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Double perovskites Cs;Na;_,Ag,lni_,Bi,Clg can emit warm white light with almost unity quantum
efficiency and are thus among the most promising materials for solid-state lighting. The emission
spectrum is reproducible and the materials themselves are robust against degradation, as well as
fabricated from earth-abundant, non-toxic precursors. The emission efficiency is however sensitive to
the materials composition, with small variations modifying the photoluminescence quantum yield by
more than an order of magnitude. We provide here a comprehensive, systematic study of the optical
properties as a function of composition and identify the microscopic mechanism linking the presence of
Bi and Ag to the high emission quantum yield. A 0.1% minimum fraction of Bi and Ag is found to trigger
efficient emission of warm white light. Ag alloying is fundamental to obtain high emission yields.

Received 11th July 2022, Continuous-wave spectroscopy measurements are complemented with ab initio computation of the

Accepted 2nd September 2022 electronic band structure in demonstrating that Bi strengthens optical absorption at the band gap edge
DOI: 10.1039/d2tc02919g of the double perovskites. In addition, it is found by combining time-resolved photoluminescence and
transient absorption spectroscopy that Ag and Bi promote the formation of bright (radiative) self-trapped

rsc.li/materials-c excitons, while inhibiting exciton relaxation into long-lived dark states.

Introduction broadband white light, with high efficiency and negligible re-
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Solid-state lighting requires materials to emit white light,
comfortable for the human eye and capable of faithfully render-
ing colors. Color conversion schemes and mixtures of multiple
emitters have been deployed," plagued however by issues such
self-absorption and poor color rendering index.”> Single-
component white light emitting materials are most desirable,
especially with high emission efficiency and the right spectrum.
Recently, halide perovskites with various structural dimension-
ality (0D,>* 1D,” 2D*” and 3D* ") have been reported to emit
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absorption. Among the proposed materials compositions, dou-
ble perovskites Cs,Na;_,AgyIn;_,Bi,Clg are the most successful
realization of warm white light emitters.>*** Such com-
pounds are typically transparent in the visible range, with
bandgaps between 300 nm and 400 nm, depending on the
exact composition. The emission spectrum is centered around
550-600 nm and over 200 nm wide, almost covering the whole
visible spectrum, with the main weight on the red part, produ-
cing a warm white continuum. The optical emission mecha-
nism has been linked to self-trapped excitons (STEs), since in
halide perovskites charge carriers can couple to a soft lattice,
inducing transient deformation of the crystal lattice and are
thus localized.>**® The broadband emission with large Stokes
shift is then caused by lattice distortion in the excited state with
respect to the ground state."*?°** Warm white light emission
appears therefore as a general and robust phenomenon in a
wide variety of materials compositions, even with different
bandgaps and optical absorption properties.***>

The emission efficiency however varies wildly according
to composition. Among the most prominent examples, in
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Cs,Na;_,Ag,InClg the substitution of a small fraction of In
atoms with Bi causes the emission efficiency to increase by
over an order of magnitude and to approach unity;'**® whether
Bi atoms cure extrinsic defects or provide natural recombina-
tion centers is still a wide-open question. Similarly, in Cs,Na-
BiCls the addition of Ag boosts emission efficiency by a very
large factor, an effect that has been linked to parity breaking in
valence band orbitals, increasing the oscillator strength of the
interband optical transitions.'?

A comprehensive understanding of the microscopic
mechanisms producing the rules for efficient emission is still
an open question. We provide here a systematic study of the
role of Ag substitution in Cs,Naln;_,Bi,Cls and Bi substitution
in Cs,Na;_,Ag,InClg as a function of the substitution fraction.
Photoluminescence quantum yield (PLQY) measurements are
complemented with photoluminescence excitation (PLE),
Raman spectroscopy and ultrafast spectroscopy in the form of
differential transmission (DT/T) and time-resolved photolumi-
nescence (TRPL). Results are interpreted in the light of theore-
tical ab initio calculations of the electronic structure based on
the wvariational pseudo-self-interaction corrected (VPSIC)
approach,’” highlighting the role of Bi and Ag substitution in
the double perovskite structure.

