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ABSTRACT: The hybrid halide double-perovskite family is a
highly diverse system that allows a wide range of property tunings
via structural variations. Using organic components instead of small
A-site cations to reduce the dimensionality of the structure and
doping metal cations can modulate their structure and improve the
optoelectronic performance. Here, by introducing an organic
cationic ligand morpholine (Mor), we report on a new family of
double-perovskite-derived halides (Mor),ABX, (A = Na, K; B = In,
Bi; X = Cl, Br) with several unique types of one-dimensional (1D)
structures constituted by [AX,0,] and [BX,] octahedron units.
These materials are nonemissive at room temperature, while with
an Sb**-doping strategy, the photoluminescence can be drastically
enhanced. For (Mor),KInX,, their quantum efficiencies are
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improved to near unity via Sb>* doping. Meanwhile, for (Mor),KBiX, the photoluminescence improvement from Sb** doping is
negligible. With density functional theory calculations, (Mor),KInBrs and (Mor),KBiBr, have been identified to have direct- and
indirect- band gap, respectively. This work expands a new material space for organic—inorganic hybrid double-perovskite-derived

materials and provides insights into tuning their optical properties.

B INTRODUCTION

Halide perovskites are great candidates for optoelectronics
because of their high absorption coeflicients, easily tunable
energy gaps, high carrier mobility, and excellent defect
tolerance.' ® These superior properties led to promising
applications in solar cells, photodetectors, light-emitting diodes
(LEDs), and a wide range of optoelectronic applications.”~
The strategy of using monovalent and trivalent metal cations
instead of Pb** to form double perovskites effectively avoids
lead toxicity issues.'”"” In(III) as one of the 3+ metal options
has the advantages of tunable light emission, environmentally
friendly characteristics, and resistance to oxidation. For
instance, In(1II)-based double perovskites such as Cs,NaInCl
have been explored and exhibit practical application for X-ray
detectors."*~'® Despite that these materials have large Stokes
shifts, self-trapped excitons (STEs) broad emission, and
structural diversity brought by the combination of different
metal elements, the presence of parity-forbidden transition and
nonradiative composite processes in double perovskites lead to
undesirable photoluminescence quantum yield (PLQY)."”"®
Compared with other main group metals, antimony-based
halides have been widely reported to have high PLQYs. For
example, (MePPh,),SbCl;, (PPN),SbCl; (PPN* bis-
(triphenylphosphoranylidene)-ammonium), (Me;BzN),SbCl,
((Me3BzN)" = trimethylbenzyl ammonium), and
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(Et;BzN),SbCl; ((Et;BzN)* = triethylbenzyl ammonium) all
have near-unity PLQY."”~*' Furthermore, with dynamic lone
pairs, Sb®* has been widely used as an efficient dopant to
enhance the photoluminescence (PL) efficiency.”>” >’
Cs,InCl3'H,O with 5% Sb** demonstrated a strong elec-
tron—phonon coupling, which led to the formation of STE
emission with a near-unity PLQY.*® In another example, Sb**-
doped (Cy,H,sP),MnCl, exhibited excellent thermal stability
while having a high PLQY of 84%.”” Through doping Sb*",
(DFPD),KInBr, (DFPD = 4,4-difluoropiperidinium) achieved
highly efficient warm-white PL emission.”®

In addition, the low-dimensional structure can enable
adapting to a much more distorted octahedral coordination
geometry and facilitate the radiative recombination of bound
excitons.”” > Using organic components instead of small A-
site cations in the double perovskite can reduce the
dimensionality of the structure to modulate its structure and
provide additional structural flexibility that cannot be achieved
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with a simple double-perovskite motif.>*™*° For instance,
butylammonium (BA) cations were incorporated into the
framework of three-dimensional (3D) halide double-perovskite
Cs,AgBiBry to generate BA,AgBiBry accompanied by indirect-
to-direct band gap transition.”” Other low-dimensional double-
perovskite derivatives include (MA),AgInBr,, where face-
sharing [AgBrs] and [InBrg]*>~ octahedra are connected
alternately to form one-dimensional (1D) chains.*®

Here, by introducing an organic component morpholine
(Mor) as the cationic ligand, we have obtained a series of 1D
double-perovskite-derived compounds with the general for-
mula (Mor),ABX¢ (A = Na, K; B = In, Bi; X = Cl, Br). The
oxygen in Mor and the halogens are coordinated to K and help
in stabilization of the bimetallic units. The PLQY of the In-
based materials has been significantly enhanced by doping Sb**
up to near unity, while the Bi-based materials, even though
structurally analogous, are difficult to dope and only show a
little improvement. With density functional theory (DFT)
calculations, we further reveal that the In-based materials are
direct-gap semiconductors, while the Bi-based materials are
indirect-gap, which explains their intrinsic differences. Our
work demonstrates a new design perspective regarding the
double-perovskite-derived family and illustrates the fundamen-
tal aspects for effective property tuning.

