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C

Organic—inorganic lead (Pb)-free halide perovskites exhibit considerable potential as photoluminescence
materials because of outstanding photophysical properties. However, metal halide perovskites generally
emit single self-trapped excitons at room temperature, making it difficult to achieve a wide color gamut
using simple external stimuli. Herein, a novel antimony (Sb)-doped hafnium (Hf(IV))-based metal halide
hybrid (TMA),HfClg (TMA = C4H1,N) with efficient and remarkable excitation-dependent luminescence is
reported. The prepared (TMA),HfClg samples exhibit two different types of emissions under varying
excitation lengths that originate from free excitons and self-trapped excitons. The emissions range from
red to white light and can be tuned through precise control of the excitation wavelength. The Pb-free
metal halide (TMA),HfClg:Sb®* exhibits a high photoluminescence quantum vyield of 85.55% upon
365 nm ultraviolet excitation and excellent air stability, which are unique advantages for a light-emitting
material. These results provide fundamental insights into the color kinetic features of Sb** in hybrid

rsc.li/frontiers-materials

1 Introduction

Organic-inorganic metal halide perovskites are promising light-
emitting materials that have attracted widespread attention
because of excellent optical performance.'™ The availability of a
wide variety of organic ligands and metal centers has resulted in
materials with structural diversity and optical tunability, enabling
various potential applications.>” Considerable effort has been
expended to mitigate the intrinsic toxicity and instability of
traditional lead (Pb)-based halide perovskites by replacing Pb
with low-toxicity or nontoxic metal ions.®° In this regard, a defect
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metal halides, offering guidance for expanding the application scope of luminescent metal halides.

double-perovskite variant A,B(IV)Xs has emerged in recent years,
formed by substituting two Pb** cations with one tetravalent B(IV)
cation (such tin (Sn*"), zirconium (zr*"), or hafnium (Hf*").**"*?
This variant has aroused considerable interest because of high
designability and tunability. Although these vacancy-ordered
perovskite materials typically exhibit broadband photolumines-
cence (PL) from self-trapped excitons (STEs), the transport and
recombination of excitons are severely influenced by B(IV)-related
vacancies and exciton-phonon coupling, which makes it difficult
to directly tune the intrinsic properties of STEs for achieving
multicolor emission.™*"*

Chemical doping is an effective strategy for tailoring the
electronic and optical properties of metal halides."> ! For exam-
ple, antimony (Sb®*) ions with ns” electronic configurations can
be used to confer superb light-emitting properties to materials,
typically including efficient broadband STE emission.”>*” For
these halide perovskite materials, excitons are absolutely con-
fined in isolated polyhedrons with strong quantum confinement,
ultimately producing only a single STE emission at room tem-
perature and no emission of high-energy free excitons (FEs).
Therefore, very limited regulation of the emission color is possi-
ble for these materials. Creating a suitable lattice environment
can improve the energy barrier between the FEs and STEs of
isolated ns® centers and make dual-band emission possible.”®
This special emission mechanism provides a feasible strategy for

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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obtaining excitation-dependent emission, such that the color and
brightness of the material luminescence can be easily engineered
by tuning the excitation wavelength.>® Although there have been
some reports on controlling the luminescence of perovskite
crystals, rational manipulation of multiexciton emission in single
perovskite materials remains to be realized.**" The complexity
of the intrinsic excitation-dependent emission mechanism has
made it challenging to develop novel wavelength-sensitive mate-
rials to increase the efficiency of multicolor emission.

Herein, the incorporation of Sb** ions has been used to
realize a high-performance dual-emission hybrid organic-inorganic
Hf(v) metal halide with tunable emission through precise control of
the excitation wavelength. This organic-inorganic metal halide
(TMA),HfClg:Sb*" is unique in that excitation-dependent colored
emissions are produced through two different light-emitting
modes. On the basis of time-resolved PL and temperature-
dependent steady-state spectra, the intriguing dual emission
(490 and 660 nm) is determined to originate from FEs and STEs.
The internal light-emission mechanism is also elucidated by
performing density functional theory (DFT) calculations. The
sample emission depends on the excitation wavelength and is
bright white with a CIE of (0.37, 0.36) under 310 nm excitation
and bright red with a high PL quantum yield (PLQY) of 85.55%
under 365 nm excitation. The results of this study prove the
feasibility of using an Sb** doping strategy to achieve excitation-
dependent luminescence in hybrid halides and provide useful
insights for developing metal-halide luminescent materials.