Experimental section

Chemicals

Cesium chloride (CsCl, 99.999%), silver nitrate (AgNO3, 99.9%),
indium oxide (In,O;, 99.95%), and hydrochloric acid (HCI,
36%) were purchased from Alfa Aesar. Sodium chloride (NaCl,
>99%), and bismuth oxide (BiyOsz, 99.9%) were purchased
from Sigma Aldrich. Potassium chloride (KCl, >99.5%) was
purchased from Merck & Co. AgCl was precipitated from as
prepared aqueous solutions of AgNO; and KCI.

Synthesis of alloyed Cs,Na; ,Ag,InCls double-perovskite
crystals

Single crystals of double perovskite Cs,Na;_,Ag,InCls can be
crystallized following the super-saturation precipitation
method described in the previous literature®® while In,0; and
Bi,0; were used instead of the chlorine compounds because of
their hygroscopicity problem. Briefly, 0.5 mmol In,O; were
added in 10 mL HCI solution and stirred under 110 °C until
fully dissolved. 2 mmol of CsCl were then added and white
precipitate formed immediately. HCl was added until the
solution turned to be transparent. Then x mmol of AgCl and
1 — x mmol of NaCl were added and white precipitate formed
again. The solution started to be heated to 120 °C. More HCI
could be added to make all the solids totally dissolved. The
solution was held at 120 °C for 2 h. Then the stir bar was
removed from the solution before the solution was cooled to
room temperature. Crystals with 50-500 pm size formed from
solution upon stirring at room temperature overnight. These
crystals were filtered with Buchner funnel, washed with etha-
nol, and dried under reduced pressure overnight. The yield of
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the obtained product is about 75%. Bi-doped alloyed double
perovskite was synthesized by substituting the In,O; with a
mixture of 0.495 mmol In,0; and 0.005 mmol Bi,O3 in 10 mL
HCI solution, followed by the same procedure as for the
Cs,Na; ,Ag,InCls synthesis.

Synthesis of alloyed Cs,Naln,_,Bi,Cl; double-perovskite
crystals

A mixture of 0.5 x (1 —y) mmol In,0; and 0.5 x y mmol Bi,O3
were added in 10 mL HCI solution and stirred under 110 °C
until fully dissolved. 2 mmol of CsCl were then added and white
precipitate formed immediately. HCl was added until the
solution turned to be transparent. Then 1 mmol NaCl was
added, and the solution started to be heated to 120 °C. More
HCI could be added to make the solids totally dissolved. The
solution was held at 120 °C for 2 h. Crystals ranging in size from
100 pm to 1 mm formed from solution upon stirring at room
temperature overnight. These crystals were filtered with Buch-
ner funnel, washed with ethanol, and dried under reduced
pressure overnight. Ag-doped alloyed double perovskite was
synthesized by substituting NaCl with a mixture of 0.99 mmol
NaCl and 0.01 mmol AgCl, followed by the same procedure as
for the Cs,Naln;_,Bi,Cls synthesis.