B EXPERIMENTAL METHODS

Synthesis. Potassium bromide (99.19%), sodium chloride
(99.9%), antimony(III) oxide (99.2%), bismuth(III) oxide (99.5%),
indium(III) oxide (99.5%), and morpholine (99%) were purchased
from Bide Pharmatech Ltd. Hydrochloric acid (analytical reagent,
40%) and hydrogen bromide (analytical reagent, 40%) were
purchased from Shanghai Macklin Biochemical Co., Ltd. All reagents
and materials were directly used without further treatment.

(Mor),ABX, was synthesized via solution methods. B,O; (1 mmol)
and NaCl/KBr (1 mmol) were dissolved in § mL of HX, and 2 mmol
of Mor was added dropwise to the previous mixture under heating
and stirring until the solution became homogeneous. Colorless or pale
yellow needlelike crystals of (Mor),KBX, precipitated after the
reaction mixture was cooled to ambient temperature. For preparing
(Mor),KInX,, 1% Sb, In,O5 (0.99 mmol), Sb,O; (0.01 mmol), and
KBr (1 mmol) were dissolved in $ mL of HX, and 2 mmol Mor was
added dropwise to the previous mixture. By removing the resultant
solution after heating and stirring until homogeneous, colorless/pale
yellow plate-like crystals can be obtained at room temperature. For
preparing (Mor),KInX,, 3% Sb, In,O; (0.97 mmol), Sb,0; (0.03
mmol), and KBr (1 mmol) were dissolved in S mL of HX, and 2
mmol Mor was added dropwise to the previous mixture. By removing
the resultant solution after heating and stirring until homogeneous,
colorless/pale yellow plate-like crystals can be obtained at room
temperature. For preparing (Mor),ABX,, 5% Sb, B,O; (0.95 mmol),
Sb,0; (0.05 mmol), and NaCl/KBr (1 mmol) were dissolved in S mL
of HX, and 2 mmol Mor was added dropwise to the previous mixture.
By removing the resultant solution after heating and stirring until
homogeneous, colorless/pale yellow plate-like crystals could be
obtained at room temperature. For preparing (Mor),KInX,: 8% Sb,
In,0; (0.92 mmol), Sb,0; (0.08 mmol), and KBr (1 mmol) were
dissolved in 5 mL of HX, and 2 mmol Mor was added dropwise to the
previous mixture. By removing the resultant solution after heating and
stirring until homogeneous, colorless/pale yellow plate-like crystals
can be obtained at room temperature.

Single-Crystal X-ray Diffraction (SCXRD). Full sphere data
were collected for single crystals of (Mor),ABX, (A = Na, K; B = In,
Bi; X = Cl, Br) collected using a Bruker D8 VENTURE diffractometer
with Ga/Mo Ka radiation at 298 K, with the integration and
reduction of crystal data carried out by the Bruker APEX3 software.
Crystal structures were solved using Olex2 program.*’
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Powder X-ray Diffraction (PXRD). Powder X-ray diffraction
patterns were collected for powder samples using a SmartLab X-ray
Diffractometer with Cu Ka radiation at room temperature.

UV—vis Spectroscopy. The ultraviolet—visible (UV—vis) spectra,
using the UV-3600i Plus spectrophotometer with BaSO, as the
reference material, were collected in the wavelength range of 200—
1000 nm at room temperature. The band gaps are converted using the
Kubelka—Munk equation @/S = (1 — R)?/2R, where @, S, and R
represent the absorption coefficient, scattering coeflicient, and
absolute reflectance, respectively.

