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ABSTRACT: Efficient white-light emitting single-material sources are ideal for sustainable lighting applications. Though layered 
hybrid lead-halide perovskite materials have demonstrated attractive broadband white-light emission properties, they pose a serious 
long-term environmental and health risk as they contain lead (Pb2+) and are readily soluble in water. Recently, lead-free halide double 
perovskite (HDP) materials with a generic formula A(I)2B′(III)B′′(I)X6 (where A and B are cations and X is a halide ion) have 
demonstrated white-light emission with improved photoluminescence quantum yields (PLQYs).  Here, we present a series of Bi3+/In3+ 
mixed-cationic Cs2Bi1−xInxAgCl6 HDP solid solutions that span the indirect to direct bandgap modification which exhibit tailorable 
optical properties. Density functional theory (DFT) calculations indicate an indirect-direct bandgap crossover composition when x > 
0.50. These HDP materials emit over the entire visible light spectrum, centered at 600 ± 30 nm with full-width at half maxima of ca. 
200 nm upon ultraviolet light excitation and a maximum PLQY of 34 ± 4% for Cs2Bi0.085In0.915AgCl6. Short-range structural insight 
for these materials is crucial to unravel the unique atomic-level structural properties which are difficult to distinguish by diffraction-
based techniques. Hence, we demonstrate the advantage of using solid-state nuclear magnetic resonance (NMR) spectroscopy to 
deconvolute the local structural environments of these mixed-cationic HDPs. Using ultrahigh field (21.14 T) NMR spectroscopy of 
quadrupolar nuclei (115In, 133Cs, and 209Bi), we show that there is a high degree of atomic-level B′(III)/B′′(I) site ordering (i.e., no 
evidence of antisite defects). Furthermore, a combination of XRD, NMR and DFT calculations were used to unravel the complete 
atomic-level random Bi3+/In3+ cationic mixing in Cs2Bi1−xInxAgCl6 HDPs. Briefly, this work provides an advance in understanding 
the photophysical properties that correlate long- to short-range structural elucidation of these newly developed solid-state white-light 
emitting HDP materials.  

INTRODUCTION 

Lead halide perovskite (LHP) materials, with a generic formula 
ABX3 (where, A = Cs+, CH3NH3

+, CH(NH2)2
+, B = Pb2+ and X 

= Cl–, Br– and I–), have emerged as a potential disruptive tech-
nology due to their remarkable photoconversion efficiencies of 
25.2% (single-junction) or 28% when combined with silicon 
tandem solar cells.1 Beyond their exciting photovoltaic proper-
ties, perovskites have been used in a variety of cost-efficient 
optoelectronic and electronic applications including light-emit-
ting devices, photodetectors, lasers, water-splitting, and X-ray 
imaging.2–7  Lighting consumes approximately 20% of the elec-
tricity produced globally, with growing demand from both de-
veloped and developing countries. Identifying sustainable en-
ergy solutions, such as highly efficient and low-cost materials 
for light-emitting diode (LED) applications, is essential. For ex-
ample, LEDs are expected to produce energy savings of billions 
of dollars annually in the United States alone.8 
Recently, halide perovskites have emerged as an attractive 
light-emitting material due to their near unity photoluminescent 
quantum yield (PLQY), widely tailorable narrowband visible-
light emission, and cost-efficient solution processability.2,4,9 
Building beyond their photoluminescent properties, structural 
modifications in LHPs to form two dimensional (2D) LHPs has 
yielded materials that show broadband emission in the visible-

light range. For example, the intrinsic broadband white-light 
emission which is observed upon ultraviolet excitation is at-
tributed to self-trapped excitons in these 2D LHP materials.10–12 
One such attractive broadband white-light emitting 2D LHP 
material is (EDBE)PbBr4 (EDBE = 2,2′-(ethylenedioxy)bis-
(ethylammonium)), with a PLQY of 9%.12 White-light emission 
from a single-material source is an attractive avenue for lighting 
and display applications, since a single-source emitter simpli-
fies device structure and fabrication, avoiding color instability 
due to the different degradation rates and self-absorption issues 
encountered with mixed and multiple emitters.13,14 
Though LHPs have excellent potential for optoelectronic and 
photovoltaic applications, they suffer from commercialization 
concerns due to their poor chemical stability15,16 and have long-
term environmental and societal concerns associated with pro-
longed use of Pb-containing materials.17,18 For example, bulk 
LHP materials as well as thin films or LHP solar-cell devices 
have been shown to undergo chemical decomposition while ex-
posed to ambient light, humid environments or elevated tem-
peratures.16,19,20 Moreover, these lead salts are highly soluble in 
water, which over time has lasting environmental and toxico-
logical implications.21,22 One avenue being explored to circum-
vent the lead toxicity of LHPs involves partial (or full) substi-
tution of isoelectronic and low toxicity elements (i.e., Sn2+, 



 

Ge2+) into these materials. Unfortunately, tin(II) and germa-
nium(II) halide perovskite materials are prone to oxidation, cre-
ating additional challenges associated with their long-term 
chemical stability.23 
As a result of the vast structural and elemental diversity present 
in the perovskite family, a series of lead-free, chemically stable 
halide double perovskite (HDP) materials are now being ex-
plored as sustainable alternatives to LHPs due to their attractive 
optical properties both in bulk and in  nanocrystals (NCs).24–34 
The general formula of a HDP is A2B′(III)B″(I)X6, where A is 
a monovalent cation, B′(III) and B′′(I) are trivalent and mono-
valent cations, respectively, and X is a halide anion. A further 
benefit of HDP materials compared to LHPs is that they exhibit 
much higher thermal and moisture resistance.35–38  
The vast majority of HDPs reported are chloride-based with 
wide bandgaps ranging above 2 eV, limiting their ability as so-
lar absorbing materials. However, these materials have exhib-
ited good photoluminescent (PL) properties with promising 
quantum yields.24,32 For example, PL properties for HDPs can 
be achieved either in the presence of an activator (such as 
Mn2+)25,27,29,31,39,40 or by a chemical modification on the B′(III) 
and/or B′′(I)-site(s).24,30,41 Orange-light emission of Mn2+ doped 
Cs2InAgCl6 NCs has been demonstrated with PLQYs enhanced 
by an order of magnitude (i.e., ca. 1.6 to 16%) upon Mn2+ dop-
ing in Cs2InAgCl6 NCs.29 Bi-doped Cs2InAgxNa1–xCl6 HDP pro-
vided stable (>1000 hours) warm white-light emission with a 
maximum PLQY of 86%,24 whereas Bi-doped Cs2InAgxNa1–

xCl6 NC was found to have a maximum PLQY of ca. 22%.42 A 
broad orange-light emission has been reported from Bi-doped 
Cs2InAgCl6 NCs with a PLQY of 11.4%.34 
Scheme 1.  Schematic presentation of the crystal structures 
of the Cs2InAgCl6 and Cs2BiAgCl6 parent materials and of 
their Cs2Bi1−xInxAgCl6 mixed Bi/In cationic analogues. 