Materials characterization

X-ray diffraction (XRD) measurements were conducted by a
powder diffractometer (D8 ADVANCE, Bruker) using a Cu Ka
radiation, and the acquisition was done with 0.04° step size
over the 2 theta angle range of 10°-65°. The crystals were finely
ground in a mortar before characterization. Raman spectro-
scopy experiments were performed in back-scattered geometry
with a micro-Raman OEM system. The emission at 785 nm
from a fiber-coupled laser diode (BWTEK BRM-785) was
focused onto the samples by means of a 10x microscope
objective (laser spot diameter on the sample ~200 pm). Raman
signals were recorded by a fiber-coupled grating spectrometer
coupled with a thermoelectrically cooled CCD (BWTEK
BTC667N-785S) with spectral resolution better than 5 ecm™".
The Rayleigh scattering was rejected by means of an edge-filter
cutting at nearly 65 cm™'. The laser power was kept below
3 mW to avoid sample damage. PLQY measurements were
performed at room temperature using an absolute PL spectro-
meter (Hamamatsu Quantaurus-QY C11347-11). PLE measure-
ments were performed at the emission wavelength of 650 nm
with 1 (2) nm bandwidth in excitation (detection) using a
Horiba Fluoromax-4 spectrofluorometer. Elemental analysis
was carried out via Inductively Coupled Plasma Optical Emis-
sion Spectrometry (ICP-OES) with Agilent 5110. For the ana-
lyses, 70-100 pg of the sample were subsequently dissolved in
6.5 mL of hydrochloric acid (HCI, GR, 36-38%, v/v), then the
solution transferred to a 25 mL volumetric flask, and diluted
with ultra-pure water to volume. Standard solutions (0, 1, 3, 5,
10 mg L") were used to perform elemental calibration curves.
All measurements were done setting the instrument with the
following parameters: plasma power 1200 W; plasma flow
12 L min~'; auxiliary flow 1 L min~"; pump rate 12 rpm.

This journal is © The Royal Society of Chemistry 2022
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Ultrafast optical spectroscopy

Samples were excited with ultrashort laser pulses (100 fs)
generated by a titanium:sapphire regenerative amplifier
(Coherent Libra) with repetition rate 1 kHz, then converted to
excitation wavelength of 360 nm with an optical parametric
amplifier (Light Conversion Topas 800). DT/T measurements
were performed by probing the samples with ultrafast white
pulses at different time delays with respect to the pump pulses,
in a differential configuration where a transmitted beam and a
reference beam are sent to two distinct CMOS spectrometers
with 1 nm spectral resolution. The relative delay was controlled
with EOS module from Ultrafast Systems, with time resolution
of 1 ps and available time range of 100 ps. Custom modifica-
tions to the setup allowed to collect photoluminescence
emitted from the same area probed with DT/T technique, in
what we call tandem configuration. The PL signal collected is
then spectrally dispersed with a grating spectrometer (Acton
2300i), coupled with a streak camera by Hamamatsu (model
C10910), resulting in TRPL measurements with sub-ns time
resolution (around 100 ps for the shorter time range).

Results and discussion
Materials and structural properties

Crystals of double perovskites Cs,Na; _,Ag,In; ,Bi,Cls (0 < x <
1, 0 < y < 1) were grown through crystallization in thermal
supersaturated solution, a simple and reproducible method. All
the double perovskite compositions have highly symmetric
face-centered cubic structures (space group Fm3m), consisting
of a 3D framework of corner-connected octahedra [MClg]>~ or
[M'Cl]>~ (M = Ag” or Na"; M’ = Bi*" or In*"), with Cs" ions
occupying the octahedral external cavities in the framework. As
observed from XRD patterns of two series of compositions
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Cs,Na;_,Ag,InCls and Cs,Naln,_,Bi,Cls (Fig. 1), Na/Ag and
In/Bi are incorporated uniformly into the double perovskite,
without phase separation or discernible impurities. The inten-
sity of the (111) peak at 14.6° increased with increasing Na
amount from 0 to 100% in Fig. 1a confirmed that compounds
are alloys. The ionic radius of Na* (1.02 A) is smaller than that
of Ag" (1.15 A), however, the bond length of Na-Cl is longer
than that of Ag-Cl. Thus, lattice expansion can be observed
from the shift of the (422) diffraction peak in Fig. 1b as Na
amount is increased.*® Similarly, with increasing Bi content in
Cs,Naln, _,Bi;Clg, the (220) reflection (Fig. 1e) is sequentially
shifted to lower 20 values, indicating the formation of alloyed
In/Bi compounds.

