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ABSTRACT: Lead-free double perovskites offer non-toxic properties and
strong emission via alloying and doping. Herein, we report the synthesis of Bi-
doped pure Rb,HfCl; and Cs-alloyed RbCsHfCl; microcrystals. The pure
Rb,HfCls microcrystals are nearly non-emissive while alloying with Cs and Bi
doping lead to strong deep blue emission at 466 nm with an increase in
photoluminescence quantum yield from ~0 to 66%. Density functional theory
studies attest to the improved phase stability due to Cs-alloying and link

photoluminescence to Bi** dopant-induced localized states.

B INTRODUCTION

In lead halide perovskites, with their excellent optical and
photovoltaic properties, ~* the reliance on lead and the
question of stability’™® motivate the continued investigation

.. 9,10
of new compositions.

Among them, vacancy-ordered
double perovskite materials with the chemical formula
A,MX, have attracted significant attention.'' ™" This family
of materials includes a large number of possible compositions,
allowing a range of metal cations, halides, and dopants within a
given structure.

Several vacancy-ordered double perovskite materials have
been reported in recent years. Examples include A,ZrX
A,SnXy and A,HfX, (where A is Cs or Rb and X are Cl, Br,
or their mixture). These materials often exhibit weak
photoluminescence (PL), with self-trapped excitons modulated
via doping and alloying with metal cations. Efficient near-
infrared emission in Zr-based double perovskites has been
achieved via co-doping Te* and lanthanide ions.'* The
bandgap of Zr-based double perovskites is further modulated
by varying the halide composition."> Similarly, bismuth doping
in Cs,SnCl, has shown deep-blue emission centered at 455 nm
with a photoluminescence quantum yield (PLQY) of ~80%.
A,HfX; is a candidate in the vacancy-ordered perovskite family,
potentially useful for light emission and X-ray scintillation, but
until now little-explored, with Cs,HfCls only recently
reported.'® There remain opportunities to investigate material
combinations obtained via cation/anion alloying and doping in
the context of A,HfX,.
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B RESULTS AND DISCUSSION

We synthesized Rb,HfCls employing a modified version of a
reported method to grow Hf-based perovskites at room
temperature.'” The crystalline structure of Rb,HfCl; was
characterized using powder X-ray diffraction (PXRD, Figure
S1), which revealed XRD patterns similar to those of
Cs,HfCl, ' This similarity suggests that Rb,HfCl exhibits
the Fm3m space group, where the Hf*" ion occupies the center
position and coordinates with six Cl™ ions to form [HfClg]*~
octahedra (Figure S2). The Rb* ion is bonded to 12 equivalent
Cl™ ions to form RbCl;, cuboctahedra, which share facets with
6 other equivalent RbCl,, cuboctahedra, 4 equivalent HfClj
octahedra, and 4 vacant octahedra. The overall structure is that
of a vacancy-ordered double perovskite.'” The grown crystals
exhibited a predominantly pyramidal shape with sizes in the
1-10 pym range (Figure la).

The emission intensity of Rb,HfCls under 365 nm excitation
was low (Figure S3a), which we attribute to defect states
evidenced by two broad absorption features around 300 and
375 nm (Figure 1b).'® Seeking to enhance the luminescence
efficiency, we employed a B-site doping strategy.'" *° In
particular, bismuth is a candidate dopant of interest
considering the ns* electron configuration” and its success in
similar materials.”*"*> We found Bi-doped materials to be
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Figure 1. Rb,HfCl, doped with Bi enhances PL. (a) SEM image of
Rb,HfCl,. (b) Absorption spectra of Rb,HfCly, Rb,HfCl,:1.5%Bi, and
Rb,HfCl:3.2%Bi. (c) High-resolution Bi 4f and Hf 4f XPS spectra of
Rb,HfCl; and Rb,HfCls:3.2%Bi. (d) PL spectra of Rb,HfCl,
Rb,HfCl,:1.5%Bi, and Rb,HfCl:3.2%Bi under the excitation at 350
nm.

emissive under excitation using a 365 nm UV lamp (Figure
S3b,c). Successful bismuth doping was confirmed via X-ray
photoelectron spectroscopy (XPS, Figure 1c) as two peaks at
164.63 and 159.26 eV in the doped perovskite, corresponding
to Bi’* 4f; ), and 4f,,, respectively. Optical absorption spectra
showed an additional peak at 330 nm in the doped materials
(Figure 1b) that we associated with absorption by the Bi
dopant.>***