2 Experimental section
2.1. Materials

Tetramethylammonium chloride (C,H;,NCl, TMAC, 99%) was
purchased from Shanghai Acmec Biochemical Co., Ltd. Hafnium(wv)
chloride (HfCl,, 99.99%) was purchased from Macklin. Antimonous
chloride (SbCls, 99.99%) was purchased from Aladdin. Hydrochloric
acid (HCI, Analytical reagent) and deionized water were purchased
from Sinopharm Chemical Reagent Co., Ltd. All chemicals were
used directly in their original state after purchase, without the need
for further purification.

2.2. Synthesis

(TMA),HfCls and (TMA),HfCls:xSb*" (x = 0, 0.01, 0.02, 0.03,
0.04, 0.05, 0.06 and 0.07) powders were synthesized by the
solution method. First, 2.192 g (20 mmol) TMAC was dissolved
in 25 ml HCI, 3.203 g (10 mmol) HfCl, (2:1 molar ratio) was
dissolved in 18 ml HCI and 7 ml deionized water, and 2.281 g
(10 mmol) SbCl; was dissolved in 10 ml HCl. Subsequently,
magnetons were added to the three glass bottles mentioned
above, and the bottles were heated to 60 °C under continuous
stirring until a uniform and colorless solution was obtained.
After that, the glass bottles containing the transparent solution
were placed at room temperature for a period of time. For the
(TMA),HfCls host, 0.75 ml HfCl, transparent solution was
dropped into the 1.5 ml TMAC transparent solution, and the
white precipitates were formed. For Sb®* doping samples, the
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synthetic method is the same as the pristine sample except for
the addition of SbCl; transparent solution. Finally, the white
precipitates mentioned above were washed and centrifuged,
and then dried at 60 °C for 4.5 hours.

2.3. Characterization

Rietveld structure refinements were performed using GSAS
software. The microstructures and element scanning analyses
were characterized by the fourth generation high-performance
Scanning electron microscope (TESCAN MIRA LMS). The powder
X-ray diffraction (PXRD) data were collected by a Bruker, D2 X-ray
diffractometer. The optical UV-vis absorption measurements were
carried out using a UV-3600i Plus spectrophotometer. The PL, PLE,
PL decay and PLQY spectra at room temperature were acquired by
an FS5 fluorescence spectrometer. The variable temperature spec-
trum was also collected by this spectrometer.

2.4. First principles calculations

All calculations in this study were performed with the Vienna ab
initio Simulation Package (VASP)*” within the frame of density
functional theory (DFT). The exchange-correlation interactions of
electron were described via the generalized gradient approxi-
mation (GGA) with PBE functional,® and the projector augmented
wave (PAW) method®* was used to describe the interactions of
electron and ion. Additionally, the DFT-D3 method**~*® was used to
account for the long-range van der Waals forces present within the
system. The Monkhorst-Pack scheme®” was used for the integra-
tion in the irreducible Brillouin zone. The kinetic energy cut-off of
460 eV was chosen for the plane wave expansion. The lattice
parameters and ionic position were fully relaxed, and the total
energy was converged within 10-5 eV per formula unit. The final
forces on all ions are less than 0.02/A.

