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Enhancing broadband blue luminescence
efficiency and stability in Bi**-doped Cs,ZnCl,
nanocrystals from STEs and advancing energy
applicationsy

® Xiu-Rong Yuan,?
@and

*0 Xia0-Kai Gong,
¢ Jian-Ping Xu

Xing-Yao Zhao,? Xiao-Song Zhang,
Min-Xing Chen,? Shu-Wei Huang,® Bao-zeng Zhou,
Lan Li*®

Lead-halide perovskites exhibit excellent photovoltaic properties. However, lead's toxicity and limited
stability under ambient conditions limit its further commercialization. This paper reports a Bi**-doped
lead-free metal halide, Cs,ZNnCl,:Bi** nanocrystals (NCs). After doping with Bi**, the pristine weakly lumi-
nescent nanocrystals showed highly efficient broadband blue emission with a peak position of 445 nm, a
full width at half-maximum (FWHM) of 92 nm, and a significant increase in the photoluminescence
quantum vyield (PLQY) to 57.71%. The formation of a water-induced protective layer of BiOCl ensures
good water stability. The luminescence mechanism of Cs,ZnCly:Bi** NCs has been investigated by optical
characterization and density-functional theory (DFT) calculations, and it has been concluded that the
emission of triple-state self-trapped excitons (STEs) induced by Bi** doping is the source of broadband
blue light emission. Combining nanocrystals as a luminescence down-shifting (LDS) layer with commer-
cial GaAs solar cell devices has solved the problem of the solar cell's weak absorption of short waves, aug-
menting the photovoltaic conversion efficiency (PCE) by approximately 1%. Additionally, the integration of
Cs,ZNnCly:Bi** NCs with 365 nm commercial LED chips enables the creation of broadband blue-emitting
LED devices. Therefore, we believe that Cs,ZnCl,:Bi*" NCs have great potential for future optoelectronic
applications.

cerns: the toxicity of lead and poor ambient stability.'® The tox-
icity of Pb has irreversible damaging effects in the human

In recent years, lead halide perovskites have attracted attention
due to their great potential for luminescence applications.
Halide perovskite nanocrystals APbX; (A=MA, Cs; X = Cl, Br, I
exhibit narrow-band, bright photoluminescence with tunable
bandgaps, high photoluminescence quantum yield, and excep-
tional carrier mobility.>® They have a wide range of appli-
cations in solar cells,*® light-emitting devices,*” lasers, and
photodetectors.®® Nevertheless, the commercialization of per-
ovskites faces significant obstacles due to two primary con-
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body and perovskite is highly susceptible to decomposition by
water vapour. This makes it possible to cause serious damage
to the surrounding environment of flora and fauna in the
event of a leak. Consequently, there is an urgent and crucial
need to develop non-toxic and stable alternatives in order to
advance the current applications of optoelectronic materials.
Recently, several lead-free halide perovskite materials have
emerged, replacing the traditional lead-based perovskites with
alternative metal elements such as Sn, Sb, Cu, Bi, and Zn."*™**
During extensive research, it has been discovered that these
lead-free perovskite materials encounter additional challenges,
including low photoluminescence quantum yield and poor
stability. In some recent studies on Sn-based perovskites, the
PLQY of Cs;SnBrg is 15%; however, Sn>" is highly susceptible
to oxidation to Sn**, which significantly affects the stability of
the material.”® In the report on copper-based perovskite, the
PLQY of Cs;Cu,l; prepared by Hosono et al. reached 90%, but
the water stability was poor.’® Recent reports on bismuth-
based and antimony-based perovskites have shown PLQY of up
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to 19% '* and 46%,'" respectively. In reports on zinc-based
perovskites, Cs,ZnX, (X = Cl, Br) single-crystal and quantum-
dot materials exhibit non-luminescence or glow weakly, with
PLQY as low as 3.6%."”7'° On the other hand, experimental
and theoretical calculations have demonstrated that Cs,ZnX,
has a wide band gap of about 4.6 eV, which facilitates the
modification and optimization of its optical properties by
doping with different metal ions. Currently, some researchers
have obtained some exciting results by doping metal ions into
Zn-based perovskites. In a recent study conducted by Morad
et al., they investigated a series of Mn(u)-doped all-inorganic
Zn halide hosts, including chlorides, bromides, and iodides.
Mn-doped Cs,ZnX, was found to serve as a green emitter, exhi-
biting high photoluminescence quantum yields ranging from
70% to 90%.2° Zhu et al. reported Cu-doped Cs,ZnCl, NCs
exhibiting vibrant intra-gap photoluminescence (PL) mediated
by band-edge absorption.'® These results further stimulate our
research interest in whether there are other metal ions that
induce new photoelectric phenomena when doped into zinc-
based perovskites. However, in these studies, there are fewer
in-depth studies on the luminescence mechanism of this type
of material, and there are no studies on the water-resistant
stability. This limitation greatly hinders the development of
fully inorganic, lead-free perovskites in the green photovoltaic
industry. Therefore, the current challenge is to improve the
luminescence performance and stability of zinc-based metal
halide perovskites, and an in-depth understanding of their
luminescence mechanism is indispensable.

Impurity doping has been shown to be an effective method
to enhance the photoelectric performance and stability of
semiconductor materials.”" In lead halide perovskites, the out-
ermost electronic layer of Pb>* contributes more to the compo-
sition of the valence band top due to its 6s> with antibonding
orbitals, and the results show that this unique electronic con-
figuration is one of the essential aspects resulting in the good
luminescence performance of lead-based perovskites.”> This
inspired the researchers to dope double perovskites with ions
having the outermost electrons ns® thus allowing lead-free
perovskites to potentially have high defect tolerance properties
similar to those of lead halide perovskites. Ions with such out-
ermost electronic structure ns® such as Bi**, Pb**, Sn**, Sb*",
Te'.>*?7 In 2018, Tang Jiang’s group reported Bi*'-doped
double perovskite Cs,SnClg microcrystals. By doping Bi** ions
into the lattice of Cs,SnClg, the Cs,SnClg microcrystals exhibi-
ted blue light emission. The optical band gap was reduced
from 3.93 eV to 3.10 eV, and the PLQY was increased from
0.14% to 80%.?® The Bi and Pb belong to the same elemental
cycle in close proximity, so the Bi atom also has a lone pair of
s> electrons, making Bi** the same electronic configuration as
Pb>* (6s°6p°). The results showed that this unique electronic
configuration is critical root resulting in the good lumine-
scence of halide perovskites. As a result, Bi’*" doping is an
effective solution to improve the optical properties of lead-free
perovskites.