Steady-State, Time-Resolved, and Temperature-Dependent
PL. The PL spectra were obtained with a HORIBA FluoroMax+
instrument. The excitation wavelength was 320 nm for Sb**-doped
(Mor),NaInCl,, 325 nm for Sb**-doped (Mor),KInCly, 360 nm for
(Mor),KBiBrs, and 365 nm for (Mor),KInBrs, Sb**-doped
(Mor),KInBr,, and Sb**-doped (Mor),NalnBrs. The PLQYs were
measured at room temperature using the integrating sphere on a Xi
Pu Guang Dian XP-EQE-Adv instrument with excitation at 365 nm.
Temperature-dependent PL experiments were performed in a cryostat
cooled with liquid nitrogen. A thermocouple connected to a
temperature controller was used to monitor and control the
temperature during measurements. All samples were excited with
MDL-III laser, and the corresponding PL spectra were collected using
a NOVA spectrometer through the OLYMPUS confocal microscope.

Inductively Coupled Plasma Mass Spectroscopy (ICP-MS).
ICP-MS measurements were conducted using an Agilent 7700X ICP-
MS spectrometer.

Density Functional Theory (DFT) Calculations. DFT calcu-
lations were carried out using the projector-augmented wave (PAW)
method as implemented in the Vienna Ab initio Simulation Package
(VASP) code. The generalized gradient approximation (GGA) level
with the Perdew—Burke—Ernzerhof (PBE) functional was used. The
van der Waals (vdW) interactions were also included in the
calculations using the zero-damping method of Grimme (DFT-D3).
A uniform grid of 4 X 2 X 1 k-mesh in the Brillouin zone was
employed to optimize the crystal structures of (Mor),KInBr,; and
(Mor),KBiBrg. The plane-wave basis set cutoff of the wave functions
was set at 450 eV. The atomic positions of both crystal structures
were fully relaxed until the forces on each atom were less than 0.01
eV/A. The band structures, projected density of states (PDOS), and
electronic charge densities were calculated at the GGA/PBE+vdW
level with spin—orbit coupling (SOC) effects.

B RESULTS AND DISCUSSION

Crystal Structure Analysis. Morpholine was chosen as the
organic cationic ligand because of its structure containing an
oxygen atom for coordination with the alkali metal, and the
nitrogen on the ring could be protonated for charge balance.
The sp® oxygen atoms in organic cationic ligands, such as
ethanolammonium (EA) and methyl-2-hydroxyethylammo-
nium (MEA), have been shown to participate in the
constitution of the metal halide octahedra and generate large
distortions.*’ Single-crystal X-ray diffraction (SCXRD) anal-
yses revealed that the (Mor),KBX; (X = Cl, Br) are
isostructural and crystallize in the monoclinic space group
C2/c, whereas (Mor),NaInClg and (Mor),NalnBr crystallize
in the monoclinic space group P2/c and P2,/c, respectively
(detailed crystallographic data are given in Tables S1—S3).
The phase purity was confirmed via powder X-ray diffraction
(PXRD) for the same features of the samples and simulation
results (Figures S1—S3). We have previously reported the
structure of (Mor),KBiBry,*" whereas the other structures are
all new and are first reported here. These compounds have
unique 1D structures constituted by [KX,0,] and [BX]
octahedron units. In (Mor),KInCl,, K coordinates with four CI
and two O from Mor, and In coordinates with six Cl, forming
the alternating 1D chains in two edge-sharing ways (Figure
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la,c,e). The Mor cation, while balancing the charge, forms a
[KC1,0,] octahedron in coordination with K. In addition, Bi
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Figure 1. Crystal structure of (a) (Mor),KInCl, along the direction
perpendicular to the 1D chains, (b) (Mor),KInBr, along the direction
perpendicular to the 1D chains. (c) (Mor),KInCly and (d)
(Mor),KInBrg viewing from the b-axis, showing the alternating
polyhedra of different metal centers. Basic building units were (e)
(Mor),KInClg and (f) (Mor),KInBrs. Hydrogens are omitted for
clarity.

was chosen to replace In to explore the structural diversity. We
have obtained isostructural compounds with [KX,0,] and
[BiX,] forming the alternating 1D chains in edge-sharing ways
as expected (Figure 2a—d). It means that the central atom of

(@)

(Mor),KBiClg

(b)

(Mor),KBiBrg

Figure 2. Crystal structures of (a) (Mor),KBiCl; and (b)
(Mor),KBiBrg on viewing from the b-axis. Basic building units were
(c) (Mor),KBiClg and (d) (Mor),KBiBr,. Hydrogens are omitted for
clarity.

