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Manipulation of parity and polarization through
structural distortion in light-emitting halide double
perovskites

Tamilselvan Appaduraﬂ, Ravi Kashikar?, Poonam Sikarwar!, Sudhadevi Antharjanam 3

Birabar Ranjit Kumar Nanda® 2%°™ & Aravind Kumar Chandiran® "©*

Halide perovskite materials recently attracted wide attention for light-emitting applications.
The intense white light emission and excited state lifetimes greater than 1 ps are the hall-
marks of a good light-emitting material. Here, we provide a clear design strategy to achieve
both of these aforementioned properties in a single material via the introduction of octahedral
asymmetry in halide double perovskites Cs,AgMClg through iso-trivalent substitution at the
M site. In the substituted Cs;AgMClg, the presence of mixed M3* sites distorts the [AgClg1>
octahedra, affecting the parity of the valence and conduction band edges and thereby altering
the optical transitions. The distortion also creates a local polarization that leads to an
effective photogenerated carrier separation. Considering perovskite series with three M3+
cations, namely Bi3*, In3+ and Sb3+, the mixed trivalent cationic compounds with specific
ratios of In3* and Bi3* show white light emission with intensity nearly 150 times larger than
that of the parent compounds, and are characterised by excited state lifetimes nearing 1 ps.
Using single crystal X-ray diffraction, far-infrared absorption, steady-state and time-resolved
photoluminescence, bias-dependent photoluminescence, P-E loop traces and density-
functional theory calculations, we hence demonstrate the role of octahedral distortion in
enhancing white light emission and excited state lifetimes of halide double perovskites.
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ovskites, Cs,AgM31+X, (M3* = In, Bi, and Sb; X = halide ions)

semiconductors have emerged as a new class of compounds
with optoelectronic properties comparable to or better than that
of ABX; halide perovskite materials. Having the advantages of
superior material stability in the ambient environment, long carrier
lifetime, and free of toxic lead, double-perovskite materials have
shown promising applications in solar cells, X-ray detectors, pho-
todetectors, photocatalysis, and CO, reduction!~®. Among various
double-perovskite materials, special attention has been paid to
chloride-based compounds; Cs,AgBiCls (CABC), Cs,AgInClg
(CAIC), and Cs,AgSbCls (CASC) that are crystallizing in the cubic
structure. However, each of these materials has different optical
properties due to direct/indirect bandgap or parity allowed/for-
bidden transitions that make them distinguishable>!0-12, Trrespec-
tive of the nature of the bandgap, CABC and CAIC show low-
intensity photoluminescence spectra with broad emission under UV
irradiation, which is a unique and interesting property of these
semiconductor materials>!3.

In general, semiconductor materials having broad emission
spectra can be effectively used in white light-emitting diodes
though a broad emission is rarely observed from the single-source
material. This rare family includes some semiconducting quan-
tum dots, a few organic-inorganic 2D halide perovskite com-
pounds, and single molecular crystals!4-18. In CdSe quantum
dots!8, broadband emission originates from the surface defects.
While in 2D halide perovskites!?-21, the formation of the self-
trapped excitons (STE) is mainly responsible for producing
broadband emission due to the strong coupling of electrons or
holes with the phonons present in crystal lattices>2-2. Generally,
STE exists in materials showing soft lattice. Therefore, the pho-
togenerated charge carriers are easily self-trapped into localized
states created out of noticeable lattice distortion and thus results
in emission broadening and large Stokes shift. In 2D halide
perovskites, lattice distortion may occur in organic or inorganic
layers via the variation in the bond length or, angle and octahe-
dral compression that favors the formation of STE, affecting the
photoluminescence properties!’-2326, A 2D halide perovskite (N-
MEDA)PbBr, (N-MEDA: N!-methyl-ethane-1,2-diammonium),
shows the emission broadening with a large Stokes shift origi-
nating from the [PbX¢]4~ octahedra distortion?’. As STE might
be playing a major role in broadband emission with large Stokes
shift, it is desirable to engineer lattice distortion in materials
through chemical substitutions or by physical methods including
high pressure!3-28:29,

In the case of double-perovskite materials, it has been reported
that applied pressure on CABC distorts the octahedra, leading to
an increase in the photoluminescence peak broadening!3. The
pressure induces contraction in the [AgCls]>~ octahedra giving
rise to STE. Similarly, the substitution of Nat in CABC resulted
in the broadening of emission’. In pure CAIC, the broad emis-
sion was explained by the Jahn-Teller distortion that occurs in
[AgCls]°~ octahedral2. In alloying compounds, Cs,AgSb, _,Bi,Clg
nanocrystals, it has been claimed that luminescence spectra
intensity gradually increases with Bi3* 31, In Cs,AglIn,Bi,_,Clg
nanocrystals, the Bi substitution makes a transition in the bandgap
from direct to indirect. The broad emission spectra observed in
this compound are attributed to change over from parity-
forbidden to allowed optical transitions32-3%. The effect of crys-
tal structure distortion on the observed changes in photo-
luminescence is not explored in detail. There are several literature
reports with octahedral distortion in their structures, but no clear
correlation between the structural distortion and optical/optoe-
lectronic properties is established. In this combined experimental
and first-principle study, we systematically induced the distortion
in MX¢ octahedra in halide double perovskites and analysed the

I n recent times, the family of lead-free halide double per-

electronic structure to develop a correlation between the distortion
and optical transitions.

Distortion can be induced in a double-perovskite material by
creating inter-octahedral and/or intra-octahedral asymmetry. The
former may possess a symmetric octahedron, but the angle
between two octahedra deviates from 180°. This distortion is
induced by a larger A-site cation and is predominantly observed
in two-dimensional halide perovskites!®. The intra-octahedral
distortion, on the other hand, is the asymmetry created within the
octahedra. In the double perovskites, Cs,MAMBCI,, the octahedra
formed by MAClg and MBClg are symmetric, and also, the angle
between these two octahedra is 180°, where MA is a 1+ cation
and MB is a 3+ cation. The chains connecting the metal centers
are arranged in the following fashion: -Cl-MA-Cl-MB-CI-MA-Cl-.
However, if a homogeneous mixture of MB, say MBl and MB2 is
used, due to differences in the MB1-Cl and MB2-Cl bond lengths
the MACI octahedra will be distorted and it is the strategy uti-
lized in this work to create white light emission. The Cs,AgMBCl
with MB=Bi3F, In3t and Sb3* is selected. The strength and
nature of distortion in [AgCls]>~ octahedron due to the mixture
of Bi3*/In3*, Bi3/Sb3+> and In3*/Sb3*, and subsequently its
effect on the optical properties is investigated33-3>,

Here, we carefully carried out various optical and polarization
measurements to clearly correlate the effect of octahedral dis-
tortion on the (i) electronic transitions-direct/indirect and
allowed/forbidden transitions and (ii) induced local polarization
that affects the charge separation. To unambiguously prove the
effect of distortion, we artificially created a distortion in sym-
metric structures by applying an electric field and investigated
their optical properties. Upon the application of the electric
field, the emission properties vary significantly; however, on
removing the voltage bias, the material tends to revert back to its
initial properties. To date, to the best of the authors’ knowledge,
this is the first paper on halide perovskites that reports the effect
of electric bias on emission properties.