The accurate Na/Ag and In/Bi compositional ratios in the
final products were obtained using the ICP-OES technique. The
unit cell lattice parameter was extracted by Rietveld analysis
with the software MAUD (Table S1, ESI%).*° As shown in Fig. 1c
and f, the refined lattice parameter linearly increases upon Na
and Bi substitution respectively, supporting the hypothesis of
uniform incorporation of substitution elements in the crystal
structure. Same results were obtained for In substitution with
Bi and Na substitution with Ag at 1% level (Fig. S1, ESI{). The
refinement results of all the compounds can be found in Fig. S2
(ESIY).

Raman spectroscopy showed high sensitivity to composi-
tional changes in all double perovskite alloys. Spectra of
Cs,Na;_,Ag,InCls (0 < x < 1) and Cs,Naln;_,Bi,Cls (0 <
y < 1) compounds are reported in Fig. 2. Following
literature,>**®%1~*3 the observed peaks were assigned to breath-
ing (T,,) and stretching (E, A;y) modes of [MClg]°~ and
[M'Cl¢]>~ octahedra. In the Cs,Na;_,Ag,InCl, series (Fig. 2a),
both [AgCl¢]>~ and [InClg]*~ octahedra are supposed to con-
tribute to the three modes, as Ag and In have similar elemental
properties, while the T,,/A;; intensity ratio increases with
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Fig. 1 (a) XRD patterns of Cs,Na;_,Ag,InClg with different Na/Ag ratio; the asterisks mark the (111) diffraction peak. (b) Enlarged view of (422) diffraction
peak shift. (c) Cubic crystal lattice parameter as a function of Ag content. The black dash line shows a Vegard's law fit. (d) XRD patterns of Cs;Naln;_,Bi,Clg
with different In/Bi ratio. (e) Enlarged view of (220) diffraction peak shift. (f) Cubic crystal lattice parameter as a function of Bi content.
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Fig. 2 Raman spectra of (a) Cs,Na;_,Ag,InClg compounds with different
Na/Ag ratios and (b) Cs;Naln;_,Bi,Cls compounds with different In/Bi
ratios. Raman transitions are assigned to vibrational modes of [MClgl®~
and [M'Clg]®~ octahedra (see text for details); M*/[M/I** metal cations
relating to each mode are indicated as superscripts in brackets. All spectra
are normalized to the intensity of the Ay mode.

increasing Na content, allegedly due to progressive improve-
ment of the crystal lattice quality.*” Incremental substitution of
In with Bi was clearly detected by (i) the decrease in intensity,
together with the shift to lower wavenumbers, of the T,
[InCls]>~ breathing mode, initially located at 138 cm™*, (ii)
the complementary rise of the corresponding T,y [BiCls]’~
mode at 108 cm ™', and (iii) the shift of the A, stretching mode
from 291 to 275 cm ™" (Fig. 2b). Overall, we conclude that Ag, In
and Bi are all involved in the A, peak across the 260-300 em ™t
region, with Bi mostly contributing to the low-wavenumber tail
of the mode (see also Fig. $3, ESIt).*!