the [BXs] octahedron is not the decisive factor in the
formation of this structure. Then we replace K with Na to
explore the effect of A-site metal cations on the structures. For
(Mor),NaInX,, however, different from the K analogues,
[NaX,0,] is linked with [InX,] through only one edge-sharing
mode, where the organic cations all orientate upward along the
b-axis (Figure 3a—f). For all of the above compounds,
replacing Cl with Br, we still get isomorphic compounds,
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Figure 3. Crystal structures of (a) (Mor),NaInCl; and (b)
(Mor),NalnBr, on viewing from the a-axis. Structures of (c)
(Mor),NaInCl; and (d) (Mor),NalInBr, on viewing from the c-axis,
where the cationic ligand is situated on one side of the chain. Basic
building units are (e) (Mor),NaInCly and (f) (Mor),NalnBr,.
Hydrogens are omitted for clarity.

which indicates that replacing the halogen would not change
the structure of this series of compounds. Furthermore, we
tried to replace K with other alkali metals but failed to obtain
the target compounds. This probably could be attributed to the
ionic radius of the alkali metal ions and the affinity toward the
coordination, where only appropriate-sized metal cations can
lead to the formation of the desired structure.

Optical Properties. We have measured the optical band
gaps of (Mor),ABX, by diffuse reflectance spectroscopy on
solid powder samples. The optical band gaps, determined by
extrapolating the absorbing edge to the linear part, are 4.5 eV
for (Mor),KInCl,, 3.6 eV for (Mor),KInBr,, 3.3 eV for
(Mor),KBiCl,, 3.0 eV for (Mor),KBiBrs,, 4.9 eV for
(Mor),NaInClg, and 3.7 eV for (Mor),NalnBr, (Figure 4a—c
and Table 1). These band gaps are comparable with other
reported materials, such as (PMA);InBrgy (3.78 eV),
(PBA),InBr,H,0 (4.05 eV, (PBA)* = C,H(CH,),NH,"),
(PBA),BiBr,-H,0 (3.52 eV), and [(ArNH;),(BiBrg)] (2.92
eV, Ar = 2,6-diisopropylphenyl).*' =" Comparing
(Mor),NaInBrs vs (Mor),KInBrs, they have very similar
band gaps, which indicate that the A-site metal and the
structural connectivity have little effect on the band gaps.*’
However, in the case of (Mor),NaInClg vs (Mor),KInCly, the
difference in the band gap is pronounced (~0.5 eV), which
hints that the chlorides are more sensitive in terms of structure
and composition. For the other sets of comparisons, the band
gaps of the derivatives with different B-site metals or halides
differ significantly. In-based compounds have much larger band
gaps than Bi-based isostructural ones. By replacing the Cl in
(Mor),AInClg with Br, the band gap was decreased by about 1
eV, which is commonly seen for the hybrid metal halides.** For
(Mor),KBiX,, the band gap difference between the com-
pounds formed with Cl and Br is 0.3 eV, which is much less
significant than that in (Mor),AInX,.

Although the pristine materials are almost nonemissive, we
collected the PL data for (Mor),KInX,. The PL spectrum of
(Mor),KInX, is mainly dominated by a broadband extremely
weak orange emission peaking at 660 nm for (Mor),KInCly
and 700 nm for (Mor),KInBr, (Figure SS). The broadband

https://doi.org/10.1021/acs.chemmater.3c02183
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Figure 4. UV—vis absorption spectra of (a) (Mor),KInX,, (b) (Mor),KBiXy, and (c) (Mor),NaInX; (X = Cl, Br).

Table 1. Comparison of the Optical Band Gaps of
(Mor),ABX;

compounds band gap (eV)
(Mor),KBiClg 33
(Mor),KBiBr, 3.0
(Mor),KInClg 4.5
(Mor),KInBry 3.6
(Mor),NalnCly 4.9
(Mor),NalnBrg 3.7

emission and a large Stokes shift resemble those previously
reported for STE emissions."”*°

PLQY Enhancement in Sb3*-Doped (Mor),ABXj.
Because of its similar size and charge, Sb>* has been chosen
as the dopant to enhance the PL performance. The doping
concentration is noted as the percentage of Sb®" to the total
amount of In*" and Sb**, which is kept at 1 mmol. The actual
introduced mole ratios (x) of Sb to (In + Sb) in Sb**-doped
(Mor),KBX4 samples were identified by ICP-MS measurement
(detailed data are given in Tables S4—S6). For Sb**-doped
(Mor),NaInX,, we denote it as (Mor),NalnXy: 5%; here 5%
refers to the proportion of Sb** to In** and Sb* in the feed
ratio. The relevant characterization results for
(Mor),AB,_,Sb, X, are listed here. The PXRD patterns of
Sb**-doped (Mor),ABX; are identical to the undoped ones,
indicating that the Sb**-doped products are single phases like
the pristine samples (Figures Sa,b, S8, and S12). In addition,
magnified images of the PXRD patterns show that the peaks
are slightly shifted to low angles in (Mor),KInX, (Figure S11).