Results and discussion

Structural properties of halide double perovskites. There are at
least 20 different compounds synthesized for this study, so to
avoid confusion, we follow the following naming convention in
the manuscript text. The end members Cs,AgBiClg, Cs,AgInCls,
and Cs,AgSbCls are denoted as CABC, CAIC, and CASC,
respectively. The material with mixed 3+ sites, Cs,AgM.N,Cls,
will be denoted as M,N,, for example, Cs,AgBij sIng sCls will be
denoted as BipsIngs. However, in some places, the complete
compound name may be used.

Single crystals of the Cs,AgMCls (M = In3*,Bi*t, and Sb3*)
parent compounds and 3+ mixed cationic perovskites Cs,A-
gIno_SBio_sclé, CSzAgIn0‘58b0.5C16, and CSzAgBi0‘58b0‘5C16 were
grown by hydrothermal method and their structures were
investigated using single-crystal X-ray diffraction. The parent
compounds crystallized in Fm3m, as reported previously!2-36:37,
where the structures consist of a series of octahedra formed by
alternating [AgClg]®>" and [M3+Clg]3~. The Cst ions occupy the
void formed between octahedra. While the octahedra have perfect
Oy, symmetry, because of the difference in the Ag-Cl and M-Cl
bond lengths, the sizes of their respective octahedra differ. In the
case of CAIC, the bond distance between Ag and Cl is 2.727(3) A,
whereas for In-Cl it is 2.514(3) A. Hence, the octahedron formed
by [InClg]3~ is smaller than the [AgCl]°~. The bond distances of
Ag—Cl and Bi-Cl in CABC are nearly the same, 2.6962(9) A and
2.6813(9) A, respectively. For CASC, the Ag-Cl and Sb-Cl bond
lengths are 2.7111(17) A and 2.6290(17) A, respectively. So the
difference in the sizes of octahedra formed by [AgCls]>~ and
[M3+Clg]3—, is higher in CAIC followed by CASC and CABC
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Fig. 1 Structural characterization of halide double perovskite compounds. Single crystal X-ray structures: octahedral arrangements in (a)
CsyAgIng sBig sClg, (b) CsyAgingsSbgsCle, and(e) Cs,AgSbg sBigsClg halide double perovskites compounds. (d) Calculated lattice parameters for
Cs,AglIn,Bi;_,Clg, Cs>AgIn,Sb;_,Cle, and Cs,AgSb,Bi;_,Clg for various x values. (e) Raman spectra of Cs,Agln,Bi;_,Clg powders for selected x values (O,

0.6, 0.8, and 1).

(Supplementary Fig. 1). Our DFT-optimized structure yields similar
qualitative variations in the bond lengths, as can be observed from
Supplementary Table 1. Therefore, if we make compounds with a
mix of Bi** and Int, to form Cs,AgBiIn,_,Cls, then the
distortion is expected to be higher since we are mixing octahedra of
different sizes at the M site.

Like the parent compounds, the mixed 3+ cationic compound
BigsIng s, also crystallizes in the Fm3m-space group. However, a
key difference lies in the symmetry of the [AgCls]>~ octahedron
that is formed between [BiClg]?~ and [InClg]?~ octahedra. The
bond distance between In and Cl is 2.496(7) A, whereas that of Bi
and Cl is larger, 2.705(8) A, and these bond distances reflect their
corresponding lengths in their parent compounds. The [AgCle]>~
octahedra are alternated between [BiCls]>~ and [InClg]3~, among
these, three of the chloride ions in [AgCls]°>~ octahedron are
shared with [BiClg]>~ and the rest three with [InClg]3—. The Cl—
shared with Bi** encounters a compression, whereas the ones
shared with In3* encounter an expansion due to the bigger and
smaller bond lengths of Bi-Cl and In-Cl, respectively. This led to
two distinct Ag-Cl bonds with bond distances of 2.825(7) A and
2.616(8) A, for the Cl~ shared with In3+ and Bi?*, respectively
(Fig. 1a). In the case of IngsSby s (Fig. 1b), which also crystallized
in Fm3m, the In-Cl bond expanded and Sb-Cl contracted from
their parent counterparts and in this mixed trivalent compound,
the bond distance remained the same (2.5807(18) A). The
[AgCls]>~ octahedra remained symmetric with Ag-Cl bond
distance of 2.7122(18) A. The compound formed by the mixture
of Bi** and Sb3*, Bi;sSbgs underwent significant distortion
leading to a lowering in the symmetry to Fm3. Three distinct
chloride ions were found, with 4Cl~ in-plane (represented as
light-green spheres in Fig. 1c) with Bi3*, Ag*, or Sb3* resembling
a square planar architecture. However, the chloride ions shared

between Bi*t and Ag™ and between Ag' and Sb3* are unique in
one of the directions (represented in dark green and sky blue in
Fig. 1c) with a twist angle of 165.8° between [BiCls]3~/[SbClg]3~
and [AgCls]°~ octahedra. The four Cl~ in-plane with the central
metal ion (Ag/Sb/Bi) have the same bond distances, whereas the
other two Cl" have two different bond distances. Overall, the
compound Ing 5Sby 5 is heavily distorted, both within and between
the octahedra formed by [AgCls]°~, [BiClg]3~, and [SbCl¢]3—.
The CIF files of parent compounds and 3+ mixed cationic
compounds are given in Supplementary Data 1 to Supplementary
Data 6. The distortion in an octahedron can be quantified using
the following formula:

Ad = (1/6)X](d, — <d>)/<d>]* 1)

where <d> and d, are the average and individual bond lengths,
respectively?438. For a symmetric octahedron, the value of Ad is
equal to zero representing no distortion. In the sample with the
mix of In3* and Bi3T cations, the [AgClg]>~ octahedra are
asymmetric due to two distinct bond distances and the value of Ad
for this octahedron is found to be 14.75 x 104, Similarly, another
asymmetric octahedron is found for the Bi/Sb mixed compound,
where the value of distortion is found to be 0.63 x 10~ It has to be
noted that in the latter sample, the bond angles deviate from 90° or
180° but the formula used to calculate the distortion does not
take into account this difference in the angles between atoms. So
the actual distortion calculated for BiysSby s sample is expected to
be different. Although we expected that the alloy of Bi3* or Sb3+
with In3t is expected to distort more, due to shorter In-Cl bond
length compared with Bi-Cl, Sb-Cl, or Ag-Cl, where their
corresponding bond lengths remain fairly close to each other,
experimentally, we find BiysSby 5 also distorted even lowering the
symmetry from Fm3m to Fm3. The origin of this distortion is not
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clear. The distortion factor for [AgCl]>~ in IngsBigs is at least 23
times higher than BigsSbys. The Ings5Sbys sample on the other
hand remains perfectly symmetric.