In this study, a 0D fully lead-free, stable and efficient blue
metal halide nanocrystal was prepared using Cs,ZnCl, NCs as
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the host and Bi** as the luminescent dopant. The material gen-
erated kept the crystal structure of Cs,ZnCl, NCs, but Bi*" was
heterovalently substituted for Zn**. The doping of Bi** pro-
duces new impurity states that narrow the bandgap (3.95 eV)
and make the band edges more localized compared to
Cs,ZnCl, NCs (4.29 eV). Through the incorporation of Bi*" into
the initially weakly luminescent Cs,ZnCl, NCs (PLQY 6.3%, PL
peak 445 nm), we observed a remarkable enhancement in blue
emission efficiency, while maintaining the emission peak posi-
tion. Notably, the PLQY was substantially increased to 57.71%.
Detailed spectral characterization, including time-resolved PL,
temperature-dependent PL, and first-principles DFT calcu-
lations, indicate that the source of the bright broad-spectrum
blue light emission is attributed to the triplet-state STEs emis-
sion induced by bismuth ion doping. The formation of a
water-induced protective layer of BiOCl ensures good water
stability. Bi**-doped Cs,ZnCl, NCs showed great potential as
blue photoluminescent materials. The application of Cs,ZnCl,
NCs as a LDS layer in combination with commercial GaAs
solar cell devices has solved the problem of poor absorption of
solar cells at short wavelengths by transforming incoming
high-energy solar photons into broad-spectrum visible light
more suitable for absorption by photovoltaic cell modules,
further increasing the PCE of solar cells by about 1%. In
addition, Bi3+-doped Cs,ZnCl, NCs combined with 365 nm
commercial GaN LED chips can be assembled into broad-spec-
trum blue-emitting LED devices. Therefore, we believe that 0D
all-inorganic metal halides Cs,ZnCl,:Bi** NCs have great
potential for future applications in new lead-free perovskite
photovoltaics and LEDs.

Experimental
Chemicals

All chemicals were commercially accessible and used without
further purification. Cesium carbonate (Cs,COj3), zinc chloride
(znCly), bismuth chloride (BiCls), 1-octadecene (ODE, 90%),
oleylamine (OLAM, 80-90%), oleic acid (OA, AR), and hexane
(99.5%) were all purchased from Aladdin Co.

Synthesis of Bi**-doped Cs,ZnCl, NCs

Pristine and Cs,ZnCl, NCs were synthesized by colloidal hot
injection approach. Take Cs,ZnCl, NCs as an example. To
begin, a Cs-oleate precursor solution was made by dissolving
0.325 g of Cs,CO; in 5 ml of OA on a hotplate at 150 °C. In a
20 ml vial, 0.4 mmol ZnCl,, 2 ml ODE, 1 ml OA, and 1 ml
OLAM were mixed and heated to 100 °C for 30 minutes on a
hotplate. The temperature was then raised to 130 °C, and
500 pl of Cs-oleate solution was quickly introduced. The reac-
tion was halted after 5 minutes by putting the vial in a water
bath. Ultimately, the initial NCs solution was incorporated
into 4 ml of hexane, and that was centrifuged for 5 minutes at
4000 rpm. This procedure was used to wash the ultimate NCs:
centrifuging the precipitate at 4000 rpm for 5 minutes after
redispersing it in 2 ml of hexane to remove any remaining
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aggregates. All of the washing operations were completed in an
inert environment. For the Bi**-doped Cs,ZnCl, NCs, the same
method was used. The amount of Cs,COj;, ZnCl,, ODE, OA and
OLAM remain unchanged, and different proportions of BiCl;
were added. Bi/Zn precursor ratios of 0.01/1, 0.03/1, 0.05/1,
0.1/1, and 0.2/1 were used to create several NC samples with
varying amounts of Bi dopant.

Characterization

A transmission electron microscope (TEM, HITACHI-HT7700)
and a high-resolution transmission electron microscope
(HRTEM, TALOS F200X, U.S.A.) were used to observe the mor-
phology and map the elements of NCs. On a diffractometer
with D/max-2500/PC capability, powder XRD was conducted.
On the Thermo Fisher Scientific ESCALAB 250X, XPS spectra
were gathered. In order to acquire steady-state absorption
spectra, a UV-Vis (Hitachi UV-4100) spectrometer was used. On
the Jobin Yvon FluoroLog-3 spectrofluorometer, PLQY, steady-
state PL, photoluminescence excitation spectra, and time-
resolved PL (TRPL) spectra were collected. The Jobin Yvon
FluoroLog-3 spectrofluorometer was used to measure the
temperature-dependent PL spectra at temperatures between 10
and 300 K, which were made possible using a liquid-helium
cooler. The Fourier-transform infrared (FTIR) spectra were
recorded with the FTIR Tensor 27 from Bruker Optics.

Theoretical calculations

Density functional theory (DFT) was used to simulate the elec-
tronic localization function using the Vienna Ab initio
Simulation Package (VASP) and the projector augmented-wave
approach. For characterizing the exchange-correlation of elec-
trons, the generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) functional was chosen. In all
calculations, the plane-wave basis set’s cut-off energy was set
to 500 eV. In order to calculate electronic property values and
relax geometry, the Monkhorst-Pack scheme’s k-point grids of
3 x 3 x2and 5 x 7 x 4 were used, respectively. Relax the geome-
try optimization until the energy and residual forces are less
than 10-6 eV and 0.01 eV A™", respectively.

Fabrication of photovoltaic modules with down-shifting layers

The prepared Cs,ZnCl,:Bi NCs aqueous solution was uniformly
applied to the surface of GaAs solar cell and then dried at
room temperature to form a down-shifting layer, all procedures
being carried out under an inert atmosphere.

Fabrication of LED Devices

To make blue-light LED devices, the produced Cs,ZnCl,:Bi
NCs were evenly blended with epoxy glue and covered on a
commercial 365 nm GaN LED chip before being dried and
cured.