For (Mor),KInX; and (Mor),KBiBr,, under UV lamp
irradiation at room temperature, orange light is emitted after
doping Sb>* (Figures Sc and SS). The emission peak of the
Sb**-doped (Mor),KInClg center at 660 nm and the highest
PL intensity are excited with an A, of 325 nm (Figure SSb).
Their PL emission follows the same mechanism because their
excitation and emission peaks differ only in intensity but not in
position. As previously reported, ns>-based metal cations such
as Sb®*, possessing a lone pair that can be emitted from the
radiative recombination, have the ground state ('S,) and their
first excited state generally split into single state ('P;) and
triplet state (°P,)."” Meanwhile, the lifetime of the triplet 'S,
— P, radiative recombination with partially forbidden
transition (several microseconds) is usually longer than that
of the singlet 'Sy — 'P; (several nanoseconds). The lifetime of
the emission peak is determined as 4.03 us for Sb**-doped
(Mor),KInClg at 280 K. Therefore, the emission can be
assigned to the triplet 'Sy — *P,. Likewise, as shown in Figures
Sc and SSd, the Sb**-doped (Mor),KInBr, shows orange light
emission centered at 700 nm. (Mor),KBiBrs emits a faint
orange light with a weak emission at 710 nm after doping Sb**
(Figure S10). However, for (Mor),KBiCl, the doping strategy
did not improve the luminescence properties. Figure Sl4a
shows the excitation and emission spectra of (Mor),NaInCl:
5% Sb, with green light emission at 545 nm. Under the optimal
excitation wavelength of 365 nm, (Mor),NalnBrs: 5% Sb
exhibits a broadband yellow light emission center at 580 nm
(Figure S14b). Replacing K with Na of smaller size causes
changes in structure and space group. Their structural
differences result in distinct emission colors. A similar case

(a) (Mor),KInClg: x% Sb (b) (Mor),KInBrg: X% Sb (C) 100 i
—_ | * 0.7% 2.0%
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Figure 5. PXRD of Sb**-doped (a) (Mor),KInClg and (b) (Mor),KInBr, with varying Sb concentrations determined by ICP-MS. (c) Dependence
of PLQY on Sb* doping concentration for the (Mor),KInX, series (X = Cl, Br). Inset images are optical microscopic pictures of
(Mor),KIng ¢94Sbg00sCls (left) and (Mor),KIngggeSbyo1;Brg (right) under UV excitation.
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Figure 6. (a) Temperature-dependent steady-state PL spectra of (Mor),KInCls: 0.6% Sb. (b) Temperature-dependent PL decay spectra of
(Mor),KInClg: 0.6% Sb. (c) Temperature-dependent steady-state PL spectra of (Mor),KInBrg: 1.1%. (d) Temperature-dependent time-resolved

PL decay spectra of (Mor),KInBrg: 1.1%.

can be found in a previous report, using Na to replace K, where
Cs,NalInCly:5%Sb showed a blue-shift trend in PL emission
peak.**

As expected, their PLQYs are greatly enhanced with this
approach. The PLQY of Sb**-doped (Mor),KInCl, is raised to
98.8%, and the highest PLQY for Sb**-doped (Mor),KInBr4
rises to 91.1% (Figure Sc). The maximum PLQY of Sb**-
doped (Mor),KBiBr can reach only 0.2% at the same doping
concentration, while the PLQY of (Mor),KBiCly is ~0% after
doping. The PLQYs for (Mor),NaInCl;: 5% Sb and
(Mor),NalnBrg: 5% Sb increase to 48.2 and 3.6%, respectively.
The lifetime of (Mor),KInClg: 0.6% Sb decreases from 5.19 to
4.03 us and the lifetime of (Mor),KInBrg: 1.1% Sb decreases
from 3.85 to 2.51 us (Figure 6a—d and Table S7) with
increasing temperature from 80 to 280 K. The fwhm broadens
at high temperatures, implying the increase of electronic
coupling with acoustic phonons. To evaluate the strength of
interaction, we obtained Huang—Rhys factor S by the
following equation

| hw
FWHM (T) = 2.36v/Shwj,0p \/coth —

where h@pone is the phonon frequency and kg is the
Boltzmann constant. The S factor was determined to be 16.1
(Figure S15), which is lower than that of Cs;Sb,1, (S = 42).*
In order to deeply explore the electron—phonon coupling
interaction, I, was fitted as 184.3 meV by Toyokawa equation