3 Results and discussion

Fig. 1a shows that the (TMA),HfCls perovskite has a common
cubic phase structure, in which each Hf** is coordinated with six
Cl atoms to form [HfCls*~ octahedrons. Fig. 1b shows the powder
X-ray diffraction (XRD) patterns for the (TMA),HfClg:Sb** samples.
The peak positions gradually shift toward lower angles with
increasing Sb®* content, in accordance with the partial substitu-
tion of Hf*" by the larger Sb>* and indicating the successful
incorporation of Sb*>" into the (TMA),HfCly lattice.*®*° Fig. 1c
shows the Rietveld refinement of the XRD patterns of
(TMA),HfClg:Sb**. The crystallographic data and structural para-
meters of (TMA),HfCls:Sb®" are presented in Tables S1 and S2
(ESIT). Fig. S1 (ESIT) shows that the bond length of Hf-Cl is
2.477 A and the bond angles of CI-Hf-Cl are 89.47° and 90.53°.
This result indicates an angular distortion in the octahedron,
which induces different spatial orientations of the neighboring
octahedrons. Fig. S2 (ESIt) shows the detailed crystal structure
features of (TMA),HfCls:Sb**. Energy dispersive spectroscopy
(EDS) elemental mapping indicates homogeneous distributions of
Hf, Cl, and Sb in the (TMA),HfCls:Sb*" crystals (Fig. 1d), demon-
strating high phase purity. The (TMA),HfCl; and (TMA),HfClg:Sb>*
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Fig. 1 (a) Schematic illustrations for the crystal structures of (TMA),HfClg and Sb>* doping (TMA),HfCls. (b) XRD patterns of (TMA),HfClg:Sb>* with
different Sb** doping concentrations. (c) Rietveld refinement of XRD patterns for TMA,HfCls. (d) Energy-dispersive spectrometer (EDS) mapping of

corresponding elements Hf, Sb, and Cl in (TMA),HfClg and Sb** hybrid.

perovskites also exhibited excellent environmental stability. The
PXRD of these samples remain unchanged after the sample was
stored for 30 days in air (Fig. S3, ESIT). The sample exhibited good
thermal stability, and the PL performance was almost unchanged
upon increasing the sample temperature from room temperature to
450 K, as shown in Fig. $4 (ESIY).

To explore in detail the photophysical properties, the
ultraviolet-visible (UV-vis) absorption spectra, as well as
steady-state and time-resolved PL spectra were characterized.
The (TMA),HfClg:Sb*" crystals exhibited an additional broad-
band absorption in the UV regime, which was attributed to the
incorporation of the Sb®"-ion into the (TMA),HfCls lattice
(Fig. 2a). And their absorption intensity increased with increas-
ing Sb*" doping ratio. The Sb**-doped samples exhibited effi-
cient broadband PL, whereas the undoped (TMA),HfCl, sample
exhibited no visible PL. The PL intensity changed considerably
with the concentration of the Sb®>" dopant. The feed concen-
tration of Sb** ions should be fixed at 5% to optimize the PL
intensity, because Sb*" doping concentrations higher than 5%
will cause concentration quenching that reduces the PL inten-
sity (Fig. S5, ESIT).*® The highest PLQY of the doping-induced
emission was recorded as 85% (Fig. S6 and S7, ESIt), which is
higher than Cs,HfCls:Sb*" (35.12%). Amazingly, Sb**-doped
samples exhibit a unique excitation-dependent emission, cover-
ing a wide range of the visible light spectrum, as shown in
Fig. 2c. The PL spectrum obtained under excitation from 280 to

276 | Mater. Chem. Front., 2024, 8, 274-281

350 nm contains two emission peaks centered at 490 and
660 nm. For excitation wavelengths exceeding 350 nm, there
is no 490 nm emission in the PL spectrum. The intensity ratio
of the two emission peaks in the PL spectrum changes with the
excitation wavelength, such that the sample exhibits various
luminescent colors (Fig. 2e). The intensity of the emission peak
at 490 nm reaches a maximum under 310 nm excitation, and
the sample emits bright white light with a CIE of (0.37, 0.36).
At an excitation wavelength of 365 nm, the sample exhibits
bright red luminescence with a high PLQY of up to 85.55%.
Fig. 2b shows the PL excitation (PLE) spectra of the sample. The
emission bands at 490 and 660 nm indicate there are different
maximum excitation wavelengths for the two emission groups.
The different PLE spectral profiles of the two emissions shown
in Fig. 2b and d suggest there are different mechanisms for
these two groups of emissions. Due to the significantly larger
excitation range of the 660 nm emission band compared to the
490 nm emission band, therefore, dynamic color delivery of
Sb**-doped samples can be obtained by accurate control of the
excitation wavelength. This conclusion maintains efficient con-
sistency with the above CIE results.