This journal is © the Partner Organisations 2024
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Results and discussion

Structural characterizations of pristine Cs,ZnCl, and Bi**-
doped Cs,ZnCl,; NCs

Cs,ZnCl, NCs crystallize in the orthorhombic space group
Pnma.*® According to Fig. 1a, Cs,ZnCl, is a standard 0D struc-
ture in which four Cl- ions couple with Zn>" ions to create
standard [ZnCl,]*~ tetrahedrons. Surrounding massive Cs*
cations entirely divide the isolated [ZnCl,]*~ tetrahedrons. A
portion of the [ZnCl,]*~ tetrahedrons ought to be substituted
with the [BiCl,]” tetrahedrons when Bi’" is incorporated into
Cs,ZnCl, NCs, where the Zn>" sites are occupied by Bi**, and a
Cs vacancy (V'cs) arises for charge compensation. This is due
to the fact that Cs,ZnCl, possesses flawless crystal structures
without interstices. Fig. 1b shows the XRD patterns of pristine
and Bi-doped Cs,ZnCl, NCs powders. The diffraction peaks of
all samples are well matched and sharply diffracted with the
standard PDF card (PDF#97-000-6062) of Cs,ZnCl, with no
impurity phases detected. This demonstrates that the pro-
duced nanocrystals are extremely crystalline and all corres-
pond to the orthogonal phase Cs,ZnCl, crystal structure with
the space group Pnma. Additionally, it demonstrates that the
crystal structure does not significantly alter after doping. The
diffraction peak position of the sample shifts somewhat
toward lower angles as the Bi** doping concentration
increases. Since the Bi** radius is larger than the Zn** radius
and some of the bismuth ions are doped into the Cs,ZnCl,
NCs lattice to replace the zinc ions, this results in a slight
expansion of the lattice, which also indicates the successful
doping of Bi** into the nanocrystalline lattice.**?
Additionally, the diffraction peak intensity of the nanocrystals
gradually decreases and the peak broadens with further
increase in Bi** doping concentration. The diffraction peaks of
nanocrystals with 10% and 20% doping concentrations show
the most pronounced changes, with a sharp decrease in peak
intensity and significant peak broadening. The decrease in
diffraction peak intensity is due to the deterioration of nano-
crystal crystallinity. The broadening of the peaks is due to the
nanoscale size of the crystal particles, reflecting the reduction
of the particle size. This phenomenon is also reflected in the
TEM images (Fig. S17), which is consistent with the variation
in the literature.>**> The NCs’ nanoscale size resulted in the
widening of the diffraction peaks that we observed. In consist-
ent with the results of the HRTEM test (Fig. 1e), the diffraction
peak at 25.8° belongs to the (221) crystal plane, while the peak
at 26.6° relates to the (112) crystal plane. To investigate the
morphological characteristics and particle size of pristine and
Bi-doped Cs,ZnCl, NCs, TEM images (Fig. 1c, d, and S1t) and
HRTEM tests were carried out. As can be seen in Fig. 1c, the
synthesised Cs,ZnCl, NCs have an orthorhombic phase mor-
phology with a relatively homogeneous size and no obvious
agglomeration, with an average length of about 279.2 nm and
a width of about 111.2 nm. After doping with Bi**, the size of
the NCs becomes significantly smaller. At a Bi** doping con-
centration of 3%, the NCs change to a hexagonal shape with
clear boundaries, good crystallinity, and an average size of
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Fig. 1 (a) Crystal structures diagram of Cs,ZnCl, and Bi-doped Cs,ZnCly NCs. (b) Comparison of PXRD patterns of Cs,ZnCl,; NCs doped with
different contents of Bi**. TEM images of (c) Cs,ZnCl, and (d) Cs,ZnCl,;:3%Bi NCs. (e) HRTEM images of Cs,ZnCl,s:3%Bi NCs. (f) SAED pattern of

Cs,ZNnCly4:3%Bi NCs.

about 50.8 nm (Fig. 1d). The size of the NCs continued to
shrink as the doping concentration increased, and the grain
boundaries became rough and altered to irregular quasi-
spherical forms, showing that the high concentration of Bi**
doping deteriorated the crystallinity of the samples (Fig. S17).
HRTEM images showed that all products of Cs,ZnCl,:3%Bi
NCs consisted of monocrystalline particles with well-defined
lattice stripes, indicating good crystalline quality of the nano-
crystals. According to the Fourier transform, the lattice spacing
in the two directions of the lattice stripe can be measured as
3.402 A and 3.345 A (Fig. 1e and S2t), corresponding to the
(221) and (112) crystal planes of the Cs,ZnCl, orthorhombic
structure, which is consistent with the XRD data. The SAED
pattern is taken from the samples in Fig. 1e. The regular peri-
odic arrangement of the diffracted spots shows that the NCs
are single crystalline particles. After calibration, the diffracted
spots corresponding to the crystalline planes of (221) and (112)
can be clearly seen (Fig. 1f), also indicating that the syn-
thesised NCs are well crystalline and free from obvious
agglomeration. The elemental mapping of Cs,ZnCl,:Bi*" NCs
by energy dispersive spectroscopy reveals homogeneous distri-
butions of Cs, Zn, Cl, and Bi, proving their high phase purity
(Fig. S3 and Table S17). In order to identify the elemental com-
position of the material and its valence state, XPS analysis was
performed on undoped Cs,ZnCl, NCs and Cs,ZnCl;:3% Bi

74 | Inorg. Chem. Front., 2024, 1, 71-84

NCs. The characteristic peaks located at 164.6 eV and 158.8 eV
correspond to 4fs;, and 4f,, of Bi**, respectively; the character-
istic peaks located at 1045.2 eV and 1022.1 eV correspond to
2pyj, and 2p;, of Zn**, respectively (Fig. S4t). The analysis
demonstrates that the elemental valence states of Bi and Zn in
the doped NCs are stable, being +3 and +2, respectively, with
no change in valence state.