Following the analysis of single crystals, we synthesized powders
using similar hydrothermal synthesis for all the optical and
polarization studies. Supplementary Figure 2 to Supplementary
Figure 4 show the powder XRD patterns of the Cs,AgIn,Bi; ,Clg,
Cs,AgIn,Sb;_,Clg, and Cs,AgBi,Sb;_,Cls and powder com-
pounds, with x ranging from 0 to 1. The diffraction patterns
generated from the single-crystal structures match the experi-
mental PXRD patterns of all the samples (Supplementary Fig. 5).
However, it has to be noted that for the Bi,Sb,_,, the value of x at
which the transition from Fm3m to Fm3 space group is not clear.
So the simulated XRD patterns of the parent compounds with
Fm3m are compared with the mixed trivalent cationic compounds.
A systematic shift in the peak positions for various mixed 3+
cation ratios is observed!®. The lattice parameters obtained by
refining the XRD plots are given in Fig. 1d and the fit data are
provided in Supplementary Fig. 6 to Supplementary Fig. 8
and Supplementary Table 2 to Supplementary Table 4. For
Cs,AgIn,Bi; ,Clg, there is a notable shift in diffraction peaks to
higher angles as the x is varied from 0 to 1, where the lattice
parameter decreased from 10.772 A to 10.479 A. This shall be
attributed to the lower ionic radius of In3* (r, = 0.8 A) compared
with Bi>+(rg; = 1.03 A)3°. A similar linear increase in the lattice
parameters is observed for In,Sb,_, and Bi,Sb,_, perovskites3>40,
For Bi,Sb; ,, the expansion of lattice with the increase in the
bismuth concentration is reminiscent of the higher ionic radius
of Bi**, similar to the case of BiIn;_,. However, in the case of
In,Sb,_, series, although Sb**(rs, =0.76 A) has a lower ionic
radius, the increase in the concentration of Sb expands the lattice
cell. Unlike In,Bi,_, and Bi,Sb;_,, the linear increase in the lattice
parameter cannot be attributed to the ionic radii alone. It may also
arise from the difference in the polarizability between the two ions.
In all three cases, the linear variation suggests that the uniform
distribution of mixed 3+ cations satisfies Vegard’s law*1:42,

Although PXRD provides information about the variation in
the lattice parameters in powder samples, to confirm the variation
in bond lengths that appeared in [AgCls]°~ octahedra, like in the
single crystals, we performed the Raman and FTIR (the results
showed latter in the manuscript) measurements. Figure le shows
the Raman spectra of selected Cs,AgIn,Bi;_,Cls powders. The
Raman peaks at 217.5 and 283 cm~! for CABC can be assigned to
Eg, and A;;, Raman vibrational modes. Recent studies of
Cs,AgIn,Bi; ,Cls nanocrystals also confirm that higher strain
should always be produced on Ag-Cl bonds compared with the
trivalent ion bonded to chloride ions. Our observations of Raman
peak intensities as well as their peak positions are in good
agreement with reported literature??. During In3+ ion substitu-
tion, A;, symmetric vibration modes of the Ag-Cl bonds in the
[AgClG]g_ octahedral peaks located at 283 cm~! are shifted to a
higher wavenumber (300 cm~!) and also weakening the peak
intensity of E, symmetric peaks. This observation indicates that
the [AgCly]°~ octahedron is modified due to the presence of two
different trivalent ion substitutions in its neighboring octahedra.
Similar differences in the Raman peak positions are observed for
In,Sb; _, and Bi,Sb;_, mixed double perovskites and the plots are
provided in Supplementary Fig. 9 and Supplementary Fig. 10.
Similar to the single-crystal studies, the difference in the Raman
peaks confirms the variation in the Ag-Cl bond lengths in the
powder samples?3.

Optical absorption properties. The mixed trivalent cations
influence the absorption spectra of the compounds. For Cs,A-
gIn,Bi; ,Clg, the compound with x=1 shows the onset of the

absorption at 370 nm with a bandgap of 3.36 eV (Supplementary
Fig. 11), and the compound with x=0 shows a red-shifted
absorption onset at around 515 nm. All the intermediate com-
positions with a mixture of Bi>* and In3", have their absorption
onsets between these two end members. However, it has to be
noted that even with 20% substitution of In3* by Bi3™, the onset
redshifts to ~445 nm, which is nearly 75 nm red-shifted compared
with its pure In3* parent compound. An increase in the x value
beyond 0.2 moderately redshifts the onset by another 70 nm. The
In/Sb mixture shows a similar trend in the bandgap variation as
in the case of In/Bi mixture. We observe that 20% substitution of
Sb3+ in CAIC, that is Cs,AglnggSby,Clg, reduces the bandgap
drastically from 3.36 to 2.63 eV and further increases in the Sb3+,
shows a small decrease in the bandgap reaching the end value of
2.28 eV (Supplementary Fig. 12)3340. In both, the prior cases, the
bandgap for the intermediate compositions lies between the end
members. However, for Cs,AgBi,Sb; _,Clg, where the bandgaps of
the end members are 2.4 and 2.28 eV, for x =1 and 0, respectively
(Supplementary Fig. 13), the samples with intermediate values of
x show a bandgap lower than 2.28 eV with the lowest being 1.91

eV for x =0.2. The bandgap values are shown in Supplementary
Table 5 to Supplementary Table 7.

To understand the optical properties of these double
perovskites, density-functional theory calculation was carried
out. The band structure of the pure compounds CAIC, CABC,
and CASC, calculated using the experimental crystal structures,
are shown in Fig. 2. DFT calculations are carried out with PBE-
GGA exchange-correlation functional and mBJ] potential as
implemented in WIEN2k*4. The detailed computational methods
are presented in the Methods section. Agreeing with the
experimental observations, these compounds stabilize in the
insulating phase. The calculated bandgap values are 3.3, 2.57, and
2.4 eV for CAIC, CABC, and CASC, respectively, which are very
close to the respective experimental values of 3.3, 2.4, and 2.28 eV.
While for CAIC, the bandgap is direct, the other two are indirect
in nature.

The nature of chemical (covalent) bonding in this family of
compounds is examined in detail and summarized through a
schematic illustration of a molecular orbital picture (MOP)
(Fig. 2b) to gain insight into the valence and conduction band
spectrum. The deterministic covalent hybridizations are Ag-{s,
eg}-Cl-p and M-{s, p}-Cl-p (M: Bi, In, or Sb). The Cl-p-
dominated bonding states are occupied. Therefore, the composi-
tion of the VBM and CBM depends on the filling of the
antibonding states. Any change in it affects the parity and hence
the optical transition in the system.

In the case of CAIC, dominantly, the Ag-e, states form the
valence band maximum (VBM) along the path I'-X and the In-s
state forms the conduction band minimum (CBM). In the case of
CABC and CASC, the VBM is contributed both by Ag-e; and Bi
(Sb)-s orbitals. The change in the VBM composition in the latter
two compounds with respect to the former is due to the fact that
the free atomic energy level of In-s is approximately 5 eV higher
compared with Bi (Sb)-s states. The 3+ charge state for these
elements implies that In-s states are unoccupied and forming the
CBM, while Bi (Sb)-s states are occupied to form the VBM and
unoccupied Bi (Sb)-p states form the CBM in the respective
compounds. The disparity in the dispersion between CAIC and
CAB(S)C compounds comes from variation in the hybridization
between Ag-e, and In/Bi/Sb-s states as schematically illustrated in
the inset Fig. 2b. In the case of CAB(S)C, the hybridized Ag-e,
(denoted as ez), lying higher in energy, and Bi (Sb)-s states, lying
lower in energy, rehybridize to create an e;-dominated
antibonding bands (forming the valence band edge) and
s-dominated bonding bands. In the case of CAIC, the e, and
In-s reverse their positions to create s dominated antibonding
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Fig. 2 Band structure of halide double perovskites. a Band structure of CAIC, CABC, and CASC with a display of dominant orbital characters. The parity of
the valence and conduction band edges is shown in Koster notations. b The corresponding molecular orbital pictures as obtained by analyzing the orbital-
resolved band structure and density of states (not shown here). In the inset, the nature of the hybridization among the hybridized Ag-e, and In/Bi/Sb-s
orbitals is schematically shown to distinguish the shape of the dispersion in valence and conduction band edges in these compounds.

bands and e;-dominated bonding bands. As a consequence,
unlike the case of CASC and CABC, the valence band edge is
nearly dispersionless in CAIC along k-path I to X direction. This
reduces the dimensionality of the hole to make it heavy. The
heavy hole is self-trapped to attract the electrons in the
neighborhood and forms the self-trapped excitons (STE)*>.