Time-resolved PL decay spectra of the sample were recorded
to gain insight into the emission mechanisms (Fig. 2f-h). The
lifetime monitored at 490 nm exhibits a single-exponential
decay with a short component of 18.23 ns. Table S3 (ESIT)
shows the lifetimes of different emission peaks under a 320 nm

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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Fig. 2 (a) Absorption spectra of the (TMA),HfClg:xSb>* (x = 0-0.06). (b) PL excitation (PLE) of 663 and 490 nm emission in (TMA),HfClg:0.05 Sb**
crystals. (c) PL spectra of (TMA),HfClg: Sb®* under different excitation wavelengths varying from 250 to 357 nm. (d) Contour plot of the excitation-
dependent photoluminescence of the (TMA),HfClg:0.05 Sb** crystals. (e) The corresponding CIE color coordinates of the (TMA),HfClg:0.05 Sb** samples
under different excitation wavelengths. (the inset are the photos of the as-prepared samples under different UV lamp). PL decay curves of
(TMA),HfClg:0.05 Sb** in emission wavelength range of (f) 420-450 nm, (g) 550-610 nm, and (h) 620-700 nm excited by 320 nm.

excitation. The shortness of the lifetime suggests that the emission
band at 490 nm could originate from FEs.*" The lifetime mon-
itored at 660 nm exhibits a slow decay with a long lifetime of 8.69
ps. On the basis of the microsecond-level long decay time and the
observed large Stokes shift, the broadband emission at 660 nm can
be reasonably inferred to originate from STEs.**™** In the wave-
length range over which the fast and slow decays intersect (550-
600 nm), the decay curves can be well-fitted by a biexponential
decay process with two lifetimes (g and tgrg, corresponding to
the fast and slow decay processes). As the monitoring wavelength
(550-600 nm) increases, the proportion of fast decay components
decreases, while the proportion of slow decay components
increases. This phenomenon suggests there are two independent
PL components in the corresponding wavelength range.* In the
high-energy (420-520 nm) or low-energy (620-700 nm) wavelength
ranges, the decay curves show similar profiles as the emission
wavelength changes. These results suggest that the high-energy PL
component with a short lifetime and the low-energy PL component
with a long lifetime can be attributed to the emission of FEs and
STEs, respectively.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024

To better understand the photophysical mechanism,
temperature-dependent PL spectra were recorded (Fig. 3) and used
to analyze the exciton-phonon coupling. In the temperature-
dependent PL spectra obtained under 320- and 357 nm excitations,
the PL intensity increases as the temperature decreases. Fig. 3a
shows there are two emission centers in (TMA),HfCls:Sb** at 150
K, corresponding to peaks at 490 and 660 nm in the PL spectrum,
with more intense PL for the high-energy emission than the low-
energy emission. This phenomenon provides further evidence that
the two emissions correspond to the emission of FEs and STEs,
respectively. The high-energy FE emission becomes less intense
than the low-energy STE emission above 300 K. With increasing
temperature, the intense lattice vibration weakens the FE emission
considerably compared with the STE emission. Fig. 3a-c¢ shows
that as the temperature decreases, the emission peak at 490 nm
increases in intensity and narrows, whereas the emission peak at
660 nm narrows and is shifted to the long-wavelength regime,
which is consistent with a population transfer between STEs
and FEs at low temperatures.*® The temperature-dependent full
width at half-maximum (FWHM) can be fit to determine the

Mater. Chem. Front., 2024, 8, 274-281 | 277
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Fig. 3 (a) Normalized PL spectra of (TMA),HfCls:0.05 Sb** at 150 K, 300 K and 450 K. (b) Pseudo color mapping of temperature dependent PL spectra of
(TMA),HfCle:0.05 Sb>* under (b) 320 nm, and (c) 357 nm excitation. (d) Fitting results of the FWHM as a function of the temperature of (TMA),HfClg:0.05
Sb**. (e) Dependence of the PL intensity on 1/T of (TMA),HfCle:0.05 Sb**. (f) The configuration coordinate diagram demonstrating the photophysical

process in (TMA),HfClg : Sb>*.