 
  
Altering the magnitude of the bandgap for perovskite materials 
upon metal alloying is one attractive avenue often reported in 
the literature.43–46 Converting materials from an indirect to a di-
rect bandgap semiconductor is less common in semiconducting 
materials,47–49 although this offers one stream that could further 
enable fine tailoring of their optical properties. As most re-
ported HDP materials are either indirect or direct bandgap sem-
iconductors, this class of compounds can support this type of 
bandgap transformation. For instance, Cs2BiAgCl6 HDPs ex-
hibit an indirect bandgap due to the presence of a lone-pair on 
Bi3+

 (6s2).36,50 In contrast, Cs2InAgCl6 HDPs are direct bandgap 
semiconductors due to the absence of a lone-pair on In(III).51  
To date, diffraction-based techniques have been used exten-
sively to evaluate the structural properties of HDP materials. 
These techniques provide long-range structural information but 
are devoid of detail pertaining to atomic-level structural prop-

erties. As a result, atomic-level structural insight of these cur-
rently developing HDP materials are not well discussed in the 
literature. It is essential to characterize the long-range crystal-
line nature of these materials as well as the complex evolution 
of short-range structure as Bi3+/In3+ cations are mixed in 
Cs2Bi1−xInxAgCl6 HDPs. Solid-state nuclear magnetic reso-
nance (NMR) spectroscopy is one of the most powerful, non-
destructive analytical methods able to decode this complex 
structural evolution and provide insights for the dynamics of 
these perovskite-based materials.16,52–72  
These observations motivated us to prepare a series of bulk 
Cs2Bi1–xInxAgCl6 HDP solid solutions where changes in 
Bi3+/In3+ cationic ratios can be associated with an indirect (Bi-
rich) to direct (In-rich) bandgap. This collection of HDPs 
demonstrates how tunable white light PLQY behavior can be 
attained. We investigate the unique electronic structures from a 
first-principles point of view and the photophysical properties 
using UV-Vis and PL techniques for these HDP semiconduc-
tors. We further explore the interplay of these materials using 
robust NMR and XRD measurements as well as density func-
tional theory (DFT) calculations to reveal atomic-level chemi-
cal structural insights into the seemingly random Bi3+/In3+ cati-
onic mixing (i.e., solid solution in Cs2Bi1−xInxAgCl6 HDP mate-
rials along with a high degree of B′(III)/B′′(I) site ordering). 
Moreover, antisite defects (i.e., the disorder on B’(III) and B”(I) 
sites which have similar octahedral environments)73 and phase 
segregation upon Bi3+/In3+ mixing are also investigated for the 
complete HDP series. 

RESULTS AND DISCUSSION 

a. B′-site Selection Using Goldschmidt Tolerance Factor Di-
recting Bi/In B′(III)-site Exchange: 
A semi-empirical geometric parameter known as the Gold-
schmidt tolerance factor (t) is often applied to elucidate the 
structural stability of ABX3 perovskite materials. It is defined 
as  

t = ("!#"")
√&("##"")

     (1) 

where, rA, rB and rX are the ionic radii of the A-, B-, and X-sites, 
respectively.74 Stable perovskite systems are typically formed 
with 3D octahedral connectivity when t = 0.75-1.00.75 Another 
semi-empirical geometric parameter is used to define the octa-
hedral stability, known as the octahedral factor (μ), defined as  

μ = "#
""

       (2) 

Usually, BX6 octahedra are stable when 0.442 ≤ μ ≤ 0.895.2 The 
combination of t and μ provides insight into the probability of 
the formation of a stable perovskite phase. As double perov-
skites have two different B-sites (B′ and B′′), and thus rB is 
taken as an arithmetic mean of B′ and B′′ radii (rB’, rB”), one can 
increase the elemental dimensionality (i.e., cation and valency 
options increase). Applying Shannon’s ionic radii,76 one can ob-
tain (t, μ) values for Cs2InAgCl6 and Cs2BiAgCl6 of (0.937, 
0.539) and (0.900, 0.602), respectively. For mixed Bi/In cati-
onic Cs2Bi1−xInxAgCl6 solid solutions, t and μ values span be-
tween 0.900 ≤ t ≤ 0.937 and 0.539 ≤ μ ≤ 0.602, respectively, in-
dicating that it is possible to form the desired stable perovskite 
phase for Cs2Bi1−xInxAgCl6 (0 ≤ x ≤ 1) solid-solutions (Scheme 
1). 
 



 

b. Elemental Composition, Morphology and Thermal Stabil-
ity: 
The Cs2BiAgCl6 and Cs2InAgCl6 parent HDPs were synthe-
sized via a solvent-phase synthesis approach starting from their 
chloride salts, namely, CsCl, BiCl3, InCl3 and AgCl, in concen-
trated hydrochloric acid media. The mixed Bi3+/In3+ cationic an-
alogues, i.e., Cs2Bi1−xInxAgCl6 (nominal; x = 0 to 1, Table S1), 
were synthesized similarly by using stoichiometric BiCl3:InCl3 
nominal molar ratios. Further synthesis details are discussed in 
the Supporting Information. Figure 1a illustrates photographs 
of Cs2Bi1−xInxAgCl6 HDPs. The solvent synthesis approach 
leads to multifaceted micron-sized crystals confirmed through 
field-emission scanning electron microscopy (FESEM) as 
shown in Figures 1b and S1. The elemental analysis by energy 
dispersive X-ray spectroscopy (EDS) indicates that the molar 
ratio Cs+: B’3+: Ag+: Cl–, where B’ = In, Bi or both, ≃ 2: 1: 1: 6 
(Table S1), which is the desired elemental composition for the 
HDP materials. The elemental mapping using EDS analysis 
shows a homogeneous distribution of all elements (Cs, Bi, In, 
Ag and Cl) throughout the powdered solids (Figure 1b and S2). 
The accuracy of the Bi3+:In3+ compositional ratios in the final 
products were further confirmed by using the inductively cou-
pled plasma optical emission spectrometry (ICP-OES) tech-
nique (Table S1) which yielded results similar to the nominal 
Bi3+:In3+ batch compositional ratios (Table S2). 
Thermal stability measurements using thermogravimetric anal-
ysis (TGA) for Cs2BiAgCl6 and Cs2InAgCl6 parents and for one 
Bi3+/In3+ mixed-cationic material, specifically 
Cs2Bi0.085In0.915AgCl6, are shown in Figure S3. TGA data indi-
cate that the materials are all thermally stable up to 500 °C and 
that Bi3+/In3+ cationic mixing has negligible effect on thermal 
stability. 
c. Optical and Electronic Bandgap Tailoring:  
The optical bandgap properties of Cs2Bi1−xInxAgCl6 HDPs were 
measured by UV-Vis diffuse reflectance (DR) spectroscopy. 
Figure 2a shows the absorbance spectra for the Cs2Bi1−xInx-
AgCl6 HDPs. These absorbance data were obtained from DR 
measurements and analyzed using the Kubelka–Munk transfor-
mation method77 (see Materials and Methods in Supp. Info.) 
The experimentally obtained indirect and direct bandgaps for 
the Cs2Bi1−xInxAgCl6 HDPs are shown in Figure 2b. 
Cs2BiAgCl6 is reminiscent of an indirect bandgap semiconduc-
tor due to the mixing between frontier orbitals of Bi and Ag in 
the valence and conduction band extrema. This has been iden-
tified as the origin of the indirect bandgaps of Bi-Ag based 
HDPs in past studies.36,78 As substitution of Bi3+ with In3+ pro-
ceeds in a migratory fashion to form Cs2InAgCl6, a direct 
bandgap material emerges, where valence-band maxima and 
conduction band minima originate from In-4d/Ag-4d and In-
5s/Ag-5s states, respectively.51 Based on Tauc plots, (αhν)1/2 vs. 
energy, Cs2BiAgCl6 exhibits an indirect bandgap of 2.70 eV 
(Figure 2b), agreeing well with an earlier calculated bandgap of 
2.62 eV using a hybrid functional.36 A Tauc plot of (αhν)2 vs. 
energy indicates that Cs2InAgCl6 has an experimental direct 

bandgap of 3.67 eV (ΔEg ≈ 1 eV). However, the experimental 
bandgap of Cs2InAgCl6 is much higher than the calculated fun-
damental bandgap of 2.5 eV, because the associated direct band 
transition is parity-forbidden.79 

 
Figure 1. (a) Photographs of Cs2Bi1−xInxAgCl6 HDPs under visible 
(upper row) and UV (lower row, λ = 365 nm) light. (b) FESEM 
image (2 µm scale) with corresponding EDS elemental mapping 
showing a homogeneous distribution of Cs (light green), Bi (dark 
green), In (orange), Ag (pink) and Cl (violet) for 
Cs2Bi0.085In0.915AgCl6 HDP polycrystals. 
  