The parity analysis of the eigenfunctions constituting the
valence and conduction band edges, indicated through Koster
notations in Fig. 2a, reveals that for direct bandgap compound,
CAIC, the VBM, and CBM (at I) are of even parity. This is due to
the fact that, as discussed previously, the VBM is formed by the d
orbitals and CBM is formed by the s orbitals. Following Laporte’s
rule, the transition is allowed only between even—odd parity states
and is in agreement with the previous reports?. In the case of
CABC though VBM and CBM have even-odd parities, the optical
transition probability remains small due to the indirect bandgap
nature. Whereas in the case of CASC the VBM and CBM are of
even parity and the transitions are forbidden®’.

Steady-state photoluminescence properties. Following the
investigation on absorption properties, the photoluminescence
studies were carried out by exciting the materials with the photons
in their respective absorption regime. The CASC, since it is an
indirect bandgap semiconductor, did not show any emission. All
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the mixed trivalent compounds with Sb3*, that is In,Sb,_, or
Bi,Sb;_,, quenched the emission drastically even in the presence of
20% of Sb*t, although a very weak emission is observed for
InggSbg, (Supplementary Fig. 14). The band structure analysis
presented later in the discussion suggests that there is a parity
forbidden transition in these compositions. The presence of Sb3* is
detrimental to photoluminescence. The CABC is an indirect
bandgap material like CASC, but it shows reasonable emission. We
carried out the photoluminescence studies for Cs,AgIn,Bi; ,Clg
systematically under the given excitation conditions and compared
the emission quantitatively in Fig. 3a. The end member CABC has
displayed a peak centered at 575 nm with a weak but broad emis-
sion. The other end member with pure In3*, also shows a broad
emission with a peak centered around 600 nm.

The integrated intensity (Fig. 3b) shows that there is a one-
order-of-magnitude higher emission with CAIC compared with
the CABC. This is expected to arise due to the nature of the
bandgap where the former is a direct and the latter is an indirect
bandgap material. As the value of the x increases, that is when the
In3* substitution is increased in CABC; peak intensity and
broadening are gradually increased up to x = 0.7, but at x = 0.8,
there is a sudden jump in the emission that is more than two
orders (144 times) of magnitude higher than CABC and one
order (16 times) of magnitude higher than CAIC. The emission
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wavelength. The crystals are nearly 2 mm in size.

further increases as the x value increases up to 0.9 and drops back.
Figure 3c shows the powders under room light and UV
illumination, where it is seen very clearly that the samples with
x=0.8 and 0.9 show intense white light emission. To make a
comparison with the standard white light-emitting materials, we
synthesized Ce-doped YAG and compared its photoluminescence
with In,Bi;_, (x=0.8, 0.85, and 0.9) under given illumination
and measurement conditions'?. Figure 3d shows the emission
spectra of all these four samples and it can be seen that the mixed
trivalent compounds with In3* and Bi** show much higher
emission than the well-known Ce:YAG emitter, with significantly
enhanced emission in the red region. The integrated intensity
shows that at x = 0.85, the light emission of perovskite is 10 times
higher than the Ce:YAG. Since the standard material has weak
emission in the red region, we also compared the intensity

between 500 and 600 nm, where the perovskite emission is 8.3
times higher than the Ce:YAG (Fig. 3e).

In order to confirm our concept that photoemission does not
arise out of defects, we have synthesized a millimeter-sized single-
crystal (x = 0.9) and carried out emission studies and compared it
with the powder sample. The single-crystal also shows broad and
intense white light emission (Fig. 3f), like the powders without
much shift in peak position2. Figure 3f inset shows white light
emission by both powders and single crystals.

Power-dependent photoluminescence. To further confirm that
the broad emission in the powders does not arise from the surface
defects, apart from the photoluminescence on single crystals,
power-dependent photoluminescence measurements on powders
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were carried out. The material is excited with 380 nm photons
with intensity ranging from 02lux to 570lux. The photo-
luminescence plot is shown in Fig. 4a. The integrated intensity
under each of the photoluminescence curves is plotted as a
function of light flux and the plot is given in Fig. 4b. The inte-
grated intensity varies linearly as the function of incident power.
The defect-related emission is expected to give a nonlinear
response!2. This result shows that emission does not arise from
the defects but possibly due to the band-to-band recombination
via self-trapped excitons. The magic composition with x=
0.8-0.9 where the emission shall arise due to the possibility of the
(i) transition from indirect-to-direct bandgap as the x value
increases, and/or (ii) change of parity to allow transitions between
the valence and conduction band>!2. It is essential to relate these
two parameters to the distortion in the structure that can be used
as a design principle for future material development.

Investigation on the nature of bandgap. To identify the tran-
sition of Cs,AgIn,Bi;_,Cls from the direct to the indirect band-
gap, we have experimentally studied the excitation spectra at a
given photoluminescence emission wavelength. For a direct
bandgap semiconductor at any given emission wavelength, the
excitation spectra should ideally overlap with the absorption
spectrum of the material. For the indirect bandgap semi-
conductor, no emission can happen from CBM to VBM, as these
two are positioned at different symmetry points. But emission can
happen at the symmetry point of VBM from the high-energy
conduction band positions as shown in Fig. 5a. Essentially, if the
onset of the excitation spectrum is the same as the absorption
spectrum, it can be assigned as a direct bandgap material, where if
its onset wavelength is lower than the absorption onset, it is an
indirect bandgap semiconductor. Figure 5b shows the normalized
absorption and excitation spectra of samples with various x
values. It can be noticed that for CABC, the onset of excitation
spectra is at a lower wavelength relative to its absorption onset
and it confirms the indirect bandgap nature. But for x=1
(CAIC), the onset of the excitation and absorption is nearly the
same and it is a direct bandgap material. When the x is increased
from 0 to 1, the difference in the onset decreases and at 0.6, it
merges, indicating the transition of the material from indirect to
direct bandgap around this x value.