Optical properties

As observed in PL spectra (Fig. 3), Cs,Na;_,Ag,In,; ,Bi,Clg
produced broadband emission, ranging from 400 nm to beyond
900 nm, which could be assigned to STE-based emission. Due
to the same even parity of the valence band maximum and
conduction band minimum at the I' point,>**™*” the dipole
transitions between the band edge states of Cs,AgInCls are
parity-forbidden which causes poor band-edge absorption and
extremely low PLQY. The emission efficiency was enhanced
when Na was alloyed with Ag, with the highest value of 12% for
an Ag content x = 0.78. The second PLQY relative maximum
located at x = 0.4 could in part be traced back to batch-to-batch
fluctuations possibly arising from irreproducible extrinsic
effects, such as different concentrations of structural defects/
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electronic traps, in double perovskites with almost identical
elemental compositions and crystal structures. Furthermore,
the addition of a small Bi fraction, namely 1%, significantly
enhances the emission efficiency without significantly affecting
the crystal structure (Fig. Sla-c, ESIf). The PLQY of
Cs,Na; _,Ag,Ing 99Big 01Cls compound reaches 97% for the com-
position with Ag content x = 0.39 (Fig. 3c, red spheres). This
should be contrasted with the results reported in ref. 12, where
the PLQY maximum is reached at x ~ 0.6. We argue that
different synthetic protocols can result in double perovskites
with different excited-state and photophysical properties,
including exciton self-trapping efficiency and radiative effi-
ciency, which both contribute to the PLQY. Starting from the
Cs,NaInClg perovskite, again very low PLQY values were mea-
sured when only Na was kept as the monovalent cation, and In
and Bi were alloyed as the trivalent cations. However, the
addition of 1% Ag activated efficient emission (Fig. 3d, red
spheres), while keeping the crystal structure unaltered
(Fig. S1d-f, ESIf). The emission spectrum of Cs,Naggo-
Ago.01In;_,Bi,Cls shows a redshift that increases for increasing
Bi content; this is tentatively ascribed to a progressive increase
in exciton self-trapping energy not counterbalanced by a band-
gap renormalization (see PL/PLE spectra along with peak PL/
PLE photon energies in Fig. S4 in the ESIT).

Bi and Ag both play an important role for achieving highly
efficient warm white light emission from Cs,Na; _,Ag,In;_Bi,Cls
compounds. To quantify the minimum amount needed to trigger
efficient emission, systematic analyses were first performed with
incremental concentrations of Bi, starting from the Cs,Nag¢-
Agj 4InClg composition. Fig. 4a and b shows PL and PLE spectra,
and PLQY values for the series of materials compositions. The
minimum amount of Bi needed to activate efficient radiative
recombination appears to be around 0.1%. Correspondingly, a
new absorption peak appears in the PLE spectrum around 350 nm,
lower in energy than the 275 nm maximum in the Bifree
compound, and grows in intensity with increasing Bi concen-
tration. The highest PLQY value was reached for 1% Bi alloying,
whereas further increasing of Bi content reduced the PLQY,
possibly because of self-quenching effects.*® Saturation effects in
optical absorption are also visible at the highest Bi fractional
abundances. A parallel study was conducted on Cs,NaBiCl alloyed
with incremental amounts of Ag (Fig. 4c and d). Again, the
minimum amount of Ag needed to activate the efficient emission
is about 0.1%.

In the case of Ag alloying, however, no new peak appears in
the PLE spectra; only a progressive broadening of the two main
spectral features is observed with increasing Ag content. Raman
spectra relating to materials compositions shown in Fig. 4 are
reported in Fig. S3 (ESIY).

Theory of electronic band structure

As well known, standard Density Functional Theory (DFT)
based on local functionals largely fails at a sufficiently accurate
description of the band structure; for a correct interpretation of
the measurements, it is instrumental to use an advanced,
beyond-local functional capable to correct the main DFT

This journal is © The Royal Society of Chemistry 2022
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deficiencies. The VPSIC approach,’” based on the removal of much less computationally demanding than other popular
the spurious self-interaction from the energy functional, is beyond-DFT methods such as HSE06 or GW. In particular, a
typically accurate for a broad range of materials,**° delivering ~ self-interaction free approach is instrumental to the prediction
band gaps within 10% from the measured values, and yet, it is  of accurate electronic defect energies.”" In the past the VPSIC
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Fig. 5 DOS, band energies, and absorption spectrum calculated for some representative double perovskites. (a) Orbital-resolved DOS for Cs,Agin;,gBiy/gClg;
different colors are used for different orbital contributions: s (red), p (blue), e4 (magenta), toq (cyan); zero energy is fixed to the VBM. (b) Band energies in the
region nearby the VBM; the red band derives from the fully occupied Bi 6s states introduced by In substitutions with Bi, and corresponds to the s peak of the
same color visible in the Bi DOS (upmost panel a). (c) Absorption spectra for the compound with and without In substitution with Bi; here zero energy is fixed at

the band gap of the corresponding material. Red lines are for Bi compounds;

the dotted lines extrapolate the ‘optical gap’, i.e., the region where optical

transitions are strongly suppressed due to parity symmetry; we see that the Bi presence largely relaxes the parity-forbidden condition. (d—f) Same as (a—c) for
host material Cs;Nay/2Ag1/2InClg; the Na DOS is not included since largely discardable in this energy range.