This unique behavior for HDP materials whereby they are either 
indirect or parity-forbidden direct bandgap materials leads to 
inferior absorption behavior around the bandgap, rendering 
them unfavorable candidates for optoelectronic applications 
such as LEDs.37,79 These observations motivated us to investi-
gate the optical properties of bulk polycrystalline mixed 
Bi3+/In3+ Cs2Bi1−xInxAgCl6 double perovskites. A band structure 
calculation using DFT with the Heyd–Scuseria–Ernzerhof 
(HSE06) functional shows that Cs2Bi1−xInxAgCl6 materials with 
x ≤ 0.50 have an indirect bandgap, whereas materials with x > 
0.50 possess a direct bandgap (vide infra). The indirect bandgap 
for Cs2Bi1−xInxAgCl6 increases linearly from 2.70 to 2.82 eV as 
x increases from 0 to 0.50. In contrast, the direct bandgap in-
creases from 2.93 to 3.67 eV in an exponential-like fashion for 
x values ranging from 0.65 to 1 (Figure 2c). The change in the 
bandgap of Cs2Bi1−xInxAgCl6 agrees well with the visual color 
of these materials (Figure 1a); for example, Cs2BiAgCl6 (x = 0) 
is pale yellow (2.70 eV), but as In3+ is incorporated, the material 
becomes increasingly white, with Cs2InAgCl6 (3.67 eV) appear-
ing as a microcrystalline pristine white solid. 
  



 

Figure 2. UV-vis absorption spectra (black) and PL spectra (blue) (a), Tauc plots showing indirect (x ≤ 0.5, grey) and direct (x > 0.50, red) 
bandgaps (b) and change in bandgap vs indium mole-fraction (c) for Cs2Bi1−xInxAgCl6 (0 ≤ x ≤ 1) HDPs.  
 

 
Figure 3. HSE06 DFT band structure and density of states for Cs2BiAgCl6 (a). Indirect to direct band gap transition in the Cs2Bi1−xInxAgCl6 
compounds (b). Electron localization function of the Cs2Bi1−xInxAgCl6 compounds (c). In (c), the 100th slice is shown, with Bi, In, Ag, and 
Cl atoms located on the plane.  Blue – low electron density, red – high electron density. 
 

Table 1.  Calculated and experimental band gap values for Cs2Bi1−xInxAgCl6. 

x 0 0.25 0.5 0.75 1 

CBM, eV 1.42 (L) 1.67 (K) 1.91 2.29 2.96 (Γ) 

VBM, eV −1.10 (Γ) −0.98 (Γ) −0.83 (Γ) −0.72 (Γ) −0.55 (Γ) 

HSE06 gap, eV 2.52 2.65 2.74 3.01 3.51 

Experimental gap, eV 2.70 2.76a 2.82 2.97b 3.67 

The ICP-OES detected compositions are: aCs2Bi0.22In0.78AgCl6 and bCs2Bi0.72In0.28AgCl6. 

  



 

d. Indirect to Direct Bandgap Transition Using Calculated 
Electronic Band Structure:  
A transition from indirect to direct band gap occurs with Bi to 
In substitution in the Cs2Bi1−xInxAgCl6 (0 ≤ x ≤ 1) HDP series.  
This case is similar to previously reported isoelectronic Sb to In 
substitution in Cs2Sb1−xInxAgCl6 compounds.50 The HSE06 
DFT functional was applied to correct for the underestimated 
PBE band gap (Figure 3a), which resulted in good agreement 
with the band gap estimation (i.e., 2.52 (DFT) vs. 2.70 eV 
(expt.)). Similar HSE06 DFT band gap and density of states 
(DOS) plots are available for the rest of the Cs2Bi1−xInxAgCl6 
series (x = 0.25, 0.5, 0.75, and 1) in Supplementary Information, 
Figures S4-S7). 
The transition from indirect to direct band gap was observed in 
the Cs2Bi1−xInxAgCl6 (0 ≤ x ≤ 1) HDP series (Figure 3b). The 
valence band maximum (VBM) is indicated (Figure 3b), and for 
each sample it is located at the Γ-point. The conduction band 
maximum (CBM), also indicated on Figure 3b, is different for 
each sample. For Cs2BiAgCl6, the CBM is at the L symmetry 
point, composing an indirect Γ-L band gap. With 25% substitu-
tion of Bi with In atoms, the band gap still remains indirect (Γ-
K).  The rest of the solid solution results indicate that the CBM 
lies between the K and Γ points: with the sample 50% substi-
tuted with In, the CBM is closer to K, while for the 75% Bi-
substituted sample, the CBM is closer to the Γ-point, and as a 
result, it is measured as a direct Γ- Γ band gap, in good agree-
ment with the experimental values. The end-point compound, 
Cs2InAgCl6, has a direct Γ- Γ band gap, with the HSE06 DFT 
value of 3.51 eV, which agrees well with the experimental value 
of 3.67 eV. More information is listed in Table 1.  
To further utilize DFT tools, electronic properties were investi-
gated with Electron Localization Function (ELF) and Bader 
charge analyses.  Substitution of Bi for In gradually localizes 
more electron density on the Cl atoms (more intense red cloud 
about the Cl, Figure 3c), however the Bader charge values indi-
cate that there is only a dramatic charge change in the end mem-
ber of the solid solution series (Table S3, Figure S8).  In the 
systems with Bi/In substitution, Ag atom charge differences are 
negligible and are essentially close to the average Ag charge, 
regardless of second-neighbor atom, but the Cl atoms have a 2-
3% charge difference, depending on whether Bi or In atoms are 
in the coordination environment, with the In atom giving a more 
negative charge on the bonded Cl atoms. 
Crystal Orbital Overlap Population (COOP) analyses were un-
dertaken on Cs-Cl, Ag-Cl, Bi-Cl, and In-Cl bonds (Figures S9-
S12). These analyses indicate that mostly bonding states are 