Excited-state photoluminescence properties. The excited-state
photoluminescence lifetime was also significantly affected by the

introduction of mixed trivalent systems in the double perovskites.
The end member with x = 0, that is CABC, upon excitation using
402 nm pulse laser diode (emission monitored at 500 nm), the
time taken for 50 % of the excited electrons in the conduction
band to decay back to its ground state is nearly 117 ps (Fig. 5c¢).
As the x value increases to 0.6, the lifetime increases further to
over 300 ps (Supplementary Fig. 17). But suddenly at x=10.8,
more than 3 orders of magnitude increase in the lifetime with
nearly 771 ns. An increase in the x value to 0.9, enhanced the
lifetime to nearly a ps and at x=0.95, the lifetime suddenly
dropped to 390 ns, with the other end member CAIC at x=1
giving the lifetime of few hundreds of ps. Similar to the photo-
luminescence emission intensity, at x between 0.8 and 0.9, the
lifetime suddenly increased by three orders of magnitude, nearing
1 us half-life decay (Supplementary Table 8). The emission decay
of a single-crystal of Cs,AgIn,Bi; ,Cls with x=0.9 also has
shown 713 ns, which indicates that the high lifetime is not due to
traps or defects, rather due to the intrinsic crystal structure of the
material (Fig. 5d). Like the emission decay at 500 nm, the pho-
toluminescence emission monitored at 600 nm wavelength also
showed a similar trend of a higher lifetime at x = 0.8-0.9 (Sup-
plementary Fig. 18), indicating that the variation in the lifetime is
not wavelength-dependent. The direct bandgap of the material at
these magic x values or the parity-allowed transitions, which will
be discussed through the band structure analysis that happened
due to the Bi3* substitution in In3*, does not explain the increase
in the lifetime. The distortion induced in the structure might have
created a local polarization that enhances the charge separation
efficiency (discussed in the later section)*8->1,

Electronic band structure of mixed trivalent perovskites. In the
family of halide perovskites, as already been discussed, parity of
valence and conduction band edges and the possibility of for-
mation of STE are deterministic for broadband emission.
Therefore, here we shall emphasize how parity and STE evolve
with mixed 3+ cations. In Fig. 6, we have plotted the band
structure of mixed 3+ cationic members Big,5Ing s, Sbg25Ing s,
and Sby,sBig75. The calculated lattice parameters and the bond
lengths are given in Supplementary Table 9. In the case of
BigsIng 75, the valence band edge is formed by Ag-e, orbital
character, while the flat conduction band edge is formed by Bi-p
orbital character, leading to an even- and odd-parity combina-
tion. We may recall that similar was the case for the pristine
CABC. However, CABC exhibits the indirect bandgap. In the case
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Fig. 5 Excitation and time-resolved photoluminescence properties of halide double perovskites. a Schematic representation of direct and indirect
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of pristine CAIC, which exhibits a direct bandgap, the conduction
band edge is formed by In-s, making it even-even parity. Fur-
thermore, the pristine CAIC shows a flat valence band along the
path I'-X, which is also inherited by the mixed 3+ cationic sys-
tem. Collectively the mixed cationic compound has both
even-odd combinations to facilitate optical transition and pos-
sibility of formation of STE to create broadband emission?8. Our
experimental studies show that white light emission occurs when
In is present in the range of 0.7 to 0.9, which is in agreement with
this theoretical inference. We have shown the x=0.5 (Supple-
mentary Fig. 19) band structure, which shows a dispersive band
feature as well as indirect bandgap nature.

Like the case of Bij,sIng;s, the compound Sbg,sIngys also
exhibits the direct bandgap of 2.7 eV. However, in this case, the
conduction band edge is a combination of Sb-p and In-s orbitals.
The CBM occurs at T’ and eigenfunction here is of even parity
(Fig. 6) as In-s orbital character populates over Sb-p, and VBM is
a linear combination of Ag-e, inherited from pristine compounds
and the valence band edge is predominantly made of Sb-s
character throughout the Brillouin zone. Thus, the transitions, in
this case, are forbidden due to even-even parity. This agrees well
with the experimental studies where only a weak emission is
observed (Supplementary Fig. 14). This disparity comes due to a
change in the CBM position. We observed that the CBM position

is highly sensitive to the M (M’)-X bond length. A change in M
(M’)-X bond length shifts the CBM to X, where the conduction
band edge parity is odd to allow the transitions. In the case of
Sbo.»sBig7s, though VBM and CBM have opposite parity,
however, the bands retain their dispersive and indirect bandgap
nature, similar to their pristine form and due to high electronic
dimensionality, the broadband emission is not favored.

Electric-bias-dependent photoluminescence properties. In some
of the recent reports, the effect of pressure on the structure and
subsequently the photoluminescence was reported2282952, The
distorted crystal structure influenced both the intensity and the
spectral range of emission. Here in this paper, we reported the
chemical distortion of the crystal by introducing a mixed trivalent
state in the M site, which distorts the [AgCly]°- octahedra, sub-
sequently leading to the change in the optical properties. To prove
that distortion in the material is playing a role in the emission
properties, we intentionally created the distortion by applying
external electric bias in the symmetric CAIC and CABC struc-
tures and also made similar studies in already-distorted
CSzAgIno_gBi0_1C1653.

Thin pellets of these materials were held between fluorine-doped
tin oxide-conducting glasses and a sequence of potentials are applied:
100 V for 5 min, 200 V for 5 min, and 300 V for 5, 10, 60, and 90 min,
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orbital resolved bands and density of states.

and photoluminescence measurements are taken after every step in
the sequence. Similarly, after turning off the external bias, at least four
photoluminescence measurements were taken over a period of 80 min
(Fig. 7). Upon the application of the electric bias, the emission is
constantly increased for CABC, and upon turning the bias off, the
emission tends to decrease back again. For CABC, the emission
intensity after the complete bias sequence is 1.25 times higher than
the material before bias. The CAIC, that is at x = 1, upon bias, shows
two different phenomena: one, the emission spectra shifted to red,
and initially, the emission intensity decreased drastically, followed by
a rise. At the application of 100V, a nearly 35% decrease in the
intensity is observed, followed by a rise, during the other sequence of
voltages. Upon turning off the voltage bias, the emission decayed back
to the value at 100 V. It has to be noticed that emission is increased
nearly 25% for the case of CABC upon the application of electric bias,
whereas no net emission change is observed at the end of the bias
sequence, in CAIC. For a sample with x = 0.9, to a greater surprise,
the emission remained perfectly constant over the entire sequence of
voltage bias. This indicates that a material that is already distorted

chemically cannot be distorted further, whereas the end members that
are perfectly symmetric, upon the application of the bias, a probable
distortion happened, which leads to a change in the photolumines-
cence emission?4, The integrated area during/after bias normalized to
photoluminescence before applying the bias is shown in Fig. 8 and
Supplementary Fig. 20.

The application of bias did not degrade the structure, as evident
from the PXRD pattern shown in Supplementary Fig. 21 and
Supplementary Fig. 22. The patterns remain the same with no
formation of new peaks; however, a shift in the peak position to
higher angles is observed for CAIC upon applied bias, indicating the
possible contraction between planes. The lattice parameter of the
CAIC pellet decreased from 10.472 A to 10.468 A. Unlike the CAIC
case, the PXRD taken before and after the bias for x = 0.9, did not
show any change in the peak positions. Since the latter material is
chemically distorted, no further distortion seems possible with the
application of electric bias. From these bias-dependent studies, it is
very clear that distortion is playing a significant role in the emission
properties of the materials.
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Fig. 7 Electric-bias-dependent photoluminescence properties. Photoluminescence spectra of (a, b) Cs,AgInClg, (¢, d) Cs,AgBiClg, and (ef)

Cs,Aglng oBig1Cle. The inset shows the integrated intensity of photoluminescence curves at various measurement conditions. Plots (a, ¢, and e) show the
spectra of compounds under various applied voltages at different times. The inset shows the integrated intensity of photoluminescence curves at various
measurement conditions. Plots (b, d, and f) show the spectra at different intervals after switching off the voltage bias.