Photophysical properties of pristine Cs,ZnCl, and Bi**-doped
Cs,ZnCl, NCs

To further study the photophysical properties of the materials,
UV-Vis absorption spectra and PL spectroscopy of undoped
and Bi-doped Cs,ZnCl, NCs were measured. As shown in
Fig. 2a, an exciton absorption peak at 270 nm (4.6 eV) is
present in both pristine and Bi**-doped Cs,ZnCl, NCs, demon-
strating that the main electronic transitions at the band edge
were unaffected by the addition of Bi’*". The observed low
energy absorption band in the range of 300-400 nm may be
related to the defect energy level. A rise in the absorption
intensity in the 250-300 nm region appeared when the doping
concentration of Bi*" increased, peaking at 3% Bi**, which
results from the interaction of the host and Bi**. The corres-
ponding band gaps of Cs,ZnCl, NCs at different doping con-
centrations can be calculated by the Tauc plot equation. As
shown in Fig. 2b, the band gap of pristine Cs,ZnCl, NCs is

This journal is © the Partner Organisations 2024
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Fig. 2 (a) UV-Vis absorption spectra, (b) Tauc plots, (c) PL spectra, and
(d) PLQY plots of Cs,ZnCl, NCs doped with different contents of Bi**.
The inset in (d) shows photographs of Cs,ZnCly NCs and Cs,ZnCl,:3% Bi
NCs under 365 nm UV.

4.29 eV, which is a wide band gap and direct band gap semi-
conductor material.

The band gaps of NCs doped with other concentrations are
smaller than the original band gaps, with the Cs,ZnCl,;:3%Bi
NCs having the smallest band gap of 3.95 eV. The band gap
narrows as Bi®" concentration increases, which correlates to
the red shift of the absorption band edge in the absorption
spectrum and demonstrates that bismuth is effectively doped
into the Cs,ZnCl, NCs lattice. The band gap of Cs,ZnCl,:Bi
NCs is reduced, and the band edges are more localized
because the bismuth doping leads to the formation of new
defect bands.”® It’s also possible that some Bi** ions doped
into the Cs,ZnCl, NCs lattice in place of Zn>* ions have a
radius larger than that of Zn>", expanding the lattice and weak-
ening the Coulomb forces between the ions, resulting in a nar-
rower band gap and a red-shifted absorption spectrum. PL
spectra and PLQY show (Fig. 2c and d) that at 365 nm exci-
tation, the original Cs,ZnCl, NCs exhibit the lowest photo-
luminescence intensity at room temperature (PLQY = 6.3%),
producing very weak broadband emission at 445 nm. The PL
intensity of Cs,ZnCl, NCs was greatly enhanced by modulating
the (Bi/Zn) feeding ratio. The PL intensity reaches its
maximum (PLQY = 57.71%) at 3% Bi’", with a wide FWHM of
92 nm and an unchanged PL peak position, showing bright
blue emission. When the doping of Bi** was continued to be
increased, the PL intensity of Cs,ZnCl,:Bi NCs was found to
decrease at higher doping concentrations (at Bi concentrations
up to 20%, the PLQY value drops to 16.22%). The trend of the
PLQY value of Cs,ZnCl,:Bi NCs is compatible with the change
of its PL spectral intensity, which both increases initially and
subsequently noticeably decreases with the change of the
doping element feeding ratio. This phenomenon is attributed

This journal is © the Partner Organisations 2024
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to the introduction of excess Bi**, leading to concentration
quenching effect.

The emission wavelength-dependent normalized PL and
PLE spectra of Cs,ZnCl;:3%Bi NCs are investigated to gain
insight into the origin of the wideband blue emissions.
Normally, the excitation energy has a significant impact on the
PL spectrum derived from ionoluminescence since excitation
and recombination rates greatly rely on ion energy levels and
their resonance.>®*” In relation to Bi*"’s ionoluminescence,
the external electron configuration of Bi*" is 5s, which has
five energy levels: the ground state 'Sy, the triplet excited state
3Py, °Py, P, and the singlet excited state 'P;. Based to the elec-
tron transition law, under the influence of spin-orbit coupling,
the 'S, — 'P, transition is allowed, the 'S, — P, transition is
partially allowed, while the 'S, — P, and 'S, — °P, transitions
are completely forbidden at the level of electric dipole tran-
sition. Specifically, these forbidden transitions can be dis-
rupted by the lattice vibration.*® Typically, a change in excited
energy causes a noticeable peak position shift and shape
change for the associated emission.?® The corresponding emis-
sion spectra for Cs,ZnCl,:3% Bi NCs revealed tiny peak displa-
cements and shape modifications when the monitoring
excited wavelength was changed from 330 to 380 nm (Fig. 3a).
Additionally, changing the emission wavelength from 430 to
480 nm (Fig. 3b) resulted in only a negligible shift in the
associated excited spectrum. Therefore, it is speculated that
Bi*" ionoluminescence is not the light emission mechanism of
broadband blue light emission. The PL intensity of Bi-doped
Cs,ZnCl, NCs exhibit linear relationship with their excitation
power, thus excluding the possibility of permanent defects as
the origin of photoemission (Fig. S51).

According to Fig. 3c, the Cs,ZnCl,;:3%Bi NCs have a large
Stokes shift of 170 nm and a wide FWHM of 92 nm, suggesting
that the fluorescence emission may be caused by self-trapped
excitons (STEs) emission induced by bismuth ion doping, as is
the case for additional zero-dimensional metal halides.**'
materials with soft lattices and strong electron-phonon coup-
ling, self-trapping excitons generally arise, and the emission
exhibits the typical traits of a broad spectrum with large Stokes
shifts. Regarding soft lattice halides, excited photogenerated
electrons first couple with the lattice vibrations, causing
momentary distortions in the lattice and eventually the pro-
duction of self-trapped excitons. Egrgs = Eg — Ep, — Eg — Eqg,
where E, is band gap energy and Ej, is exciton binding energy, is
the formula used to represent the energy of STEs (Fig. 3d). The
exciton loses a quantity of energy when producing STEs, which
is referred to as self-trapped energy (Es). Lattice deformation
causes the energy of the ground state to grow concurrently; this
increase is referred to as lattice deformation energy (Eq). There
is a significant Stokes shift in the STE emission because the
Egris is considerably lower than E,.** Given that the emission
from self-trapped excitons is unaffected by band edge states, it
makes sense that bismuth doping would alter the band gap of
Cs,ZnCl, without changing the location of the PL peak.