present, resulting in a positive overall contribution in the bonds, 
with the overall population scaled to the amount of Bi and In in 
each individual compound. A strong antibonding character is 
observed near the Fermi level in the Ag-Cl interaction, but with 
the overall bonding states prevailing. The substitution of Bi 
with In affects the Ag d-band splitting, which is more pro-
nounced in the Bi-containing analogs, broadening the antibond-
ing contributions. 
e. Steady-State and Time-Resolved PL Spectra:  
All Cs2Bi1−xInxAgCl6 samples exhibit broad PL emission rang-
ing from 400 to 850 nm (Figure 2a and S13a) with a nearly con-
stant spectral width of ~200 nm full width at half maximum 
(FWHM) (Figure S13b). The broad PL spectra at ambient tem-
peratures have been attributed to strong electron-phonon 
Fröhlich interactions in HDP materials.80 In addition, the emis-
sion and excitation wavelengths do not affect the shape of PL 
excitation or emission spectra, as shown in Figure S14. This re-
sult indicates that the white light emission originates from re-
combination of the same excitonic state for these HDPs. 
Cs2InAgCl6 shows a PL maximum at 570 nm (2.18 eV), 
whereas the PL maximum for Cs2BiAgCl6 is comparatively red-
shifted and centered at 605 nm (2.05 eV) (Figure S13). The PL 
maxima extend to a wavelength of 626 nm (1.98 eV) for 
Cs2Bi0.50In0.50AgCl6, which is the reddest PL spectrum among 
the materials (Figure S13c). As a result, the PL emission for all 
the materials appeared to be yellowish/orange in color. 
The luminescence of the indirect bandgap perovskite materials 
(Cs2Bi1−xInxAgCl6 with x ≤ 0.50) appeared visibly dim under a 
UV light, while the perovskites with direct bandgaps 
(Cs2Bi1−xInxAgCl6 with x > 0.50) revealed bright PL (Figure 1a). 
Cs2InAgCl6 in particular did not fit this general trend, however, 
as it has a direct bandgap but displayed faint emission due to 
the parity-forbidden band transition at the fundamental 
bandgap. The PLQY for Cs2Bi1−xInxAgCl6 increased gradually 
as a function of In concentration, reaching a maximum when x 
= 0.915 (PLQY = 34 ± 4%); this is followed by a stark decrease 
in PLQY upon reaching the pure endmember Cs2InAgCl6, Fig-
ure 4a. Although Cs2InAgCl6 exhibits a direct bandgap, it too 
suffers from a low PLQY (<1%) due to the In-5s orbital begin-
ning to dominate in the conduction band, which is in a good 
agreement with DFT calculations (Figures S4–S7).79 As a re-
sult, the parity-forbidden transition from the valence band to the 
conduction band becomes quite long and is no longer competi-
tive with the non-radiative (faster) recombination causing a 
lower PLQY.



 

 
 
Figure 4. PLQY as a function of indium mole fraction (x) for Cs2Bi1−xInxAgCl6 HDPs (a). PL decay for Cs2Bi0.085In0.915AgCl6 with λex = 
364 nm and λem = 625 nm (b). PXRD patterns (c), an expansion of the (111) peaks in the PXRD patterns (d), and change in unit cell parameters 
(e) with indium mole fraction for Cs2Bi1−xInxAgCl6 HDPs. In (c), the dotted line is a guide for the eye and the asterisks (*) denote the 
positions of background signals for all Cs2Bi1−xInxAgCl6 HDPs (Figure S16). 
 
The time-resolved PL spectrum for Cs2Bi0.085In0.915AgCl6 (with 
maximum PLQY) is shown in Figure 4b. Several decay models 
were fit using a nonlinear least-squares fitting algorithm, in-
cluding a single exponential, a bi-exponential, and a stretched 
exponential (Figure S15). While the correct model is difficult to 
determine unambiguously from these data, the bi-exponential 
and stretched-exponential gave the lowest sum of squares of the 
residuals and showed comparatively little bias in the residuals, 
Table S4. The bi-exponential model results yielded a fast com-
ponent with a time constant of 279 ns (36%) and a slow com-
ponent of 865 ns (64%). From these two components, a 
weighted mean time constant of 774 ns can be extracted for 
comparative purposes. The stretched exponential yielded simi-
lar although slightly longer mean time constants calculated ac-
cording to t = tSE[G(2/b)/G(1/b)] 81 where tSE is the time con-
stant obtained from the stretched exponential model fit and b is 
the stretching parameter. Comparable behavior is observed for 
Cs2Bi0.22In0.78AgCl6, which gave a weighted mean bi-exponen-
tial lifetime of 978 ns. The PL decay traces, and average life-
times were nearly the same upon changing the wavelength from 
550 to 700 nm (using a monochromator with an 8 nm bandpass) 
for both materials (Figure S15 and Table S5). This result sug-
gests that the broadband emission is unlikely to arise from dif-
ferent mechanisms in these HDP materials. A similar observa-
tion has been observed in 2D LHP material.82 In contrast, 
Cs2InAgCl6 parent material shows two different transition 
mechanisms with short (<10 ns) and long (tens to 100s ns) PL 
lifetime components, where the longer lifetime component is 
attributed to the parity-forbidden transitions from CBM to 
VBM.83 We further note that the PL lifetime of Cs2InAgCl6 
HDP is insensitive to the intensity of the pump laser,51 whereas, 

different excitation flux may explain some of the differences in 
the reported dynamics in LHP materials84,85. 

 
f. Insight into HDP Chemical Structure from XRD and NMR 
Spectroscopy: 
The Cs2BiAgCl6 and Cs2InAgCl6 parent materials are phase 
pure and adopt a face centered cubic double perovskite lattice 
(space group Fm3#m), with a unit cell constant of 10.7584(14) 
Å and 10.5000(12) Å, respectively. The small difference (< 3%) 
in the unit cell parameters between Cs2BiAgCl6 and Cs2InAgCl6 
allows the formation of mixed-cationic, Cs2Bi1−xInxAgCl6 HDP 
solid solutions that adopt the same Fm3#m space group. Since 
the ionic radii of In3+ (r(In3+) = 80 pm) are less than those of 
Bi3+ (r(Bi3+) = 103 pm),76 the diffraction peak is sequentially 
shifted to a higher 2θ value with increasing In3+ content in 
Cs2Bi1−xInxAgCl6 (Figure 4c) as the unit cell decreases in vol-
ume. It has been shown that the appearance of a (111) diffrac-
tion peak is fundamentally related to the B′(III) and B′′(I) site 
ordering in Cs2InAgxNa1−xCl6 HDPs.24 The appearance of (111) 
diffraction peaks in Cs2Bi1−xInxAgCl6 HDPs also indicates a 
high degree B′(Bi3+, In3+) and B′′(Ag+) site ordering (Figure 4d). 
The presence of an intense (111) diffraction peak for the 
Cs2BiAgCl6 parent indicates extremely well-ordered Bi3+ and 
Ag+ cationic sites, further supported by the NMR, vide infra. 
The peak intensity decreases with increasing In3+ concentration 
(i.e., Cs2Bi1−xInxAgCl6 HDPs) and becomes undetectable for the 
Cs2InAgCl6 parent material. The isoelectronic nature of In3+ and 
Ag+ cations limits the sensitivity of the (111) diffraction peak 
and it becomes uninformative for B′(III) and B′′(I) site cation 