Structural distortion analysis using far-IR absorption.
Although CAIC shows a decrease in the lattice parameter, it does
not provide information on the structural changes. So, to further
understand the structural distortion induced in the material due to
mixed trivalent substitution or the application of the electric bias,

FTIR measurements were carried out. Any symmetric octahedra
system possesses six different vibration modes and two (T,
stretching (s) and T, bending (b)) of them are IR active>*. In the
double perovskites under study, there are two different octahedra
[AgClg]°~ and [M3+Clg]3~. So in the FTIR spectra, it is expected
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to have four absorption peaks. Figure 9 shows the FTIR spectra of
Cs,AgInClg, Cs;AgBiClg and the mixed trivalent compound. The
indium containing sample has four distinct peaks: 249 cm~1 (s),
134cm™! (b), 73cm~1 (s), and 60 cm—1(b). The former two
correspond to the vibrational modes of [InClg]3~ and the latter
two correspond to [AgClg]°~. The bismuth-containing sample
also has four peaks 158 cm™!(s), 103 cm~1(b), 70 cm—1(s), and 56
cm~1(b). Similar to Cs,AgInClg, the two peaks at higher wave-
numbers correspond to [BiClg]>~ and the latter two belong to
[AgCls]>~. The zoomed-in version of [AgClg]>~ is given in
Fig. 9b. Apart from the peak positions, one of the key observations
is that the stretching vibrational modes of the [BiClg]3~ octahedra
are very broad. The broad peak is expected to arise due to the
presence of an inert electron pair in the valence 6s orbitals in Bi3+.
Although chemically only six coordinations exist, the lone pair
orbitals act as a seventh coordination site and induce distortion.
This distortion led to the observation of wide absorption peaks for
[BiCly]3~. Similarly, an inert electron pair also exists for Sb3+ and
a broad stretching peak is observed in Cs,AgSbCls (Supplemen-
tary Fig, 23)°°7,

The presence of mixed trivalent cations (Bi3*+ and In3*) shows
distortion in the [AgClg]°~ octahedra, which is confirmed by
single-crystal XRD. If an asymmetry is introduced in a compound
reducing the point group symmetry from Oy, to Cs, or lower, the
stretching and bending peaks are expected to split. In the presence
of mixed Bi3* and In3*, we have observed the split in the
stretching modes (denoted by dotted arrows at 72 and 64 cm~! in
Fig. 9b). The bending-mode onset appears at lower frequencies
comparfd with the end members and the peak is expected below
50cm™".

Similarly, to confirm the distortion due to the applied electric
field, FTIR measurements were carried out on pellets: (i) pressed
from the respective double-perovskite powders under mild
applied pressure, (ii) immediately after the application of electric
bias (90 min, 150 V), and (iii) after 90 min bias followed by 90
min of rest (Fig. 9c-f). The application of pressure to make the
pellet in Cs,AgBiClg, narrowed the stretching vibrational peak of
[BiClg]>*~ and introduced a split of 5cm™! in [AgCl]>~
stretching mode. The bending-mode onset is shifted to lower
wavenumbers, similar to the observations in Fig. 9b. The
application of pressure in Cs,AgInCls broadened both the
bending and stretching modes of [InClg]>~ and also shifted the

peaks to lower wavenumbers. The [AgCls]>~ peaks in the latter
compound become narrow, unlike Cs,AgBiClg, and shifted to
lower wavenumbers. The onset of the bending mode is observed
near 60 cm~! and its peak is expected below 50 cm~1.

The application of the electric field to Cs,AgBiCls pellet further
narrowed the stretching peaks of [BiClg]3—, and also introduced a
significant split in the stretching peaks of [AgClg]*~.The difference
between the bending peaks increased from 5cm™! to 10cm™!
upon the application of bias (Fig. 9d). However, after 90 min of rest,
the difference reduced back to approximately 5cm™~!. So, the split
in peaks shall be attributed to the decrease in the symmetry of
[AgCls]°>~ octahedra and it is similar to the observations in
CsAgIn,Bi; ,Clg (Fig. 9b). This result indicates that both by the
mixed trivalent substitution and by the application of the electric
field, the asymmetry shall be introduced in the double perovskite. It
has to be noted that application of the electric field modified the
symmetry of both the [BiCls]3~ and [AgCls]>~ octahedra; however,
the mixed trivalent substitution selectively introduced distortion in
[AgCleJ5~.

The application of the electric field in Cs,AgInCl introduced a
lot of small vibrations peaks between 300 and 70 cm~! and it
might be due to the introduction of significant asymmetry in the
octahedron formed by [InClg]*~. Some of the new peaks
introduced are highlighted in Fig. 9f. [AgCl¢]°~ peak showed only
a little change upon the application of electric bias. The IR spectra
taken after 90 min of rest tend to reduce the intensity of the new
peaks introduced by bias. Like Cs,AgBiCls, the latter material also
tends to go back to equilibrium after removing the electric field.
From the variation in the FTIR signatures of [AgCls]>~ and [M3
FClg]3~, it can be suggested that the application of electric bias
distorted both the trivalent and monovalent metal-containing
octahedra in Cs,AgBiCls, whereas only the trivalent metal-
containing octahedra are distorted in Cs,AgInCls. The mixed
trivalent chemical substitution introduced asymmetry only in the
[AgCl]°>~ octahedra, whereas the application of the electric field
can introduce distortion in either the [M+3Clg]3~ or [AgCls]°~ or
both the octahedra.

Electric-bias-dependent excitation spectra. The chemically
induced distortion influenced the emission by changing the parity
in the electron transitions from the valence band to the conduction
band. In typical absorption spectra, change of parity is expected to
increase the extinction coefficient, as dictated by Beer-Lambert’s
law®. This should also be reflected in the excitation spectra since
the latter monitors the wavelength of absorbed photons that is
responsible for the emission. To confirm this phenomenon, we
carried out electric-bias-dependent excitation spectra, where three
measurements were made, one before electric bias, the second and
last one after the application of 300V for 5min and 90 min,
respectively. For CABC (Fig. 10a), the intensity of excitation
spectra increased over the application of 300 V bias for 5 min and
90 min. Whereas, for CAIC (Fig. 10b), initially the excitation
intensity decreases, followed by an increase. In the case of the
sample with x = 0.9 (Fig. 10c), literally no change in the intensity is
observed. These results are in line with the bias-dependent emis-
sion measurements. As the thickness of the sample, illumination
area, and all the other measurement parameters are kept constant,
the change in the excitation spectra intensity shall be attributed
only to the change in the extinction coefficient, which is in line
with the distortion-induced emission data shown in Fig. 3a. Che-
mically induced distortion, due to the mixed trivalent cation,
introduced a change in the parity from forbidden to allowed
transition leading to an increase in the emission. Similarly, from
the excitation results, it can be suggested that a change in the parity
might be responsible for the increase in the excitation intensity
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Fig. 9 FTIR spectra of halide double perovskites. a, b Cs,AgBiClg, Cs,AgInClg, and Cs>Agln,Bi;_,Clg powders. ¢, d The spectra of CABC powders and
pellet before and after the application of electric bias. e, f The spectra of CAIC powders and pellet before and after the application of electric bias.
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upon the application of the electric field for CAIC and CABC. No
bias-dependent changes for a sample with x = 0.9, indicate that the
distortion in the [AgClg]°~ octahedra introduced by mixed triva-
lent cations is probably far higher than the application of electric
bias. The In,Bi;_, with x between 0.8 and 0.9 shows very high
emission intensity and from the DFT, bias-dependent emission
and excitation studies, it is clear that the change in the parity for
allowed optical transition introduced by the [AgCls]>~ octahedral
distortion is responsible for intense white light emission. However,
the increase in the excited-state lifetime by more than two orders
of magnitude shall not be explained by the change in the parity,
but the role of polarization due to the crystal structure shall be
responsible.