To further study the luminescence mechanism of NCs, the
transient dynamics of their carriers are characterised. The PL

In
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Fig. 3 (a) PLE spectra and (b) PL spectra for Cs,ZnCl,:3%Bi NCs. (c) Typical normalized absorption, excitation, and emission spectra of the as-syn-
thesized Cs,ZnCl,:3%Bi NCs. (d) schematic diagram of self-trapping exciton emission. (e) Time-resolved PL spectrum of Cs,ZnCl,; NCs doped with

different contents of Bi** (excited at 365 nm, monitored at 445 nm).

decay curve of Cs,ZnCl, NCs doped with varied amounts of
Bi** recorded at 445 nm and stimulated by 365 nm light is
shown in Fig. 3e. A biexponential function (1) is able to
efficiently fit the PL decay line for NCs.

t t
I(t) =4 exp(——) + 4, exp(——) (1)
T1 Ty
where A; and 4, represent the relative percentages of the decay
parts, and 7; and 7,, respectively, stand for the short and long
decay durations. eqn (2) was used to compute the average life-
span 7.

. :ZAiTiZ
av ZAiTi

The fitted data are shown in Table 1. The variation of the
average lifetime 7,, is the result of the competition between
different carrier recombination channels at their respective
timescales. It can be seen that with the increasing concen-
tration of Bi**, the proportion 4; of short lifetime z; of the
doped Cs,ZnCl,; NCs gradually decreases and the proportion
A, of long lifetime 7, gradually increases. The average lifetime

(2)
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Table 1 Fitting parameters of 71, Ay, 72, Az and 7,

NCs 7y(us) Ay Taw (US)

50.24% 1.29
24.47% 1.23
34.14% 1.18
34.65% 1.13

7, (us) A

49.76% 7.34
75.53% 10.27
65.86% 7.57
65.35% 7.52

Cs,ZnCl, 0.70
Cs,ZnCl,:3%Bi 0.96
Cs,ZnCl,:5%Bi 0.83
Cs,ZnCl;:10%Bi  0.78

74, Show a slightly monotonical decrease, which is associated
with the increase of non-radiative recombination. Undoped
Cs,ZnCl, NCs have a short lifespan 7; caused by non-radiative
recombination brought on by surface flaws, and a long life-
span 7, related to the recombination of intrinsic self-trapped
excitons (intrinsic STEs). The short lifetime z; of Bi-doped
Cs,ZnCl, NCs is caused by energy relaxation from the singly
excited state 'P; to the triplet excited state *P; through
Intersystem Crossing (ISC). The long lifetime 7, is attributed to
the bismuth-doped induced triplet self-trapped excitons
(extrinsic STEs) transition from the triplet state *P; to the
ground state 'S, in a radiative recombination, which is consist-
ent with previously reported microsecond-scale lifetimes of
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other low-dimensional metal halides."® The highest PLQY
values of Cs,ZnCl, NCs were obtained when the Bi** doping
concentration was 3%, and the highest percentage of short
lifetime 7; caused by the relaxation of the singlet to triplet
excited states. The analysis demonstrated that the appropriate
amount of Bi’*" doping could generate more STEs while effec-
tively reducing the defect state density of the NCs and improv-
ing the fluorescence performance. According to the above
research, the photoexcitation causes a quick spread of self-
trapped excitons, and by an extremely fast ISC process, the cre-
ation of singlet-state STEs is converted into triplet-state self-
trapped exciton states, ultimately producing a blue emission
that is efficacious, has a long lifespan, and has a significant
Stokes shift.

Temperature-dependent photoluminescence

Temperature-dependent PL investigations were made in the
range of 10-300 K to shed light on the photophysical charac-
teristics of Cs,ZnCl;:Bi NCs (Fig. 4a-d). Radiative and non-
radiative relaxation processes in nanocrystals and exciton-
phonon coupling processes can be investigated by fitting ana-
lysis of peak intensities, peak energies, and Full width at half
maximum (FWHM) to temperature-dependent PL data. The
findings demonstrate that as temperature rises, each sample’s
emission strength gradually declines as a result of excitons’
thermal dissociation inhibiting radiative recombination.
When the electron in the excited state obtains energy greater
than the thermal activation energy AE of the energy level as
the temperature rises, it quickly transitions back to the ground

View Article Online
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state through radiation-free relaxation, which results in
thermal quenching.”®> In contrast, when the temperature
dropped, the PL intensity of all specimens arose. This is attrib-
uted to the reduced phonon-exciton coupling and phonon
energy transfer chances at low temperatures, resulting in sup-
pressed non-radiative recombination, enhanced radiative
recombination and higher luminescence intensities. At the
same time, a new broad-shouldered emission peak at 495 nm
is also produced, showing a double emission at low tempera-
ture. The reason for the double emission at low temperature
may be the possible existence of an additional excited state
patterns on the potential energy surface of the pristine intrin-
sic self-trapped exciton, as similar PL spectra is demonstrated
in the pristine Cs,ZnCl, NCs at low temperatures (Fig. 4a).
During warming (from 200 K-300 K), the broad-shouldered
emission peaking at 495 nm progressively loses strength until
it vanishes. The situation shows that the self-trapped exciton
can get sufficient thermal energy to cross the energy barrier
between both radiating excited states since the temperature is
raised, while causing the PL thermal quenching due to exciton
thermal dissociation. In addition, the doping of Bi** also has
an effect on the state of the double emission at low tempera-
tures. Regarding this new emission peak, its emission intensity
becomes enhanced when the temperature decreases. In con-
trast to the pristine Cs,ZnCl, NCs, where this emission peak is
always lower than the original emission peak at 445 nm, the
shoulder-like peak in the Cs,ZnCl,:Bi NCs is comparable to
the pristine emission peak at 10 K. The reason for the differ-
ence in the shoulder emission results at low temperatures may
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Fig. 4 Temperature-dependent PL spectra of (a) Cs,ZNnCly, (b) Cs,ZNnCl,:3%Bi, (c) Cs,ZNnCl,y:5%Bi and (d) Cs,ZNnCl,:10%Bi NCs from 10 to 300 K. (e)
Fitting results of the integrated intensities of the PL spectra as a function of temperatures. (f) Fitting results of the Peak energies of the PL spectra as
a function of temperatures for Cs,ZnCl,:Bi NCs with different Bi** concentrations.
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be due to the energy transfer from the triplet excited state
induced by the bismuth ion doping in Cs,ZnCl,:Bi NCs to the
excited state of the shoulder emission.