 

ordering for the Cs2InAgCl6 parent and In3+-rich Cs2Bi1−xInx-
AgCl6 HDP materials. We therefore applied NMR spectroscopy 
to understand the atomic-level ordering of these materials, vide 
infra. The cell parameters for the mixed-cation Cs2Bi1−xInx-
AgCl6 compounds extracted from the PXRD patterns show a 
linear relationship as a function of In concentration as shown in 
Figure 4e. This result is consistent with Vegard’s law86 whereby 
the mixed B′(III)-site HDP, Cs2Bi1−xInxAgCl6, demonstrates 
solid solution behavior. 
Diffraction approaches provide insight into the long-range 
structure of these Cs2Bi1−xInxAgCl6 perovskite materials. Most 
of the HDP parent materials rely on structural elucidation using 
these techniques. However, it has been shown that solid-state 
NMR spectroscopy yields a deeper understanding of local (< 5 
Å)- and medium (5 - 10 Å)-range structure when cation doping 
(or mixed cations) are present in perovskite-based materi-
als.52,53,63,66–72 Previously, we used 133Cs and 121Sb NMR spec-
troscopy to unravel unique structural motifs for paramagnetic 
Cu(II)-doped Cs2SbAgCl6 HDPs.70 Here, we performed 115In, 
133Cs and 209Bi NMR spectroscopy to improve our structural un-
derstanding of the A(133Cs), and B′(209Bi and 115In) sites for 
Cs2Bi1−xInxAgCl6 solid solutions. 
(i) Cesium-133 NMR spectroscopy of the A-site: The cesium 
ion in Cs2InAgCl6 or Cs2BiAgCl6 resides in a cuboctahedral 
void surrounded by either four [InCl6]3– or four [BiCl6]3– octa-
hedra alternating with four [AgCl6]5– octahedra, as shown in 
Scheme 1. Their proximity to B′(III)-sites of the Cs2Bi1−xInx-
AgCl6 materials makes 133Cs an ideal NMR nucleus to study 
changes occurring in the crystalline system. Quadrupolar 133Cs 
(nuclear spin, I = 7/2, Qm = –0.34 fm2, 100 % natural abun-
dance) is a highly sensitive NMR nucleus with excellent reso-
lution, as it behaves as a pseudo spin-½ nucleus, rendering it 
ideal to investigate small changes in its local coordination envi-
ronment.87–90 Crystallographically, there is only one cesium site 
in the parent materials, Cs2InAgCl6 and Cs2BiAgCl6, giving 
sharp peaks (FWHM = 1 ppm) with distinguishable 133Cs NMR 
isotropic chemical shifts, δiso(133Cs), of 122(1) and 77(1) ppm, 
respectively (Figure 5). The parent phases are highly symmetric 
with a high degree of B′(III)/B′′(I) cation ordering and both 
B′(III) or B′′(I) sites giving tetrahedral symmetry at the Cs site; 
in other words, cesium cations reside at the center of a perfect 
cuboctahedra, surrounded by 12 chlorides with equal Cs-Cl 
bonds for the parent materials (Cs2BiAgCl6 and Cs2InAgCl6).  
Hence, the vanishing CQ suggests a very low level of defects.  
To further understand the In3+/Bi3+ mixed cationic Cs2Bi1−xInx-
AgCl6 system, we performed 133Cs MAS NMR spectroscopy on 
the complete series (Figure S17). Figure 5 shows 133Cs MAS 
NMR spectra for Bi3+ doped Cs2Bi0.085In0.915AgCl6, with three 
resolved 133Cs NMR resonances centered at 121, 115 and 109 
ppm and with a ratio of 78:20:2 (fitted peak area; ± 2%), which 
follow a binominal-like distribution (Figure S18 and Supple-
mentary Note 1). This statistical distribution suggests atomic-
level solid-solution behavior upon Bi3+/In3+ mixing that would 
be consistent with the associated Vegard’s analysis, vide supra. 
The peak at δiso(133Cs) = 121 ppm is assigned to the parent 
Cs2InAgCl6, where Cs+ is surrounded alternatively by four 
[InCl6]3– and four [AgCl6]5– octahedra, whereas, the other two 
peaks to lower frequencies at 115 and 109 ppm correspond to 
one [InCl6]3– and two [InCl6]3– octahedra substituted by one 
[BiCl6]3– and two [BiCl6]3– octahedra, respectively.  
 

 

 
Figure 5. Solid-state 133Cs MAS NMR spectra (solid lines) and its 
overall best Gaussian fits (blue dotted lines) for Cs2BiAgCl6 and 
Cs2InAgCl6 parents and their In3+ or Bi3+ doped materials, namely, 
Cs2Bi0.924In0.076AgCl6 and Cs2Bi0.085In0.915AgCl6, respectively. 
Spectra were acquired at a magnetic field strength of 21.14 T with 
a spinning frequency of 30 kHz. Grey octahedra represent 
[AgCl6]5−, red octahedra represent [InCl6]3− and blue octahedra rep-
resent [BiCl6]3−. 
 
Similarly, Figure 5 shows 133Cs NMR spectra for the In3+ doped 
component, i.e., Cs2Bi0.924In0.076AgCl6, which show three re-
solved δiso(133Cs) peaks at 79, 83 and 87 ppm with a fitted peak 
area ratio of 70: 25: 5 (± 2%) that also follow a binomial-like 
distribution (Figure S18); these peaks are attributed to the bis-
muth parent (Cs2BiAgCl6), one and two [InCl6]3– substitutions 
at a [BiCl6]3– site, respectively. Though the local Cs environ-
ment for the third low intensity 133Cs NMR resonances for both 
Cs2Bi0.085In0.915AgCl6 (109 ppm) and Cs2Bi0.924In0.076AgCl6 (87 
ppm), are similar (i.e., Cs is surrounded by two [InCl6]3– and 
two [BiCl6]3– octahedra), the chemical shift is significantly dif-
ferent due to the composition and the long range crystal struc-
ture. Beyond dopant quantities (i.e., <10%) of Bi3+ or In3+, the 
133Cs NMR resonances broaden and shift to lower and higher 
frequencies between the two parent phases, further limiting res-
olution. For example, Cs2InAgCl6 has a δiso(133Cs) of 122 ppm 
and a FWHM of ca. 130 Hz vs. δiso(133Cs) of 117 ppm and 
FWHM ca. 650 Hz for Cs2Bi0.22In0.78AgCl6, although both res-
onances correspond to Cs+ surrounded by four [InCl6]3– and four 
[AgCl6]5– (Figure S17b). Gradual changes in isotropic chemical 
shifts as the unit cell volume changes has previously been ob-
served for NMR spectroscopy of other halide perovskite sys-
tems, such as 133Cs (Cu2+ doped Cs2SbAgCl6) and 207Pb 
(APb(Cl/Br)3, where A = Cs+, CH3NH3

+ or CH(NH2)2
+.52,63,66,70 

For higher In3+/Bi3+ mixed Cs2Bi1−xInxAgCl6 materials with 0.10 
< x < 0.90, 133Cs NMR resonances are inhomogeneously broad-
ened due to the possible substitution patterns of Bi and In of the 
next nearest neighboring octahedra and beyond, further limiting 
resolution. The Cs environments span a chemical shift range of 
44 ppm, inhibiting baseline resolution and thus limiting our 
ability to deconvolute the multiple 133Cs NMR sites (Figure 
S17). Nonetheless, 133Cs NMR chemical shift maxima for 
CsIn0.50Bi0.50AgCl6, corresponding to two [InCl6]3– and two 
[BiCl6]3– within its cuboctahedron site, is exactly the average of 
the two parent resonances with 𝛿max(113Cs) = 99 ppm (Figure 
S17c).   