Polarization in halide double perovskites. All the material
synthesized with varying x values crystallized in the centrosym-
metric space group, so this rules out the concept of ferroelectric
polarization. However, there is a possibility of local dielectric
polarization due to the distortion in the [AgClg]°>~ octahedra. We
first carried out P-E loop measurement for the sample with x =0,
0.9, and 1. All the three samples at sufficiently low switching
frequencies displayed ellipse-shaped curves indicating the resis-
tive loop (Supplementary Fig. 24 to Supplementary Fig. 26). A
typical loop will have its contribution from both DC conduction
and polarization currents. If the material is sufficiently con-
ductive, the leakage current due to DC conduction will dominate

the loop behavior, which is the case with most of the halide
perovskites®®. The conventional ferroelectric semiconductor,
BiFeO;, also shows leakage current and traditionally it can be
deconvoluted using (i) staircase voltage or (ii) single-voltage pulse
techniques while monitoring the current as a function of time. In
the staircase/pulse-voltage studies, upon voltage bias, the initial
current response, in the first few ms, will be a sum of DC plus
polarization currents, whereas after the material is completely
polarized, only DC current will be observed. As polarization is a
fast phenomenon, subtracting the peak current observed at the
first few ms, from the steady-state current at longer timescales can
provide information on the polarization currents. In the case of
the pulse-voltage technique, additional information can be
obtained by monitoring the reverse current after the voltage is
turned off. This reverse current is reminiscent of depolarization.
The area under the reverse current will give an indication of the
polarization current®®-61,

We carried out pulse-voltage measurement where a voltage V
is applied for 2s followed by 0V for 100s and the current is
monitored during the entire duration. For the sample x=0.9,
during the pulse, steady-state current is reached between 97% and
98% of the peak current. This implies that nearly 2-3% of the
current arises from the polarization (Fig. 11a). When the pulse
voltage is turned off, a reverse current flow is observed, but it
remained fairly constant at various applied voltage (except for
25V). This implies that the depolarization current is constant and
it indicates the application of bias is not inducing any fresh
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polarization. Similar to pulse measurements, we have carried out
staircase voltage measurements by applying a voltage in multiples
of 25V up to 150V, 1s each, and the current is monitored over
time. Like in pulse measurements, the polarization current (peak
current-steady-state current) at various applied voltages remains
nearly the same between 1.5 and 4% (Fig. 11b). In the case of
CAIC or CABC, no steady-state current value is reached at
various applied voltages, during the measurement duration with
both the pulse (Supplementary Fig. 27, Supplementary Fig. 28)
and staircase (Supplementary Fig. 29, Supplementary Fig. 30)
techniques. In fact, at voltages beyond 50V, the current
constantly kept increasing as a function of time, unlike the
mixed trivalent compound where the steady-state is reached. We
believe that the application of electric bias in CAIC and CABC is
inducing continuous movement of ions during the entire
measurement duration, resulting in unsteady-state current.
Further studies on pulse or staircase voltage measurements at
very slow time scales, in the order of hours to reach a steady-state,
are required, in order to quantify the polarization of the end
members. These results are in line with the variation in the
emission properties where the photoluminescence varied for end
members but remained constant for Cs,AglngoBig;Cls. The
structural distortion induces the changes in the parity as well as
creates local polarization, leading to enhanced photoluminescence
emission yield and higher excited-state lifetime. The distortion
can be induced chemically by using mixed trivalent cations or by
applying electric bias. The distortion induced due to the
application of electric bias did not affect the excited lifetime
significantly in both CAIC and CABC. More details are given in
Supplementary Fig. 31.

Conclusion

In this paper, we have clearly proved the role of distortion, cre-
ated either via chemical methods by using mixed trivalent cations
or by electric bias, in the photoluminescence properties. We
incorporated a strategy of using mixed trivalent cations so as to
introduce distortion in [AgCly]® octahedron. Although distortion
is induced in both Cs,AgIn,Bi; ,Cls and Cs,AgBi,Sb;_,Clg, due
to the indirect bandgap nature of the material or parity-forbidden
transitions, the latter compounds do not show emission. Whereas
among the mixture of In3* and Bi*, the direct bandgap is
observed for samples with x over 0.5 and the creation of parity
allowed transitions for x between 0.8 and 0.9, making them highly
photoluminescent. With the help of staircase and pulse-voltage
measurement, the possibility of the presence of the polarization
due to the distortion is confirmed. This polarization led to
effective charge separation with a near-microsecond excited state
lifetime. This work can potentially harness the interest of material
scientists to design and synthesize materials that possess distor-
tion in the octahedron for a higher quantum yield in LEDs. The
bottom line to create highly fluorescent halide perovskite is to
introduce distortion in the MCls octahedron while retaining the
direct bandgap and parity-allowed transitions in the material. In
addition to light-emitting application, the higher excited lifetime
in distorted materials can lead to highly efficient photo- or
photoelectrocatalytic solar fuel systems, including water splitting
and carbon dioxide reduction.

Methods

Chemicals used. Cesium chloride (CsCl, 99.9%), silver chloride (AgCl, 99.9%),
bismuth trichloride (BiCls, 99.9%), indium trichloride (InCls, 99.9%), and anti-
mony trichloride (SbCl;, 99.9%), were purchased from Alfa Aesar. Hydrochloric
acid and isopropyl alcohol were purchased from Rankem Company. All chemicals
were used without any further purification.

Synthesis of halide double-perovskite compounds. Cs,AgBiCls powders were
synthesized by hydrothermal method using CsCl, AgCl, and BiCl; salts in 2:1:1
mol. ratio dissolved in 10 M hydrochloric acid. The precursor solutions were
carefully transferred and sealed in 30 ml Teflon-lined stainless-steel autoclave and
kept in an oven at 180 °C for 12 h. The light-green color material obtained was
filtered with Sartorius filter paper and finally washed with isopropyl alcohol for few
times and dried in a hot air oven at 80 °C for 12 h. The Cs,AgSbCls and Cs,A-
gInCls powders were prepared by a similar procedure mentioned above where
BiCl; was replaced by SbCl; and InCls, respectively. For mixed trivalent com-
pounds of halide double perovskites Cs,AgIn,Bi; _,Cls, BiCl; and InCl; precursors
were used in the respective proportions. Similarly for the antimony substitution,
Cs,AgIn,Sb;_,Cls and Cs,AgBi,Sb;_Cls powders are achieved by taking appro-
priate mole fractions of In/Sb or Bi/Sb salts.

Synthesis of single-crystal halide double perovskites. To synthesize single-
crystals halide double-perovskite compounds, an experimental procedure similar to
powder synthesis was followed but with slight modification in the cooling process
after the hydrothermal process at 180 °C for 12 h. The samples were slowly cooled
down to 60 °C over a period of 48 h.