To investigate the photophysical properties of Bi-doped
Rb,HfCl,, we measured PL and PL excitation (PLE) spectra as
a function of doping concentration. Under excitation at 350
nm, the emission peak was centered at 464 nm with a full-
width half maximum of 65 nm (Figure 1d). In contrast,
samples without bismuth doping showed weaker emissions
under the same conditions. While monitoring at 464 nm, the
PLE spectrum of Bi-doped Rb,HfCly displayed a peak at 335
nm (Figure S4), corresponding to absorption by the Bi dopant.
The broad emission and large Stokes shift are attributed to self-
trapped excitons (STEs).””**”>” Due to strong electron—
phonon interactions, excitons transfer energy to the lattice and
cause lattice distortions. These excited electrons and holes are
self-trapped in this distorted lattice and form a stable state. The
dissipated energy of the exciton and the change of nuclear
coordinates in the lattice distortion lead to the large observed
Stokes shift.

We found that Rb,HfCl:Bi was not stable under ambient
conditions: as shown in Figure 2a, the XRD features changed
significantly after exposure to air for more than 2000 h,
indicating a phase change in the material. The XRD peaks of
the aged material correspond to those of RbCl crystals (Figure
SS), implying that Rb,HfCl; decomposes into RbCl and HfCl,
upon air exposure (Figure S2). We posit that this phase change
may arise from the small A-site metallic element, Rb.
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Figure 2. Rb,HfCl,:Bi alloyed with Cs stabilizes the material and
further enhances PL. (a) XRD patterns of the fresh and aged sample
of Rb,HfCl:4.2%Bi. (b) XRD patterns of the fresh and aged sample
of RbCsHfCl¢:5.7%Bi. (c) PL intensity of RbCsHfCly:5.7%Bi under
intense femtosecond laser excitation over 200 min. (d) PLQY of
Rb,HfCls:x%Bi and RbCsHfCly:x%Bi with varying x.

We pursued a co-alloying strategy to synthesize
RbCsHfCl:Bi using processes similar to those used for the
pure Rb perovskite. The Cs-alloyed crystals showed a smaller
crystal size (Figure S6). This Cs-alloyed, Bi-doped perovskite
material was stable upon long-term exposure to air, as change
indicated by XRD. The intense perovskite diffraction peak at
24° in the aged sample implies that no phase change occurred
after 2000 h (Figure 2b). The enhanced stability was also
apparent when we subjected RbCsHfCls:Bi to intense
femtosecond laser radiation at 10 mW for over 200 min,
which resulted in no degradation of the PL intensity (Figure
2c). Furthermore, the alloyed RbCsHfClg:Bi perovskite
exhibited an improved PLQY. We measured the PLQY of
materials with different bismuth doping ratios. As shown in
Figure 2d, a maximum PLQY of 66% was achieved for the
sample RbCsHfCl4:5.7%Bi, whereas the non-alloyed perovskite
material reached a maximum PLQY of 40%.

We then characterized the optical properties of Bi**-doped
RbCsHfClg materials. Compared to the material without Bi
doping which has two broad absorption peaks centered around
300 and 365 nm, Bi** doping introduces a narrow peak at 330
nm (Figure 3a). Considering the allowed transition”'” in Bi**,
we attribute this peak to the transition 'S, — 3P.*%7*°

Aiming to understand the origin of the luminescence in the
alloyed material, we measured the PL and PLE spectra of
doped materials at different excitation and emission wave-
lengths. While varying the monitored emission wavelength
from 410 to 520 nm, the PLE line shape remained similar
(Figure 3b).'””! Additionally, the PLE spectra showed
negligible signals at 400 nm while absorbance was large there
(Figure 3a). This implies poor energy transfer between the
perovskite host and Bi dopants.” The lack of other excitation
peaks suggests that Bi is the main contributor to the emission

https://doi.org/10.1021/acs.chemmater.2c02673
Chem. Mater. XXXX, XXX, XXX—XXX


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02673/suppl_file/cm2c02673_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02673/suppl_file/cm2c02673_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02673/suppl_file/cm2c02673_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02673/suppl_file/cm2c02673_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02673/suppl_file/cm2c02673_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02673/suppl_file/cm2c02673_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.2c02673/suppl_file/cm2c02673_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02673?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02673?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02673?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02673?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02673?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02673?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02673?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemmater.2c02673?fig=fig2&ref=pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.2c02673?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

a — RbCsHfCle b RbCSHCl:5.79%Bi Emission:
—RbCSHICIs3.6%Bi 5 1.0 B
= —— RbCsHfCle:5.7%Bi b 460nm
g QC) —— 480nm
= - ——510nm
] £
v
c -
g N os
3 £ \\
< o
z
\
0.0
300 350 400 450 500 550 300 350 400
Wavelength (nm) Excitation wavelength (nm)
<.y d
| RbCsHfCle:5.7%Bi Excitation: . RbCsHfCle:5.7%Bi
—— 380nm 3
210 370nm — Fit curve
G 350nm - T=(517%+4) ns
5 0.8 ——330nm 5
= —310nm L‘i
5 06 2
8 Z
TEu 0.4 E
S 02
0.0 :
400 450 500 550 1000 2000 3000