 

(ii) Bismuth-209 and Indium-115 NMR spectroscopy of the 
B’(III)-sites: Both B′(III)-site cations, 209Bi (N.A. = 100 %) and 
115In (N.A. = 95.7 %), are quadrupolar nuclei (I = 9/2) with 
quadrupole moments (Qm(209Bi) = –51.6 fm2 and Qm(115In) = 81 
fm2)) that are more than two orders of magnitude greater than 
that for 133Cs. These intrinsic NMR properties can potentially 
lead to significant second-order quadrupolar broadening of the 
central transition.87,91–93 Figure 6a shows the non-spinning 209Bi 
NMR spectrum for the Cs2BiAgCl6 parent material acquired at 
21.14 T. Bismuth-209 NMR spectroscopy for Cs2BiAgCl6 gives 
a sharp resonance at ca. 4000 ppm, with no evidence of second-
order quadrupolar broadening as expected from its high local 
octahedral symmetry. A broad underlying component was ob-
served, spanning between ca. 3600 and 4400 ppm, which breaks 
into a series of first-order spinning sidebands upon magic-angle 
spinning (Figure 6a), corresponding to the satellite transition 
manifold. Comparing 209Bi NMR spectra at multiple magnetic 
field strengths, i.e., B0 = 7.05, 11.75 and 21.14 T (Figure S19), 
a small 209Bi CQ of 0.80 ± 0.20 MHz is obtained for Cs2BiAgCl6, 
which leads to no significant second order broadening (ca. 20 
Hz) of the central transition, unlike the typically significant sec-
ond-order quadrupolar broadening (order of MHz) that is ob-
served in cases where there is a lower symmetry chemical envi-
ronment about Bi; for example, Bi(CH3CO2)3 results in a very 
large CQ of 256 MHz.93 Therefore, broadening of the central 
transition peak (FWHM = 2.8 kHz) under MAS conditions is 
not due to the second-order quadrupolar interaction. This line 
width is decreased from the 7.5 kHz observed in the absence of 
spinning, suggesting that heteronuclear dipolar coupling is also 
a factor but not the sole source of the observed broadening.  A 
previous study on lead halide perovskite systems67,94 demon-
strated that indirect spin-spin (J) coupling between the halide 
atoms and 207Pb is a significant factor in the observed 207Pb line 
widths in those systems.95 Thus, the broadening of the 209Bi cen-
tral transition is attributed to the both direct and indirect spin-
spin interactions between 209Bi and the six directly coordinated 
35/37Cl nuclei. The lack of resolution for these fine couplings is 
attributed to spin-spin (i.e., T2) relaxation. 
The [BiCl6]3- (or [InCl6]3-) and [AgCl6]5- octahedra are alter-
nately arranged in the HDP crystal structure to form the 
Cs2BiAgCl6 (or Cs2InAgCl6) parent material. The central Bi 
atom is surrounded by six [AgCl6]5− followed by a set of 
[BiCl6]3- octahedra, which repeats (i.e., along one dimension the 
atoms are arranged as follows, Bi−Cl−Ag−Cl−Bi). As such, the 
central [BiCl6]3− octahedron is surrounded by a total of 12 
[BiCl6]3− octahedra in the first B’(III) coordination sphere (~ 8 
Å) within the structure (Figure S20a). As the EFG is sensitive 
to the minute B’(III) site mixing, as the medium-range sym-
metry begins to break down, distinct NMR lineshapes and 
breadths for each possible combination can occur. The system 
becomes increasingly complex once significant Bi/In substitu-
tion is considered due to the multiple distinct Bi chemical envi-
ronments. A second B’(III) coordination sphere (< 12 Å) may 
further exacerbate this, where an additional six sites could also 
contribute to changes in the EFG for these large quadrupole-
moment nuclei (Figure S20b). Therefore, the resulting 209Bi 
NMR spectra of these materials may appear broad and spec-
trally unresolved due to the overlap of multiple chemical shifts 
and quadrupolar coupling parameters when solid solutions are 
formed. In light of the complex situation, assigning the source 
for any impacts at a given NMR site must be tentative. In the 

ensuing, we assume that a given center is only impacted by sub-
stitutions in the first B’(III) coordination sphere, because of the 
much greater distance of octahedra in the second B’(III) coor-
dination sphere and lower probability of substitution at these 
sites (6 sites compared to 12 in the first B’(III) coordination 
sphere), but another possibility is that EFGs resulting from sub-
stitutions in the first B’(III) coordination sphere are such that 
their impact is not detected (vide infra) and that we are in fact 
detecting the impact from substitutions at the greater distance. 

 
Figure 6. Solid-state 209Bi (a) and 115In (b) NMR spectra for the 
Cs2BiAgCl6 and Cs2InAgCl6 parent materials, respectively. NMR 
spectra were acquired at 21.14 T with and without magic-angle 
sample spinning as indicated. 
 
Nevertheless, to extract some further structural insight, a strate-
gic low doping approach was performed and is shown in Fig-
ures 7a (209Bi NMR) and 7b (115In NMR) for 
Cs2Bi0.085In0.915AgCl6 and Cs2Bi0.924In0.076AgCl6. The low In3+ 
doping concentration in Cs2Bi0.924In0.076AgCl6 renders statisti-
cally improbable multiple substitutions (i.e., substitution of 
only one [InCl6]3− octahedron out of 13 [BiCl6]3− octahedra, 
( '(())
'(())#'(*+)

 ~ ,
,-

)). Therefore, the Bi center will recognize one 
[InCl6]3− octahedron on average within the medium-range struc-
ture. Unfortunately, the substitution during crystal growth will 
be random across the 12 possible B’(III) positions that are sur-
rounding the Bi-center. The same explanation is applicable for 
the In-system (Cs2Bi0.085In0.915AgCl6) as well. The labels in Fig-
ure 7 represent new 209Bi and 115In NMR resonances for a single 
or double B’(III)-site substitution(s) in our doped HDP system, 
as discussed below.  
 

 



 

 
 
Figure 7. Solid-state 209Bi NMR spectra for the Cs2BiAgCl6 parent, Cs2Bi0.924In0.076AgCl6 and Cs2Bi0.085In0.915AgCl6 materials (a). Solid-
state 115In NMR spectra for the Cs2InAgCl6 parent, Cs2Bi0.085In0.915AgCl6, and Cs2Bi0.924In0.076AgCl6 materials (b). Spectra were acquired at 
21.14 T with and without magic-angle spinning as indicated. The asterisks (∗) indicate spinning sidebands. 

 

 
Upon doping with In3+ to form Cs2Bi0.924In0.076AgCl6, a second 
broad low intensity 209Bi resonance appears to lower frequency 
(Figure 7a). The high-frequency resonance is assigned to 
(BiCl6)3– surrounded by six {AgCl6}5– octahedra, then by 12 
[BiCl6]3– octahedra in the first B’(III) coordination sphere, noted 
as site-i (i.e., (BiCl6){AgCl6}6[BiCl6]12), with a center-of-grav-
ity shift, δcgs ≈ 3980 ppm. The low intensity resonance to lower 
frequency with δcgs ~3920 ppm (site-ii) is tentatively assigned 
to 209Bi nuclei where one of the [BiCl6]3– positions in the first 
B’(III) coordination sphere has been replaced by a single 
[InCl6]3– octahedron (i.e., (BiCl6){AgCl6}6[BiCl6]11[InCl6]1).  
Likewise, the 209Bi MAS NMR data for the same sample ap-
pears to have a low-intensity third resonance at δcgs = ~3860 
ppm, which is tentatively assigned as the signal due to sites 
where two [BiCl6]3– octahedra in the first B’(III)  octahedral co-
ordination environment are replaced by two [InCl6]3–, i.e., site-
ii’, (BiCl6){AgCl6}6[BiCl6]10[InCl6]2 (Figure 7a and S21). A 
slight broadening of the high-frequency resonance is also ob-
served (ca. 2.8 kHz Cs2BiAgCl6 vs. ca. 3.2 kHz for 
Cs2Bi0.924In0.076AgCl6) which is attributed to a reduction in me-
dium-range symmetry about the central (BiCl6)3– octahedron. 
For Cs2Bi1−xInxAgCl6 samples with higher indium mole frac-
tions (i.e., Cs2In0.28Bi0.72AgCl6, Cs2In0.50Bi0.50AgCl6, 
Cs2In0.78Bi0.22AgCl6), multiple resonances are observed to low 
frequency in the 209Bi NMR spectra compared to that for 
Cs2BiAgCl6 (Figure S22). These multiple sites correspond to 
distinct 209Bi chemical environments which arise from the vari-
ation of [InCl6]3– and [BiCl6]3– substitutions in the medium-