was used to describe Cs,AgInCls and CSZAgInBrG;46 here we
apply the VPSIC to analyze Cs,Na,_,Ag,In;_,Bi,Clg for several x
and y compositions, simulated using 80-atom fcc supercells.
The lattice parameters of the pristine Cs,NaInCls and Cs,A-
2InCls compounds were determined by VPSIC optimization and
the values, 10.51 A and 10.39 A, respectively, were found in
satisfactory agreement with the experimental results.

We start from the analysis of Bi doping in Cs,AgInCls by
comparing orbital-resolved density of states (DOS) and
band energies of Cs,AgInCls and Cs,AgIn, Bi;sCls (Fig. 5a):
Cs,AgInClg is an insulator with direct band gap at I' point of
2.14 eV which opens between In 5s states at CBM and Ag 4d
states at VBM (the optical gap is however much larger due to
parity forbidden transitions, see e.g. ref. 46 for a detailed
explanation). In substitution with Bi produces a dramatic
change in the band structure, namely the inclusion of a fully
occupied, double-degenerate 6s band, whose top side is located
0.14 eV above the host material VBT; the Bi 6s orbitals, however,
are rather spread in space, and overlap significantly with Ag 4d e,,
and Cl 3p states; this causes a 6s band dispersion of 0.48 eV.
Theoretical arguments®" show that, in the low-concentration
limit, the BZ-averaged electronic energy (which is 20 meV above
the VBM) approximates the energy of the fully localized point

J. Mater. Chem. C

defect. On the other hand, the empty Bi 6p states are peaked
way above (~2.5 eV higher than) the CBM, thus they are
unlikely to play any significant role in optical emission. Accord-
ing to our calculations, the presence of Bi induces a remarkable
enhancement of the absorption rate (Fig. 5c); this effect is
evident in the 1 eV energy region above the CBM, where the
Cs,AgInClg absorption is largely parity-forbidden, while with Bi
doping, a ~5 x 10* ecm ™" absorption peak is obtained. The
parity-forbidden condition is overcome since the Bi 6s band
(Fig. 5b) contributes to the absorption all over the BZ, and not
mainly at the I point, like the Ag e, bands which dominate the
VBM of the host material.

We reach similar conclusions concerning Bi doping even for
the host material Cs,NaInClg, a wide-gap insulator with direct
band gap of 4.6 eV (results are shown in ESI): In-Bi substitu-
tion introduces a fully occupied 6s band well within the host
material band gap; in absence of Ag 4d states, the Bi 6s orbitals
are much more localized in space and the corresponding band
much flatter. The 6s band generates an absorption peak of
~10* em ™! for energies lower than the host material band gap
(Fig. 5¢).

Finally, we analyze the Ag/Na mixing; the band gap is
extremely sensitive to this mixing for two reasons: first, Ag 4d

This journal is © The Royal Society of Chemistry 2022
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states dominate the VBM, thus the Ag-Na substitution pushes
the VBM progressively down in energy; second, the loss of Ag
5s-In 5s hybridization causes the collapse of In 5s bandwidth,
and a corresponding increase of the CBM. These combined
effects result in the ~2 eV band gap difference between pure
Na and Ag compounds (see ESIT for details). For what concerns
In-Bi substitutions, in Fig. 5d-f we compare Cs,Na,,,Ag;,,InClg
and Cs,Nay,»Ag;,In;5BiysCls; the host material has a direct
band gap at I point of 2.8 eV, but the absorption rate is largely
suppressed by parity-forbidden symmetry up to 3.8 eV; with In—-
Bi substitutions, a Bi 6s peak appears just at the VBM, partially
hybridized with the Cl 3p states; in Fig. 5d, a second peak
derived from 6s states is present at lower energy, resulting from
the hybridization with Ag e, states. Once again, the Bi inclusion
relaxes the parity-forbidden condition and restores a significant
absorption right above the band gap edge.