[(T) = T, + I, /(" 5T — 1)
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where I’ is the intrinsic line width at an absolute temperature
of 0 K, I',,, is the electron-optical phonon coupling energy, and
hw,, is the longitudinal optical phonon energy (Figure S16).
These results indicate that there is a relatively strong electron—
phonon coupling interaction in Sb**-doped (Mor),KInBry.
DFT Calculations. To investigate the underlying factors
influencing the divergence in optical properties within In/Bi-
based compounds and to acquire a better understanding of
their luminescence mechanisms, density functional theory
(DFT) calculations on (Mor),KInBr, and (Mor),KBiBr, were
carried out at GGA/PBE level with van der Waals (vdW)
interactions and spin—orbit coupling (SOC) effects. As shown
in Figure 7a,d, (Mor),KInBr exhibits a direct band gap while
(Mor),KBiBr, displays an indirect band gap. This alignment
corresponds with the observation that (Mor),KInBrs shows
better optical performances (ie., higher PL intensity and
PLQY). The compounds with direct band gap exhibit
absorption and recombination exclusively governed by
photons, resulting in high absorption coefficients and
accelerated carrier recombination. Conversely, in compounds
with indirect band gap, both photons and phonons play roles
in absorption and recombination, leading to poor optical
performances.'” This elucidates the superior optical properties
(i.e., much higher PLQY) exhibited by (Mor),KInBr,
compared to (Mor),KBiBrs. The calculated band gap at the
GGA/PBE level with vdW+SOC is 2.69 eV for (Mor),KInBr,
and 2.59 eV for (Mor),KBiBrs;; both are smaller than
experimental values. However, both the calculated and
experimental values align in the trend of variation, where the
band gap of (Mor),KInBry is larger than (Mor),KBiBrg.
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Figure 7. Density functional theory (DFT) calculations at the GGA/PBE + vdW + SOC level. Calculated band structures for (a) (Mor),KInBr;
and (d) (Mor),KBiBr,. Projected density of states (PDOS) of (b) (Mor),KInBr, and (e) (Mor),KBiBr,. Electronic charge densities for the valence
band maximum (VBM) and conduction band minimum (CBM) of (c) (Mor),KInBrg and (f) (Mor),KBiBr.

The PDOS shows that in (Mor),KInBr,, the valence band
maximum (VBM) originates from the Ss orbitals of In and the
4p orbitals of Br, while the conduction band minimum (CBM)
is derived from the 4p orbitals of Br (Figure 7b,c). The VBM
and CBM, both located at the I'-point, are mainly determined
by the [InBrg]*~ octahedra, which is similar to other In-based
organic—inorganic hybrids, such as (DFPD),InBr, and
(DFPD)ZKInBrﬁ.28 In (Mor),KBiBr,, the VBM originates
from the 6p orbitals of Bi and the 4p orbitals of Br, while the
CBM consists of the 4p orbitals of Br and the 6s orbitals of Bi
(Figure 7e,f). Likewise, the band edges of (Mor),KBiBr,
predominantly originate from the inorganic part.

B CONCLUSIONS

Five new hybrid double-perovskite-derived 1D halides
(Mor),ABXs (A = Na, K; B = In, Bi; X = Cl, Br) have been
synthesized and characterized in this work. These materials
have unique structures with alternating metal halide centers,
and the different size of the metal induces variations of
connectivity modes. The triplet 'S, — 3P, radiative
recombination originated from the dopant Sb>* enables drastic
PLQY enhancement for these materials. The PLQY of
(Mor),KInX,; can be improved from 0% to near unity by
Sb** doping. For the (Mor),KBiX,;, Sb** doping hardly
improves the PLQYs, which could be due to the intrinsic
indirect band nature. Via DFT calculations, (Mor),KInBr, and
(Mor),KBiBrg have been demonstrated to have direct and
indirect band gap, respectively. Our work provides new insights
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into the design and property enhancement of the double-
perovskite-derived materials.
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