As shown in Fig. 4e, we analyzed the PL intensity of
Cs,ZnCl:Bi NCs as a function of temperature to study the
non-radiative relaxation mechanism in nanocrystals. The
intensity of the emission peaks of the nanocrystals constantly
diminishes with the temperature rise due to the thermal
quenching process of the excitons.’® Table 2 data were fitted
applying eqn (3).

1(0)

—AE

where 1(0) represents the PL intensity of the nanocrystal at 0 K
under 365 nm excitation; A is a constant; AE is the exciton
binding energy upon thermal quenching; « is the Boltzmann
constant and 7 represents the absolute temperature. Table 2
shows the parameters obtained after the fit.

The exciton binding energy AE not only laterally represents
the stability of the material but also expresses the rate of
change of its PL intensity with temperature, i.e., the larger the
AE, the less susceptible the PL of its material is to temperature
effects. The exciton binding energy AE of Cs,ZnCl;:3%Bi NCs
in Table 2 is 65 meV, the largest AE among the tested samples,
and therefore its PL intensity is least affected by temperature
variation in the figure, indicating that relatively stable STEs
can be formed. The results show that an appropriate amount
of Bi*" doping can increase the exciton binding energy AE,
because the introduction of Bi*" generates more self-trapped
excitons while effectively reducing the density of defect states
in the nanocrystals, which reduces the chance of non-radiative
transition and improves the fluorescence performance of the
nanocrystals. As shown by the fact that the activation energy
determined by fitting the temperature-dependent PL intensity
is significantly greater than the thermal energy of perovskites
at ambient temperature (26 meV), STEs with a strongly loca-
lized action are stable.*’

In order to understand the effect of exciton-phonon coup-
ling on the optical properties of nanocrystals, we examined the
relationship between the PL peak energy of Cs2ZnCl4:Bi NCs
and temperature, as depicted in Fig. 4f. Table 3 contains a list
of the outcomes from fitting eqn (4).

(1) =

(3)

Ey(T) = Ey(0) + Slyw) {exp <<]::3iT> - 1)] - (a)

where S is the Huang-Kun factor, which represents the elec-
tronic-phonon coupling parameter; (nw) is the average phonon

Table 2 Fitting values of AE and A

NCs AE (meV) A

Cs2,nCl, 64.37 17.70
Cs2,nCl,:3%Bi 65.00 19.89
Cs2,nCl,:5%Bi 41.82 5.90
Cs2,nCl,:10%Bi 36.83 5.21
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Table 3 Fitting values of E4(0), S and (qw)

NCs E4(0) (eV) S (nw) (meV)
Cs2ZnCl4 2.71 1.72 34.86
Cs2ZnCl4:3%Bi 2.58 9.28 8.38
Cs2ZnCl4:5%Bi 2.53 8.97 27.95
Cs2ZnCl4:10%Bi 2.70 5.08 73.84

energy and kg is the Boltzmann constant. Strong electron—
phonon coupling, as measured by the famous Huang-Rhys
factor S, is essential for the generation of STE.*® The likelihood
of STE forming increases with increasing S value, despite the
fact that there is no direct functional relationship between the
existence of STE and S value. A large electron-phonon coup-
ling parameter S, on the other hand, improves the likelihood
of non-radiative recombination.?” As a result, a suitable elec-
tron-phonon coupling is essential for productive, wideband
STEs emission. From the fitted data acquired (Table 3), it can
be seen that the S value of the pristine Cs,ZnCl, NCs is 1.72,
while the S values of the Bi-doped Cs,ZnCl, NCs all show a
very significant increase, with the largest S value of 9.28 for
the Cs,ZnCl;:3%Bi NCs. This suggests that the presence of
high electron-phonon coupling following doping with
bismuth ions makes the soft halide matrix more conducive to
generating STES, resulting in enhanced PL emission.

For Cs,ZnCl,:Bi NCs, its PL emission peak position is blue-
shifted with increasing temperature. Interpreting the tempera-
ture dependence of PL peak shift in solid semiconductors in
terms of lattice expansion and electron-phonon coupling.*® In
common, the band gap can narrow as temperature rises due to
electron-phonon interaction. For lead halide perovskites,
lattice expansion induce band gap blue shifting due to the
presence of bonding and anti-bonding orbitals in the band.*®
The peak positions of 3% and 5% Bi*" doped Cs,ZnCl, NCs in
the figure vary more as the temperature rises, which results
from the strong electron-phonon coupling in the matrix, but
also due to the significant shift of the highest peak position
caused by the double emission generated at low temperature.
In addition, the FWHM was observed to become smaller with
higher temperature by fitting the temperature-dependent
FWHM fluctuation (Fig. S61). The disappearance of the double
emission of Cs,ZnCl, NCs at room temperature and the
change of the PL spectral line from the overlapping double
peak at low temperature to a single peak are responsible for
the narrowing of the FWHM.

DFT calculation for optoelectronic and photophysical
properties

In order to investigate in depth the electronic states and photo-
physical characteristics of Bi integrated in Cs,ZnCl, NCs and
their effects, first-principles DFT calculations were performed.
The substituted model calculated here is built on the basis of
the pristine model by substituting one Bi** for one Zn>" while
generating one Cs vacancy (V'cs). Fig. 5 shows the calculated
static charge-density, electron energy band structure and
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Fig. 5 (a and b) Calculated static charge-density, (c and d) calculated electronic band structure and (e and f) calculated PDOS of pristine Cs,ZnCl,

and Cs,ZnCl,:Bi** NCs, respectively.