range chemical environment with respect to the central (BiCl6)3– 
unit.  Interestingly, for the very low bismuth-containing mate-
rial, Cs2Bi0.085In0.915AgCl6, two distinguishable 209Bi NMR sites 
centered at δcgs = ~2280 and δcgs = ~2450 ppm are observed 
(Figure 7a). The low frequency Gaussian-like sharp 209Bi peak 
at 2280 ppm (site-iv) corresponds to a very symmetric (BiCl6)3– 

octahedral site surrounded by [InCl6]3– octahedra in the first 
B’(III) octahedral environment, i.e., (BiCl6){AgCl6}6[InCl6]12. 
The broad peak at the higher frequency region (δcgs = ~2450 
ppm, site-iii) corresponds to a (BiCl6){AgCl6}6[BiCl6]1[InCl6]11 
site. This composition is also where the maximum PLQYs are 
observed, consistent with the importance of the doping of Bi in 
Cs2InAgCl6 as noted above. 
Indium-115 NMR spectra were acquired at 21.14 T for the com-
plete series of Cs2Bi1−xInxAgCl6 solid solutions. Figure 6b 
shows the 115In non-spinning and MAS NMR spectra for the 
Cs2InAgCl6 parent material. Similar to the 209Bi NMR data dis-
cussed above, the 115In NMR spectrum shows a sharp central 
transition resonance, δcgs = ~42 ppm. The absence of a second-
order quadrupolar interaction is due to the octahedral symmetry 
of the In3+ environment formed by six coordinating Cl–, 
(InCl6)3– and by the overall high symmetry of the medium-range 
structure (i.e., each In octahedron is surrounded by six 
{AgCl6}5– and 12 [InCl6]3–octahedra in the first B’(III)  coordi-
nation environment, (InCl6){AgCl6}6[InCl6]12 (site-I). The line-
shape is Gaussian-like with the bulk of the broadening at-
tributed to both direct and indirect spin-spin coupling between 
115In and six directly attached 35/37Cl to form InCl6

3– octahedra, 
as was observed for the 209Bi NMR spectrum for Cs2BiAgCl6. 



 

Along with the central transition, a broad underlying compo-
nent, spanning between ca. 500 and –400 ppm, corresponds to 
the 115In satellite transitions.96,97  Using the field dependence of 
the quadrupole coupling interaction, a small CQ(115In) of 1.10 ± 
0.25 MHz was calculated for Cs2InAgCl6 (Figure S23). As bis-
muth is incorporated at low concentrations to form 
Cs2Bi0.085In0.915AgCl6, a second broad 115In MAS NMR reso-
nance appears at higher frequency at δcgs = ~50 ppm (site-II), 
along with the sharp resonance observed for the parent material 
(Figure 7b). The broadening in the new resonance is due to an 
increase in the EFG about the indium center as one [InCl6]3– 
octahedron is replaced by a [BiCl6]3– octahedron, breaking the 
medium-range symmetry, i.e., site-II, 
(InCl6){AgCl6}6[InCl6]11[BiCl6]1. Likewise, examination of the 
central transition peaks for the 115In MAS NMR spectra indi-
cates a broadening with the FWHM increasing 160% from ca. 
0.7 kHz (Cs2InAgCl6) to ca. 1.1 kHz (Cs2Bi0.085In0.915AgCl6), 
similar to what was discussed above for the 209Bi spectra. Figure 
S24 shows 115In NMR spectra for the full Cs2Bi1−xInxAgCl6 
HDP series. As the bismuth mole fraction increases, multiple 
115In NMR resonances are observed in the higher frequency re-
gion (e.g. Cs2Bi0.22In0.78AgCl6), along with the central transition 
peak for the parent compound. However, for samples with much 
higher bismuth mole fractions, i.e., for Cs2Bi0.50In0.50AgCl6 and 
for Cs2Bi0.72In0.28AgCl6, nearly Gaussian-like 115In NMR line-
shapes centered between ca. 85 and 105 ppm, respectively are 
observed. For materials with low indium, Cs2Bi0.924In0.076AgCl6, 
an asymmetric narrow lineshape (δcgs = ~ 115 ppm, site-IV) is 
observed. Site-IV corresponds to (InCl6)3– octahedra surrounded 
by 12 [BiCl6]3– octahedra in the first B’(III) octahedral coordi-
nation environment (i.e., (InCl6){AgCl6}6[BiCl6]12). 
Turning our attention back to the cubic parent compounds, the 
observation of spinning sidebands and non-zero CQs for 209Bi 
and 115In is direct evidence of the presence of defects. The exact 
concentration of defects cannot be determined precisely, how-
ever some qualitative insight can be gained from examination 
of the 133Cs, 209Bi and 115In NMR spectra of the parent com-
pounds. The 133Cs MAS NMR spectra of the parent materials 
are dominated by a sharp single isotropic resonance with only a 
single low-intensity (<1%) spinning sideband upon slow (5 

kHz) magic-angle spinning conditions (Figure S17a). Based on 
past studies, the small spinning sideband may be attributed to 
chloride vacancies (VCl) as halogen vacancies are one of the 
dominant and stable point defects in HDP due to their low for-
mation energy.73,98 It has also been shown to be energetically 
favored to have alternating AgCl6 and BiCl6 site arrangements 
for Cs2BiAgCl6; the electronic configuration of B’(III)-site cat-
ions plays an important role in the halogen vacancies, where 
Cs2InAgCl6 has a lower VCl formation energy than that for 
Cs2BiAgCl6 due to the absence of s-orbital in In3+ ion.99 The 
133Cs quadrupole moment is ~ 240 times smaller than  that for 
115In (or ~150 times smaller than that for 209Bi); therefore these 
small VCl defects would manifest more readily as a series of 
spinning sidebands for both 115In and 209Bi spectra, which are 
shown in Figures S24a and S21a, respectively. Low alloying of 
Bi (or In), whereby we purposefully introduce new B’(III) sites 
(<10% loading) causes new resonances to appear in the 133Cs 
NMR spectra as well as increases the presence of spinning side-
bands across all three NMR-active nuclei (115In, 133Cs and 209Bi) 
studied here, consistent with an increase in the quadrupole cou-
pling interaction. With the sensitivity of the 133Cs chemical shift 
and its receptivity, a change in the surrounding eight 
B”(Ag)/B’(In or Bi) neighbors in the parent materials (i.e., an 
antisite defect) should induce a new resonance, as the alloying 
discussed above shows. Considering that a spinning sideband at 
< 1% intensity is detectable, we predict a new Cs chemical en-
vironment induced by an antisite defect would be observed in 
the parent 133Cs NMR spectra if present at ~0.15 % as each B-
site substitution would impact eight neighboring Cs sites in the 
extended unit cell.71 This is further supported by the very small 
quadrupole coupling constants for the 209Bi and 115In parent 
compounds where only a few first-order spinning sidebands are 
observed from the satellite transitions and the PXRD (above), 
suggesting minimal intrinsic defects in these materials. Taking 
these factors into consideration, we estimate that intrinsic de-
fects in the parent phases are less than 0.1 %. This is in contrast 
to oxide-based perovskites where antisite defects are commonly 
observed.100–102 
 