Huang-Rhys factor (S), which reflects the electron-phonon
coupling strength. The following equation relates S and
FWHM:*"*8

FWHM(T) = 2.36\/§hwphomn coth hwpﬂ (1)
2kgT

where /iophonon denotes the phonon frequency and kg denotes
the Boltzmann constant. Fig. 3d shows that the as-prepared
(TMA),HfClg : Sb>" sample has an S of 55.80, corresponding to
strong electron-phonon coupling. Thus, the low-energy emis-
sion at 660 nm can be attributed to STE emission. The binding
energy (Ep) of (TMA),HfClg: Sb®* can be fitted by the following
function:*°

I(T) = I/(1 + Aexp 2/*T) (2)

where I, is the integrated intensity at 0 K and A is a constant.
Fig. 3e shows that Ey, of (TMA),HfCl:Sb*" is determined to be
410.6 meV, which is considerably higher than the thermal
energy at room temperature (~26 meV), indicating the for-
mation of STEs that are stable to thermal decomposition.>
Fig. 3f shows a PL mechanism for (TMA),HfClg:Sb*" proposed
on the basis of the aforementioned results. Under a high-energy
excitation, the electrons are excited to the free exciton excited
state, manifesting as high-energy FE emission. Some of the
electrons in the FE state can transfer to the STE state and then
return to the ground state, producing broadband emission.
To further elucidate the optical properties, DFT calculations
were performed to determine the electronic structures of the
(TMA),HfCl; and (TMA),HfCls:Sb** systems, which are shown
in Fig. 4 and Fig. S8, and S9 (ESIY). In the pristine (TMA),HfCl

278 | Mater. Chem. Front., 2024, 8, 274-281

system, the conduction band minimum (CBM) is mainly
composed of Cl p states and Hf d states and the valence-band
maximum (VBM) mainly consists of Cl p orbitals (Fig. 4a and b).
For (TMA),HfCls doped with Sb, the CBM is composed of Cl p
and Hf d orbitals and the VBM mainly consists of Sb s and Cl p
orbitals (Fig. 4c and d). The organic component, (TMA)', of the
lattice contributes negligibly to the VBM and CBM. Thus, the
organic cations do not play an important role in the photo-
physical process in the Sb-doped (TMA),HfCly system, and the
optical properties of (TMA),HfClg:Sb®" mainly result from
the electron transition in the inorganic metal halide species.
The ground-state 5s Sb orbitals hybridized with the Cl 3p orbitals
lie 1.45 eV above the host VBM, whereas the excited-state 5p Sb
orbitals hybridized with the Cl 3p orbitals lie 0.72 eV above the
host CBM. The gap between the excited and ground states of
the [SbClg] polyhedron is 3.80 eV, which is close to the energy of
the PLE peak. These calculations confirm that the observed
optical properties originate from the Sb*" dopant. The isolated
and extremely narrow bands near the CBM and VBM can facil-
itate charge localization and promote the formation of electron
and hole polarons, which in turn trap excitons to form STEs.

4 Conclusions

In summary, we have reported remarkable excitation-dependent
luminescence in (TMA),HfCl:Sb®>" crystals, which enables effi-
cient multicolor emission. On the basis of theoretical calculations
and experimental (temperature-dependent
steady-state PL spectra and lifetime decay curves), we attributed
the origin of the dual emission at 490 and 660 nm to FEs and

characterizations

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024
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STEs, respectively. The novel hybrid organic-inorganic Hf{iv) metal
halide exhibits unique excitation-dependent emission under Sb**
doping, that is, bright white emission under 310 nm excitation and
bright red emission under 365 nm excitation. Thus, (TMA),HfCls:
Sb*" is a unique organic-inorganic metal halide that produces
excitation-dependent colored emissions through two different
light-emission modes. This property may provide useful insights
for developing metal-halide luminescent materials.
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