density of states (DOS), and pristine Cs,ZnCl, NCs energy
band shape and band type consistent with the literature.'®
From Fig. 5c¢, the bandgap of the original Cs,ZnCl, NCs is 4.6
eV, which is a direct bandgap. According to the DOS analysis
of Cs,ZnCl, NCs (Fig. 5e), Cl-p, Zn-d orbitals and Zn-s, Cl-p
orbitals, respectively, made up the majority of the top and
bottom of the valence band and conduction band. Substantial
wavefunction deviations in the Zn-s and Cl-p orbitals, as well
as substantial dispersion, are present in the conduction band.
The DOS analysis of the Cs,ZnCl,:Bi NCs shows that the VBM
consists mainly of a combination of Cl-p and Zn-d orbitals. The
doping of Bi** forms a defect band consisting mainly of Bi-p and
Cl-p orbitals at 2.5 eV above the VBM (Fig. 5d and f). It is worth
noting that the band gap in this region (2.5 eV) is in good agree-
ment with the observed PL emission (2.76 eV, Fig. 2c), consider-
ing that the DFT-PBE function calculation underestimates the
band gap. The lowest state of the conduction band consisting of
Bi-p and Cl-p orbitals was strongly localized in the tetrahedral
[BiCl,]”, and these results suggest that the spin-triplet exciton
may be trapped at [BiCl,]” unit (consistent with the experi-
mentally observed microsecond-scale decay times) and provide a
channel for effective emission.

PL recombination mechanism of pristine Cs,ZnCl, and Bi**-
doped Cs,ZnCl, NCs

In summary, the photoluminescence mechanism of Cs,ZnCl,:Bi
NCs can be explained in Fig. 6 by analysing the optical properties
and DFT calculations. At room temperature (Fig. 6a), under the
excitation of photon energy at 300 nm and 365 nm, the ground

This journal is © the Partner Organisations 2024

state electrons are excited to the ES1, and electrons go through a
speedy transmission of energy (ET1) and subsequently return to
the ground state through intrinsic STEs-1 radiation transition.
The weaker exciton-phonon coupling of the Cs,ZnCl, host leads
to a smaller chance of distortion of [ZnCL,J>~ tetrahedras, which
produces fewer intrinsic STEs, as well as more defects that inhibit
radiative recombination and lead to low PLQY. In Bi*'-doped
host, the ground state electrons are excited to the ES1, the singlet-
state (ES3), and the triple excited state of Bi** (ES4). The electrons
go through a speedy transmission of energy (ET1), (ET2), and
(ET3), then extrinsic STEs are generated in ES4 by [BiCl,]” tetra-
hedral distortion. Finally, the radiative transition from extrinsic
STEs to the 'S, ground state of Bi** results in high-efficiency
extrinsic STEs radiation that exhibits a notable Stokes shift. The
other small fraction of electrons back to the ground state by
intrinsic STEs-1 radiation transition. At low temperatures
(Fig. 6b), in addition to the above recombination process, a new
lower potential energy intrinsic STEs-2 is generated next to the
intrinsic STEs-1 in the Cs,ZnCl, matrix, which is manifested in
the PL pattern as a double emission at low temperature. At low
temperature, the intensity of the shoulder peak of Bi-doped
samples starts to increase relative to the main emission peak,
which may be attributed to the introduction of bismuth ions
effectively eliminating the nonradiative recombination and the
energy transfer from the triple-excited state *P; of Bi** ions to the
intrinsic STEs-2.

During warming, the broad-shouldered emission peak at
495 nm begins to fade away, suggesting a possible back energy
transfer (BET) from intrinsic STEs-2 to intrinsic STEs-1.
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Fig. 6 Schematic illustration of PL recombination mechanism in Cs,ZnCl,:Bi**at (a) room temperature and (b) low temperature, respectively. ES1:
excited state of Cs,ZnCl, at high energy level (at 300 nm excitation); ES2: excited state of Cs,ZnCl, at low energy level (at 365 nm excitation); ES3:
singly excited states of Bi** (corresponding to 300—365 nm); ES4: triplet excited states of Bi** (at 365 nm excitation); ET1: transmission of energy
from ES1 to ES2; ET2: transmission of energy from ES1 to ES3; ET3: energy relaxation from the singly excited state P, to the triplet excited state *P,
in the form of Intersystem Crossing (ISC); ET4: transmission of energy from ES4 to intrinsic STEs-2; BET: back energy transfer from intrinsic STEs-2
to intrinsic STEs-1. The green arrows indicate processes that occur only at low temperatures.

We suggest that the pristine material exhibits weak lumine-
scence due to non-radiative relaxation induced by inherent
defects and a limited number of intrinsic self-trapped exciton
complex channels. As a consequence, the material experiences
a low transition probability of radiation, leading to an extre-
mely low PLQY. For Cs,ZnCl,:Bi*" NCs, because of the strong
exciton-phonon coupling impact of Bi** doping in the matrix,
the probability of distortion of the [BiCl,]” tetrahedron
increases as the luminescence center becomes larger, which
makes it easy to form STEs. Strong quantum confinement
strongly traps photogenerated carriers in these separated tetra-
hedra, whereas defects are passivated in favor of radiative
recombination, resulting in enhanced PLQY.

Antiwater stability of Cs,ZnCl,:Bi NCs

Further research on the antiwater stability of Cs,ZnCl,;:Bi NCs
is necessary since the stability of the nanocrystals is closely
related to the application. The PL spectra (Fig. 7a and b) of
pristine and Bi-doped Cs,ZnCl, NCs aqueous solutions were
measured at various intervals after thorough stirring under
ambient atmosphere, following the addition of 1 ml of de-
ionized water to the solutions. The PL intensity of Cs,ZnCl,
NCs degraded to 49% of the original after 100 minutes
immersed in deionized water; however Cs,ZnCl,:Bi NCs main-
tained 82% of the original PL intensity (Fig. 7c). We then per-
formed FTIR spectra to characterize the chemical bonds of the
soaked samples. In contrast to the undoped sample, a charac-
teristic peak appears at 513 cm ' in the Bi-doped sample,
which corresponds to Bi-O bonds (Fig. 7d). Therefore, we
suggest that water induces surface hydrolysis of Cs,ZnCl,:Bi
NCs to form a BiOCI protective layer that encapsulates the
luminescent material against further water corrosion, resulting
in excellent water stability, similar to the previously reported
water-induced BiOBr passivation of Bi-based perovskites
Cs;Bi,Bry.>* In addition, the samples were tested for thermal
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Fig. 7 (a and b) Antiwater stability and (c) Remnant PL spectra of pris-
tine and Bi-doped Cs,ZnCly NCs immersed in deionized water for
different durations. (d) FTIR spectra of Bi-doped and pristine Cs,ZnCl,
NCs before and after immersion.

and optical stability, and the results showed that the doped
samples performed better than the pristine samples (Fig. S77).