 



 

 
 
Figure 8. Change in calculated CQ of the central 209Bi or 115In nuclei with a change in B’(III)-site neighbors in the super lattice (a). Normalized 
209Bi (b) and 115In (c) NMR spectra acquired at 21.14 T under non-spinning and magic-angle spinning (18 kHz) conditions, respectively, for 
the samples as indicated. The normalized intensity in (b) and (c) corresponds to vertically scaled spectra with the same amount of Bi or In, 
respectively, for a sample for a given number of scans. The asterisks (∗) in (c) indicate spinning sidebands. 
 
g. Impact of Medium-Range Structure on 115In and 209Bi CQs 
Determined Using Quantum Chemical Calculations: 
The medium-range structure discussed above was used to de-
scribe the appearance of additional 115In and 209Bi NMR reso-
nances upon the formation of the various Cs2Bi1−xInxAgCl6 solid 
solutions. As noted, when the extended symmetry begins to 
break down, the large 209Bi and 115In quadrupole moments result 
in sizeable quadrupole coupling constants for 209Bi and 115In nu-
clei and their NMR lineshapes are then dominated by second-
order quadrupolar broadening (i.e., the peaks broaden drasti-
cally). For example, previous studies have shown that CQs can 
reach up to 256 ± 10 MHz for 209Bi93 and 200 ± 4 MHz for 
115In91; this translates into resonances that span MHz (or 1000’s 
of ppm) at moderate magnetic field strengths.  
To assess the range of possible CQs when Bi/In substitutions 
occur, DFT calculations were undertaken on a series of me-
dium-range structural models shown in Figure 8a. The heavy 
atoms considered in this study as well as the size of the crystal 
lattice required to properly model the medium-range structure 
precluded calculation of EFGs for all possible combinations of 
substitution sites. However, calculations were undertaken with 
substitutions at a few symmetric positions to provide insight 
into the possible impact of these substitutions on the EFGs. Cal-
culated 209Bi and 115In CQ values range from 0 MHz for the 
Cs2BiAgCl6 and Cs2InAgCl6 parent crystal structures to a max-
imum of 45.9 MHz (209Bi) or 25.7 MHz (115In) for nearly equal 
Bi/In populations (Figure 8a). The moderately sized quadrupole 
coupling constants for these symmetrically substituted chemical 

environments hint that the couplings could increase further 
when non-symmetric Bi/In substitutions within the multiple 
possible environments occur (Figure S20).  For example, for 
Cs2Bi0.50In0.50AgCl6, only 5 of 12 possible B’(III) substitutions 
have populations > 10%. If we now consider that each of these 
substitutions can have multiple arrangements across the first 
and second B’(III) coordination spheres, a daunting scenario 
develops where the probability for a particular unique arrange-
ment is considerably less than 10%. Taking these factors into 
consideration and combining the changes in chemical shifts 
with the distribution of quadrupole coupling constants yields 
115In and 209Bi NMR spectra that are unresolvable. Furthermore, 
if the CQ’s for any arrangement are larger than those predicted 
by the symmetrically substituted DFT calculations, it could ren-
der the site undetectable (vide infra) under the experimental 
conditions used here. We observed a significant loss in both 
209Bi and 115In NMR signal intensities upon increments in In or 
Bi concentrations to form Cs2Bi1−xInxAgCl6 solid solutions. In-
terestingly, further increasing In or Bi concentrations, i.e., to-
wards Bi-doped Cs2InAgCl6 or In-doped Cs2BiAgCl6 materials, 
caused both 209Bi and 115In NMR intensities to increase (Figures 
8b and 8c, respectively) due to an increase in medium-range co-
ordination environment. The experimental 209Bi and 115In NMR 
results for the Cs2Bi1−xInxAgCl6 series are shown in Figures S25 
and S26, respectively. 
Figures S27a and S27b show 209Bi and 115In NMR spectra one 
may expect for a two-site system, one with CQ = 0 and with 90 



 

% of the NMR sites, the other with CQ = 45 and 25 MHz, re-
spectively, for 209Bi and 115In (i.e., the maximum values calcu-
lated via DFT). Clearly, sites with these magnitudes of CQ and 
such a low level of incorporation (i.e., very low doping levels), 
are beyond the detection limits of current instruments. Note also 
that these are “best-case” scenarios, in that other factors that 
may further negatively impact detectability, such as magnetic 
shielding anisotropy or T2 relaxation, were not considered in 
these simulations. Figures S27c and S27d illustrate the impact 
of CQ on the intensity of a given NMR site. These demonstrate 
that one may hope to observe 115In and 209Bi NMR sites im-
pacted by substitution if the probability of that site is a signifi-
cant percentage of the total. Figures S27e and S27f illustrate 
overlays of simulated NMR spectra expected for a system with 
two sites with equal probability, one CQ = 0 and the other with 
significant CQ values. These simulated spectra illustrate that 
there may very well be undetectable 209Bi and 115In NMR sites 
in our NMR spectra.  These simulations also demonstrate that, 
considering that the NMR sites vary only in the nature of the 
substitutions at the first or second B’(III) coordination spheres 
(i.e., > 7 Å), they will not vary greatly in isotropic chemical 
shifts, and thus we cannot hope to resolve distinct sites even at 
the high field (21.14 T) used here. As noted above, for most of 
these systems, one needs to consider a minimum of 12 unique 
Bi/In positions and thus observed NMR sites are probably con-
tributions from multiple distinct sites. As such, we refrain from 
fitting these data due to the lack of resolution and confidence in 
observing all Bi (or In) resonances. Wideline approaches103,104 
such as WURST, CPMG or VOCS, that have been successful 
to detect broad quadrupolar line shapes, would not provide the 
resolution that is needed here, and thus probably would not help 
decipher these complex spectra.  

CONCLUSIONS 

We have presented an analysis of a lead-free and environmen-
tally stable Cs2Bi1−xInxAgCl6 double perovskite series in which 
indium composition (x) can be tuned from 0 to 1. The Bi/In al-
loying allows exquisite tailoring of the bandgap properties with 
an indirect to direct bandgap crossover occurring x > 0.5. These 
HDP materials are capable of broadband white-light PL emis-
sion upon ultraviolet excitation, and the emission efficiency 
highly depends on Bi/In compositional ratios. The Bi-rich ma-
terials with an indirect bandgap show lower PLQY as compared 
to In-rich materials, with a direct bandgap which has a maxi-
mum PLQY of 34 ± 4%. PL spectroscopy reveals white light 
production from a unique source for these HDPs with an aver-
age PL carrier lifetime of approximately 1 μs. 
The PXRD information elucidates comprehensive long-range 
structural behavior, indicating solid solutions through a Ve-
gard’s analysis for these Cs2Bi1−xInxAgCl6 HDPs. Building be-
yond these findings a unique short- and medium-range struc-
tural evolution can be uncovered using a combination of solid-
state NMR spectroscopy of exotic quadrupolar nuclei. Specifi-
cally, we have shown that there is a high degree of B′(III)/B′′(I) 
site ordering; complementary XRD and NMR results reveal 
complete Bi3+/In3+ mixing with no evidence of phase segrega-
tion or anti-site defects (<0.1%) in these HDPs. Furthermore, a 
maximum PLQY is observed when Bi is surrounded by 12 In 
neighbors about its medium-range structure. This work demon-
strates the intricate atomic-level chemical structural infor-
mation afforded by NMR spectroscopy of these newly devel-
oped solid-state optoelectronic-based HDP materials, especially 
when cationic mixing is present. 
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