Emission wavelength(nm) Time (ns)

Figure 3. Investigation into the origin of emission from
RbCsHfClg:Bi. (a) Optical absorption spectra of RbCsHfCls:x%Bi
at different Bi concentrations (x = 0, 3.6, 5.7%). (b) PLE spectra of
RbCsHfCl,:5.7%Bi under different monitoring wavelengths. (c) PL
spectra of RbCsHfCl4:S5.7%Bi under different excitation wavelengths.
(d) Time-resolved PL decay curve at 464 nm of RbCsHfCl,:S5.7%Bi
under 374 nm excitation. The red line is the fitted result from a mono-
exponential decay function.

process. Similarly, the emission spectra showed negligible peak
shifts when the excitation wavelength varied from 310 to 380
nm (Figure 3c). Without Bi’* doping, there is a weak and
broad emission centered at around 480 nm that is obtained
only upon excitation below 300 nm (Figure S7), consistent
with Bi contributing to the observed high-efficiency emission.
We posit that the emission originates from either the Bi’" ions
or the interactions between STEs and the Bi** ions.”® Yet, the
wide peak width for both the excitation and emission spectra
argues against Bi** ionoluminescence.”**** Therefore, consid-
ering the large Stokes shift and broad emission peak width, we
conclude that the origin of the PL emission is the Bi**-induced
STEs.'**

Transient PL (TRPL) measurements were carried out for a
deeper understanding of the luminescence mechanism. The
TRPL decay curve of RbCsHIfCly:5.7%Bi measured at 464 nm
with a 374 nm excitation laser can be fitted with a mono-
exponential decay function (Figure 3d). The fit result reveals
an emission lifetime of 517 + 4 ns, which is in agreement with
previous reports on double perovskite systems.'>**** TRPL
decay curves at emission wavelengths varying from 410 to 510
nm showed a similar emission lifetime (Figure S8). These
short PL lifetimes further argue against emission from the host
in light of the extremely long lifetime of the host STEs*>~**
and support emission originatin% from singlet dopant STEs™’
rather than from common STEs'”*° that emit in the order of
several microseconds.

To gain insight into the effect of Bi doping on the band
structure of Rb,HfCl,, we performed density functional theory
(DFT) simulations. The calculations revealed that Bi creates
new states near the valence band, whereas the higher-lying Bi

orbitals remain within the conduction band, even with the
inclusion of spin—orbit coupling (Figure 4a,b). The wave-
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Figure 4. DFT studies. (a, b) Band structures and projected densities
of states for Rb,HfCl, without and with Bi doping. (c, d) Valence
band and conduction band wavefunctions for Rb,HfCl, with Bi
doping.

functions show new states near the valence band strongly
localized on Bi (Figure 4c), accounting for the enhanced
brightness of the exciton. The conduction band remains
delocalized over the entire crystal, primarily on Hf atoms
(Figure 4d).

DFT was also used to explore the instability and phase
decomposition of Rb,HfCls and its improvement with Cs
alloying. We found that at 0 K, the Rb-based crystal is 0.1 eV/
atom more stable relative to RbCl and HfCl, precursors, and
stability improves to 0.16 eV/atom for the Cs-based crystal.
The lower stability of Rb-based crystals is in line with the
smaller size of Rb ions, which is a common problem for
perovskite-like crystals. While the calculation predicts that
Rb,HfCl, should remain phase-stable at 0 K, this stability may
change at room temperature since entropic effects are known
to be quite strong in perovskites. For example, entropy
contribution is responsible for phase conversion (e.g., CsPbl;)
upon heating.” To account for this entropic effect, we
performed molecular dynamics simulations at room temper-
ature on all crystal phases involved. We found that the stability
difference increases to 0.4 eV/atom for Rb versions vs the Cs
counterparts.
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In summary, we synthesized a lead-free double perovskite
exhibiting deep blue luminescence at 466 nm with a quantum
efficiency of 66%. Although the host crystal, Rb,HfCl,, was
non-emissive under excitation above 300 nm, bismuth doping
improved the luminescence and excitation range. Cs-alloying
improved the stability, as evidenced by the retention of the
native structural features following 2000 h of aging.
Spectroscopic analysis indicates that light emission from Bi-
doped and Cs-alloyed materials originates from Bi-induced
STEs, rather than Bi** ionoluminescence. Through DFT, we
found valence band states localized near bismuth ions that may
account for the enhanced exciton brightness compared to the
case of the undoped material. DFT also showed an increase in
stability for the Cs-based crystal compared to the Rb-based
crystal.