Fabrication and evaluation of photovoltaic modules with
down-converting layers and blue light LED devices

With respect to their simplicity of construction and benefits in
terms of cost-competitiveness, photovoltaic (PV) cells and
modules, which produce power from the plentiful sunlight at
the planet’s surface, have been regarded as one of the most
alluring green power innovations. To further improve the
photovoltaic (PV) cell’s photovoltaic conversion efficiency, a
luminescent down-shift layer (LDS) can be implanted on
surface of the cell to solve the problem of poor absorption of
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solar cells at short wavelengths by using the down-conversion
principle.>® Therefore, considering that the EQE of GaAs solar
cells is greater than 80% in the visible region of 400-900 nm,”"
Cs,ZnCly:Bi NCs can be used to transform high energy ultra-
violet (UV) rays into low energy visible light, which can be
made into a luminescent down-shift layer and combined with
an aviation GaAs solar cell (Product no: HGSC-A100B-1S, hasu-
nopto Co, Ltd), as shown in Fig. 8a. In this device structure,
the incident sunlight follows the following three paths.”” (i)
Incident light is reflected at the interlayer interface on the
front surface due to differences in refractive index. (ii) Incident
light is absorbed and re-emitted by perovskite emitters. (iii)
Incident light penetrates the front layer and is absorbed and
converted to electricity by the active layer in the solar cell. In
order to reduce the solar cell’s surface reflection, the perovs-
kite nanoparticles are evenly scattered on top of the surface.”?
According to Table 4, the GaAs solar cell’s initial PCE value
was 30.2%. After the Cs,ZnCl,:Bi NCs-LDS layers were applied
to the solar cell surface, the PCE value was increased by 1% to
31.2%. The increase in PCE efficiency is due to the enhanced
absorption of Cs,ZnCl,:Bi NCs in the UV region, which can
convert incident high-energy sunlight into a broad spectrum
of visible light more suitable for absorption by PV modules,
further increasing the conversion efficiency of the PV device
(Fig. s8t). Fig. 8c-e show photos of the solar cell featuring per-
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Table 4 Solar cell efficiency with and without NCs-LDS layers

ISC VOC P, max PCE
Under the sunlight (mA) v) FF (mW) (%)
Without NCs-LDS layers 4.9 2.3 0.86 9.7 30.2
With NCs-LDS layers 5.0 2.3 0.87 10 31.2

ovskite LDS layers taken using thermal imaging. In the pres-
ence of daylight, the surface temperature of the PV cell rises
rapidly. After 10 minutes of light exposure, the surface temp-
erature of the PV cell with and without the addition of the per-
ovskites down-conversion coating was 42.6 °C and 41 °C,
respectively. The perovskites absorbed a tiny quantity of
thermal energy, though it didn’t affect the PV cell’s PCE.
Additionally, in situations with high temperatures, PV
modules covered with perovskites maintained a high PCE.

In this study, the produced Cs,ZnCl,:Bi NCs were evenly
blended with epoxy glue and covered on a commercial 365 nm
GaN LED chip before being dried and cured to make blue-light
LED devices. The power on/off effects and electroluminescence
(EL) spectra of the LED devices are shown in Fig. 8f. The color
coordinates (CIE1931) were calculated to be (0.1815, 0.1927),
as shown in Fig. 8g. Finally, the LEDs based on Cs,ZnCl,:Bi
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Fig. 8 (a) Diagrammatic representation of the construction of solar cell using LDS layer and mode of operation in daylight. (b) J-V characteristics of

solar cells with and without Cs,ZnCl,:Bi NCs in daylight. (c) Photos of the solar cell featuring perovskite LDS layers taken using thermal imaging in a
dark setting. (d) Photos of the solar cell using perovskite LDS layers taken using thermal imaging after ten minutes of exposure to the sun. (e) Photos
of the solar cell without perovskite LDS layers taken using thermal imaging after ten minutes of exposure to the sun. (f) Emission spectrum of the
LED based on Cs,ZnCl,:3%Bi. Inserts show the photographs of LED device of power on/off. (g) CIE chromaticity diagram corresponding to emission
spectrum.
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NCs emit a bright broad-spectrum blue light centered at
450 nm when energized. The stability of the LED device is
shown in Fig S9.1 In biomedicine, antibacterial blue light in
the 400-470 nm spectrum has proven its intrinsic anti-
microbial properties to inactivate bacteria and viruses.>* These
results demonstrate the potential application of broad-spec-
trum blue light emission from 0D all-inorganic metal halide
Cs,ZnCly:Bi** NCs in photovoltaic power generation, solid-
state lighting, and biomedicine.

Conclusions

In summary, we have synthesized Bi-doped all-inorganic lead-
free perovskites Cs,ZnCl, NCs by a green and facile process
using thermal injection. The pristine Cs,ZnCl, NCs were orig-
inally weakly luminescent (PLQY = 6.3%), but by adjusting the
stoichiometric ratio of the doped elements to find the
optimum feeding ratio for luminescence efficiency (Bi/Zn =
3/100), the doped samples exhibited highly efficient blue
broad emission at 445 nm (PLQY = 57.71%). Detailed spectral
characterization including time-resolved PL, temperature-
dependent PL, and first-principles DFT calculations, indicate
that the triplet-state STEs emission caused by bismuth ion
doping is the source of the bright broad-spectrum blue light
emission. The Cs,ZnCl,:Bi NCs exhibited good water stability
as a result of the self-passivation of water-induced generation
of BiOCI. Photovoltaic cell modules fabricated with Cs,ZnCl,:
Bi** NCs for down-conversion coating exhibited excellent per-
formance. Regarding the future development of new energy
photovoltaic devices, it offers a sustainable and effective
approach. In addition, Bi-doped Cs,ZnCl, NCs combined with
commercial 365 nm GaN LED chips can be assembled into
broad-spectrum blue-emitting LED devices. As a result, we
think Cs,ZnCl,:Bi NCs offer enormous promise for the devel-
opment of innovative lead-free perovskites optoelectronic
devices.
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