Overall, the VPSIC simulations unveil the crucial role played
by Bi in the optical properties: In-Bi substitutions represent, in
all the examined cases, strong absorption centers, whose
chemical mechanism is based on the presence of filled Bi 6s
in-gap electronic states located just above the VBT of the host;
In-Bi substitutions also introduce empty Bi 6p states in the
conduction bands, but they are too high in energy to give a
significant contribution at the onset, even for a remarkably large
Bi concentration. For what concerns Ag, calculations do not
evidence a significant role in the enhancement of the absorp-
tion rate, suggesting that the crucial role of Ag observed in
optical emission is likely due to the Ag self-trapping polaronic
behavior, which is not included in our theoretical treatment.

View Article Online
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Time dynamics of optical excitations

Ultrafast spectroscopy with femtosecond laser pulses was
employed to investigate the dynamics of optical excitations,
particularly the formation of STEs and their decay times. TRPL
tracks directly the radiative recombination of STEs. DT/T
technique in a pump-probe configuration was also employed,
yielding complementary information to TRPL decays.>> DT/T is
a proxy for transient absorption and detects modifications in
the absorption spectrum of a weak, broadband probe pulse
induced by the presence of the optical excitations injected by an
intense ultraviolet pump pulse. Probe light propagates through
the mm-thick crystals (Fig. S7, ESIt) and the portion of spec-
trum with photon energies above the bandgap is not trans-
mitted, since the characteristic absorption length is much less
than 1 mm; therefore, no bleaching signal resonant with the
band-to-band absorption onset can be observed in transmis-
sion geometry. The DT/T signal in double perovskites appears
instead as photoinduced absorption in the visible spectrum, at
photon energies below the bandgap, as reported in Fig. 6. The
photoinduced absorption spectrum range is roughly the same
as that of the PL emission (Fig. 6¢c and f), and we attribute
it to excited-state absorption. Results obtained in Cs,Nag¢
AgoaIn; yBiClg (y = 0, ~0.01) and in Cs,Na,_,Ag,BiClg
(x = 0, ~0.01) highlight the effect of Bi and Ag substitutions
on the excited-state dynamics of the double perovskites. In
these compounds, elemental substitution at the 1% level
resulted in a ten-fold increase in PLQY (Fig. 3¢ and d), which
achieves a value of 50% and 100% in Cs,Nag 99Ag0.01BiCls and
Cs,Nap 6Ago.4IN0 90Big.01Cle, respectively.
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Fig. 6

(a) Sketch of the ground state and excited states of the double perovskite illustrating the physical origin of warm white light emission and

photoinduced absorption. On the right side, TRPL and DT/T spectra and time profiles for Cs;NageAgo4INClg with partial Bi substitution (b—d), and
Cs,NaBiClg with partial Ag substitution (e—g). Photoinduced absorption signals, appearing as negative DT/T spectra (c and f), were taken positive

(TA = DT/T) for an easier visualization of the decay profiles (d and g).
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Fig. 7 PLg spectra for the Cs,NaBiClg crystals with various amounts of Ag
inclusion were taken in a spectral window of 100 ps around the arrival of
the excitation pulse. In the inset, the red markers are the ratio of intensities
in the FE and STE spectral ranges (integrated in the light-blue and light
orange shaded regions respectively) compared with the PLQY (blue
markers). The cutoff at 400 nm is due to a drop in the detection setup
efficiency.