Ce3+doped Y3Al50,, (Ce:YAG) synthesis. Ce:YAG powders were synthesized by
coprecipitation method following the procedure given in a literature report®2. For
synthesis, Y(NO3)3-6H,0, Al(NO3);-9H,0, and Ce(NO;);-6H,0 were taken in a
stoichiometric ratio of 2.997:5:0.003, respectively, and dissolved in distilled water.
Then ammonia solution of 5M was added dropwise into the mixed solution until
pH turns 8.5 and the precipitates were formed, which were filtered and washed
with distilled water and ethanol for many times. The washed precipitate was dried
at 80 °C for 12 h and annealed at 1000 °C for 4 h. White crystalline Ce:YAG
powders were obtained. For Ce:YAG, photoluminescence spectra were carried out
to compare with halide double-perovskite compounds. An excitation wavelength of
430 nm was used to measure the emission spectra of Ce:YAG, and selected samples
of Cs,AgIn,Bi; _,Cls compounds.

Structural characterization. The crystalline structure and phase identification
were performed by X-ray diffraction techniques. For single-crystal compounds, X-
ray diffraction measurements were carried out at 200 K by using Bruker D8
VENTURE single-crystal X-ray diffractometer equipped with Mo Ka X-ray source
of wavelength 0.71073 A and a PHOTON 100 CMOS detector. The grown crystals
were mounted on a Kapton loop, where crystals have been coated with paratone-N
oil. Data reduction and absorption correction were done using the stand-alone
programs, SAINT and SADABS from Bruker, respectively. The collected data were
refined using WINGX-SHELX software and then a CIF check was carried out
using the service of IUCR.

For powders of Cs,Agln,Bi; _,Cls, powder XRD measurements were performed
with the help of Rigaku using Cu-Ka source of wavelength 1.5406 A in the
region 20 = 10°-60° with the step size of 0.02°. For Cs,AgIn,Sb,_,Cls and
Cs,AgBi,Sb,_,Clg samples, X-ray diffractions were carried out by D8 Advance,
Bruker using Cu-Ka source. Raman spectroscopy techniques were collected either
with (i) confocal Raman spectrometer equipped with Nd:YAG laser of 532 nm
excitation wavelength using WITec alpha 300 Confocal Raman System or (i) a
handheld BWTEK NanoRam with 785 nm laser excitation. FTIR measurements were
carried out using JASCO 6600FV spectrometer fitted with an ATR setup. The
spectrometer was operated in complete vacuum for far-IR measurements. Voltage-
dependent FTIR measurements were carried out using a compact pellet of CABC and
CAIC samples. The voltage (150 V) is applied using a DC power supply for 90 min.

Optical measurements. The absorption measurements of powder samples were
collected using Shimadzu 2600 spectrometer equipped with a barium sulfate-coated
integrating sphere. Steady-state photoluminescence measurements were performed
using Horiba Fluorolog Spectrofluorometer (Fluorolog-3) containing a 450 W
xenon arc lamp with double-excitation monochromator and a single-emission
monochromator. A photomultiplier tube detector is used to monitor the photons
from the emission monochromator. Emission spectra of samples were carried out
by exciting at either 370 nm or 380 nm. To eliminate second-order photons,
appropriate long-pass cut-off filters were used at the entry port of the emission
monochromator. For powders, the perovskite samples were smeared onto optical-
quality quartz glass and the illumination area was kept constant for all the samples.
For a single-crystal, samples were loaded in a quartz cuvette and emission spectra
were measured under the same excitation/filter conditions. The excitation spectra
were carried out in Fluorolog-3, where the emission monochromator was set at
575 nm and the excitation spectra were recorded between 300 and 540 nm with a
550 nm long pass cut-off filter. For the power-dependent photoluminescence
measurements, the intensity of the incident photons is controlled by using a range
of neutral density filters at the exit port of the excitation double monochromator.

Lifetime measurements were collected using the same equipment with a 402 nm
NanoLED laser diode that can give a pulse width of less than 200 ns. The obtained
data were fitted by Datastation software.

14 COMMUNICATIONS MATERIALS | (2021)2:68 | https://doi.org/10.1038/s43246-021-00172-9 | www.nature.com/commsmat


www.nature.com/commsmat

COMMUNICATIONS MATERIALS | https://doi.org/10.1038/s43246-021-00172-9

ARTICLE

Voltage-dependent photoluminescence spectra. As synthesized samples were
grinded into fine powder using pestle-mortar and a compact pellet was pressed
using hydraulic press onto an 8 mm diameter die for 8 min. Then pellet was kept in
between two cleaned fluorine-doped tin oxide conducting glasses, which are wired
with DC power supply and then fixed to a sample holder in Fluorolog-3 spec-
trofluorometer. For emission spectra measurements, voltage was applied to the
samples for the known time using a Delta Electronika (ES 0300-0.45) DC power
supply. The emission spectra were measured immediately after turning off the
power supply. For voltage-dependent excitation spectra, similar procedures of
sample preparation have been carried out and then measured the excitation
spectra.

Polarization studies. The P-E loop, step, and staircase polarization measurements
were carried out from the pellets of the corresponding materials using aixACCT
TF3000 Analyzer fitted with a 150 V amplifier.

Computational details. The electronic structure calculations of the considered
double-perovskite compounds are carried out using density functional theory
(DFT) through a full-potential linearized augmented plane-wave (FP-LAPW)
method as implemented in the WIEN2k simulation package**. The generalized
gradient approximation (through PBE formalism) combined with modified
Becke-Johnson (mB]) potential is used for the description of exchange-correlation
potentials®. The basis set, employed for the SCF calculations, consists of aug-
mented plane waves occupying the interstitial region and localized orbitals (Cs-6s,
Bi-{6s, 6p}, Sb-{5s, 5p}, Ag-4d, In-{5s, 5p} and Cl-5p) occupying the respective
muffin-tin spheres R{’, = 2.5 a.u, RS, = 2.5au, R, = 2.5au, R, =2.27 au,
RIn = 2.5 a.u. The number of plane waves is determined by setting to Ry K4y =
7.0. The Brillouin zone integration is carried out with a Monkhorst-Pack grid. We
used a k-mesh of 14 x 14 x 14 (yielding 104 irreducible points) for the ground-state
structure and 8 x 8 x 8 (yielding 35 irreducible points) for alloyed structure. The
structural optimization is carried out using VASP code within the frame of GGA-
based PBE functional, to obtain lattice parameters and atomic positions of the pure
as well as alloyed compounds®. The cut-off energy for basis functions was 500 eV
and all the atoms were relaxed until the Hellmann-Feynman forces on them were
below 0.001 eVA~L The lattice parameter and various bond lengths of the pure
and alloyed compounds are listed in Supplementary Table 1.

The MOP is constructed in three steps. In step 1, the free atomic energy
eigenvalues of the participating orbitals, which are already calculated through
Hartee-Fock theory and are available in the database, are considered as on-site
energy or initial position. In step 2, the orbital-resolved band structures of the
compounds, calculated using DFT, are then analysed to understand the nature of
chemical bonding and thereby the strength of this bonding. The latter is estimated
from the respective bandwidths and separation of the states. In step 3, both step 1
and step 2 are collectively considered to draw the MOP. The tentative position of
the Fermi level is determined by occupied and unoccupied states.

Data availability

The Crystallographic Information Files (CIF) reported in this study have been deposited
at the Cambridge Crystallographic Data Centre (CCDC), under deposition numbers
2043336-2043341. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif. All other data
relevant to the manuscript are available from the authors upon request.
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