B EXPERIMENTAL SECTION

Materials. Cesium chloride (CsCl, ReagentPlus, 99.9%, Sigma-
Aldrich), hafnium(IV) chloride (HfCl,, 98%, Sigma-Aldrich),
bismuth(III) chloride (BiCl,, reagent grade, >98%, Sigma-Aldrich),
and hydrochloric acid (ACS reagent, 37%, Sigma-Aldrich) were
purchased from Sigma-Aldrich. Rubidium chloride (RbCl, 99.8%-Rb)
was purchased from Strem Chemicals. All chemicals were used as
received.

Synthesis of Rb,Cs, ,HfClg:Bi,. First, x mmol of RbCl and 2 —
mmol of CsCl were dissolved in 6 mL of 37% HCI solution.
Meanwhile, y mmol of BiCl; and 1 — y mmol of HfCl, were dissolved
in 10 mL of 37% HCI solution in a S0 mL plastic falcon tube. Then,
the first solution was dripped into the second mixture, and a white
precipitate appeared in the solution immediately. After reaction
completion, the suspension was centrifuged at 7800 rpm to remove
unreacted precursors. The supernatant was discarded, and the
precipitation was washed with isopropanol four times. The final
product was obtained after drying in an oven at 50 °C.

Absorption Measurements. Crystals were first dispersed in
isopropanol to form a suspension. Samples were created by dropping
the suspension on a glass substrate and drying. Absorption spectra
were collected with a Perkin Elmer 950 UV—vis—NIR spectrometer
equipped with an integrating sphere for film measurements.

Scanning Electron Microscopy. The morphologies of the
samples were investigated using SEM on a Hitachi SU-8230 apparatus
with an acceleration voltage of 1 kV.

Powder X-ray Diffraction Measurements. Powder X-ray
diffraction was recorded using a Rigaku MiniFlex 600 6G benchtop
powder X-ray diffractometer with a Nal scintillation counter and a
monochromatized Cu Ka radiation source (4 = 1.5406 A) operating
at a voltage of 40 kV and current of 15 mA.

Photoluminescence Measurements. Samples were created in
the same way as absorption measurements. PL spectra were collected
using a Horiba Fluorolog system with a calibrated monochromator
and a time-correlated single photon counting detector. For steady-
state PL measurements, a xenon lamp was used as the excitation
source. For time-resolved PL, a 374 nm laser diode was used with the
overall time resolution of At = 0.13 ns limited by the instrument
response function.

PLQY Measurements. PLQY measurements were done using a
Quanta-Phi integrating sphere coupled to a Horiba Fluorolog system
with optical fiber bundles. A monochromated xenon lamp was used as
the excitation source. The Fluorolog was set to an excitation
wavelength of 350 nm and to a 5 nm bandpass for both the excitation
and emission slits. The detector and integrating sphere were corrected
for spectral variance using a Newport calibrated white light source.
The PLQY was calibrated using standard materials with known PLQY
values and emission covering the measurement range, including
Coumarin 6, Coumarin 153, and Rhodamine 6G.

XPS Measurements. X-ray Photoelectron Spectroscopy Measure-
ments: X-ray photoelectron spectroscopy measurements were carried

out on a Thermofisher Scientific K-Alpha spectrometer, using Al Ka
X-ray radiation (1486.6 V) for excitation.

DFT Calculations. Geometry optimization, energy calculations,
and molecular dynamics calculations were performed using the
Vienna ab initio simulation package*®*' employing a plane wave basis
set with the Perdew—Burke—Ernzerhof* functional. The projector-
augmented wave method* was used to solve the ion—electron
interactions in the periodic system. The Monkhorst-Pack k-points
mesh with a Kmesh-resolved value of 0.04 27/Angstroms was
utilized.** The MD calculation was run at 293 Kelvin, with a 0.5 fs
time step. The band structure and PDOS were calculated utilizing
spin—orbit coupling.*’
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