As shown in Fig. 6d, the DT/T lifetime of Cs,Nay cAgo.4InClg
is much longer than the PL one, meaning that the majority of
excitons are trapped in long-lived dark states. The presence of
Bi significantly shortens the DT/T decay making it comparable
to the TRPL one, indicating that Bi cures exciton trapping in
dark states. Since the TRPL decay is rather insensitive to Bi
substitution up to 1% level, bright STEs with nearly 100%
radiative efficiency are inferred to exist even in the absence of
Bi centers, while their effective formation efficiency upon
impulse photoexcitation becomes quantitative at 1% substitu-
tion level. Hence, the observed TRPL lifetime practically equals
the STE radiative lifetime. The minor variation observed in the
DT/T spectrum upon Bi substitution suggests that dark exciton
states actually lie close to bright STEs in energy (Fig. 6a).
Introduction of Ag in Cs,NaBiCly (Fig. 62) also produces a
shortening of DT/T decay attributed to dark STEs, with the
DT/T and TRPL decay profiles nearly overlapping each other
over a 10 pus timescale, supporting the conclusion that also Na-
Ag substitution makes formation of bright STEs a quantitative
process. These results were obtained in a regime of linear
response of the double perovskites, where the initial PL signal
(PLy) scales linearly for increasing pump fluence and the TRPL
decay is almost insensitive to pump fluence (Fig. S8, ESI{). A
DT/T-TRPL comparative study for increasing Bi and Ag contents
is reported for completeness in Fig. S9 (ESIT).

Additional information on the formation of bright STEs
could be obtained in Cs,Na; ,Ag,BiCls compounds by a closer
inspection into the subnanosecond time scale after photoexci-
tation for increasing Ag content (Fig. 7). Right after excitation,
the emission spectrum of Cs,NaBiCl, exhibits two components,
the long-lived broadband visible emission from bright STEs
and the narrow-band, short lived UV emission ascribed to free
excitons (FEs). In the absence of Ag the intensity of the two
emission bands is comparable, but the addition of small
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quantities of Ag to Cs,NaBiCls enhances the visible emission
from STEs at the expenses of the FE one. The FE emission
almost disappears for an Ag content of 0.5%; further increase of
the Ag fraction reduces the warm white light emission effi-
ciency, and therefore the overall PLQY.

The lower inset in Fig. 7 shows the correlation between the
initial STE emission intensity (PL,), with respect to the FE one,
and the PLQY. The STE/FE PL, ratio and the PLQY follow the
same trend as a function of the Ag content, which is compatible
with the assumption that the FE emission intensity scales as
the absorptance, owing that the emission is almost uniquely
contributed by bright STEs. In the TRPL from Cs,Nage
Ag.4In;_Bi,Cls materials on the other hand no evidence of
emission from FEs could be observed in the detected wave-
length range (see Fig. S10, ESIY).

Conclusions

A systematic investigation of the excited state dynamics in
Cs,;Na,_,Ag,In;_,Bi;Cls double perovskites as a function of
materials composition reveals the ingredients for the high
quantum efficiency (up to 100%) of the warm white light
emission. PLE is interpreted in light of ab initio simulations
of the band structure, showing that In substitution with Bi
introduces lowest-energy band-to-band transitions with large
oscillator strength; Na substitution with Ag on the other hand
does not change the optical absorption spectrum significantly,
apart from a marginal increase in oscillator strength favored by
the breaking of parity. PLQY measurements demonstrate that
Bi and Ag substitutions at 0.1% levels are sufficient to enhance
the PLQY above 20%. Two ultrafast spectroscopy techniques,
DT/T and TRPL, were applied in tandem configuration to
understand the dynamics of the excited state. Experimental
results show that introduction of Bi and Ag suppresses exciton
trapping in long-lived dark states in favor of a massive for-
mation of bright STEs, characterized by a nearly radiative-
recombination-limited dynamics. An Ag-induced self-trapping
polaronic behavior is also suggested as a potential mechanism
for formation of bright STEs in high yields. Once Bi and Ag are
present in the double perovskite structure, high emission
efficiency with a consistent warm white light spectrum arising
from bright STEs may occur in a wide variety of materials
compositions. Double perovskites realize therefore an almost
ideal platform for solid-state lighting.
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