lifetime was considerably increased and
revealed the same trend as the PL efficiency, reaching a max-
imum value of about 1.4 ms at rAg = 0.30 (Fig. 4b, scatters 1),
corresponding to x = 0.35 (see EDX analysis). At higher Ag(I)

content, the average PL lifetime gradually decreased to approxi-
mately 0.5 ms for x = 1.00. The heterogeneity factor showed an
opposite trend, reaching a minimum value of about 1.1 at rAg =
0.30–0.40 (Fig. 4b, scatters 2), that is, in the range of the highest
PL efficiencies observed. For these compositions, the PL decay
curves showed almost single-exponential behavior, indicating a
high degree of lattice perfection and a narrow distribution of
possible STE energies.

In conclusion, we introduced a new mild and ‘‘green’’
approach for the synthesis of lead-free microcrystalline Cs2Agx-

Na1�xBiyIn1�yCl6 (CANBIC) perovskites, which does not require
volatile solvents or concentrated acids, and can be performed at
room temperature. The CANBIC composition was optimized
with respect to the photoluminescence (PL) intensity, with the
highest PL observed for Cs2Ag0.35Na0.65Bi0.02In0.98Cl6. This
optimized CANBIC perovskite emitted a broadband PL centered
at ca. 2.1 eV (590–595 nm) with a PL quantum yield of 92% at
room temperature. This value is among the highest ones
reported so far for this class of lead-free perovskite compounds.
The PL dynamics depended strongly on the perovskite compo-
sition, with the most luminescent CANBIC (x = 0.35, y = 0.02)
revealing an almost single-exponential PL decay with an aver-
age PL lifetime of about 1.4 ms at room temperature. Moreover,
the emissive characteristics of CANBIC are stable at prolonged
shelf-storage, moderate heating, and under UV illumination.
This underlines the huge potential of CANBIC perovskites for a
variety of applications as optical and electro-optical compo-
nents in devices and down-converters. As a particular practical
example, the application of CANBIC in luminescent solar light
concentrators for silicon photovoltaics can be envisaged,
favoured by a negligible overlap between the absorption and
emission spectra of the perovskite as well as by a perfect match
between the PL spectrum of CANBIC and the absorption
spectrum of Si. Additionally, the CANBIC perovskite exhibited
bright cathodoluminescence making this material promising
for the detection of high-energy irradiation and applications as
a scintillating material.

Overall, our new ‘‘green’’ synthesis procedure for CANBIC
perovskites with varying composition showed an excellent
reproducibility and can be easily scaled up to multi-gram
amounts. Also, it presents a promising route for future
high-throughput experiments aiming for a more detailed inves-
tigation of the structure property relationships in the large
compositional space of CANBIC perovskites.
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