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In recent years, the lead-free halide perovskite has been extensively studied due to the the lead toxicity and poor stability

of lead halide perovskite. Cs,AgInClg has shown great potential to replace lead halide perovskites in optoelectronic

applications. However, this perovskite synthesis method needs to involve high temperature, the synthesis conditions are

relatively harsh. In this work, a simple solid-phase grinding method was employed to prepare Na* and Bi** doped perovskite

Cs,Ag1xNayIn.,Bi,Cls with systematically characterization of both the structure and optical performance. The experimental

results showed that a photoluminescence quantum yield (PLQY) of 13.1% was achieved by breaking the parity-forbidden

transition through 4% Bi®* doping. Subsequently, the incorporation of 60% Na* suppressed non-radiative transitions and

increased the PLQY to 56.9%. The Cs,Ag4Nagslng.o6BioosCls samples were encapsulated on ultraviolet (UV) LED chips to

obtain warm-yellow LED with good performances, which shows that promising applications in the LED field.

1. Introduction

In recent years, APbX3 (A = MA*, FA*, Cs*; X=Cl, Br-
» I7) halide perovskite materials have become one of the most
popular optoelectronic materials, they have the advantages of
high photoluminescence quantum yield (PLQY), high carrier
mobility, high defect tolerance, and tunable emission
wavelength, which have led to the rapid development of lead
halide perovskite materials.'> Unfortunately, the inherent
toxicity of Pb?* can cause a certain amount of pollution to the
environment and threaten human health, severely limiting its
application in commercial equipment. Therefore, a new
solution is needed to address environmental and health
concerns.%10

The less toxic Sn?* and Ge?* from the same group IV are
usually considered to replace Pb?, however, unlike the
stabilized Pb?*, these materials are prone to oxidation to their
respective 4* valence states in air, which leads to reduced
stability and photovoltaic properties.’*1* Another alternative to
Pb2* is to use the less easily oxidized trivalent cations Bi3*, Sb3*,
but the Bi3* and Sb3* may lead to charge imbalance and
structural deterioration of perovskite materials.’>17 Thus, it is
crucial to find stable, low-toxic and efficient perovskite.

Fully inorganic metal halide perovskite halide perovskite
A,B(I)B(I11)Xg is a promising class of lead-free semiconductor
materials, which can replace lead-based perovskite in
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optoelectronic devices.!® The elements at the B(l) position are
monovalent cations, such as Na*, K*, Li*, Ag*, and Ru*, the
elements at the B(lll) position are trivalent cations, such as Sb3*,
Bi3*, In3*, Ln3*, Fe3*. Among these materials, Cs,AgInClg
perovskite demonstrates superior optical properties compared
to other perovskite materials such as Cs,AgBiCls, primarily
attributed to its direct bandgap structure.l®2! In recent years,
the double perovskite Cs,AgInCls has been demonstrated to
have a long carrier lifetime, relatively high stability, and unique
Self-trapped exciton emission mechanism, which has brought it
to the attention of researchers.?> 23 Despite its many excellent
properties, Cs,AgInClg has less absorption and emission in the
visible and near-infrared regions, and its PLQY is relatively low,
which is due to the parity-forbidden transition.?* In order to
improve the luminescent properties of Cs,AgInClg, researchers
have taken many approaches, among which, alloying or lattice
doping is an effective method to improve the optical properties
of Cs,AgInClg. Tang's group investigated Cs,AgInClg and finally
generated Cs,Ag,4Na,InClg powder by hydrothermal reaction,
the incorporation of alkali metal Na effectively modifies the
symmetry of the electron wave function in self-trapped
excitons, thereby breaking the parity-forbidden transition.
Through Na* and Bi3* doping, the PLQY of Cs,AgInCls powder
was significantly enhanced to 86.2 = 5%, and realized the
warm-white luminescence of the sample.?®> Locardi and his
colleagues synthesized Mn-doped Cs,AgInClg nanocrystals
through a process comprising high-temperature heating, ice-
bath cooling, and vacuum drying, achieving bright orange
emission with a PLQY of 16%.2° Liu synthesized well-dispersed
Cs,AgInClg: Bi nanocrystals via rapid injection of cesium oleate
solution into HCl-containing precursors at 280°C. The resulting
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nanocrystals exhibited a broadband orange emission peak at
580 nm, with a PLQY of 11.4%.27 It can be seen that although
existing preparation strategies can synthesize lead-free
perovskite with excellent luminescent properties, these
synthesis methods need to involve high temperatures as well as
the addition of concentrated HCL, which makes the synthesis
conditions harsh and risky, therefore, there is a need to find a
simple, low-cost synthesis method.

In this work, Na* and Bi3* co-doped perovskite nanocrystals
were synthesized via a facile solid-phase grinding method. This
approach offers several advantages, requires no high-
temperature heating and HCl, and it is easy to prepare on a large
scale. Through 4% Bi** doping, the parity-forbidden transition
was broken in Cs;Aglng 96Bio 04Cle, resulting in a PLQY of 13.1%.
Subsequent incorporation of 60% Na* further enhanced the
PLQY to 56.9%, and the synthesized perovskite
Cs,Ag0.4Nag 6INg.96Bin.04Cls exhibited a broad emission spectrum
and warm-yellow Finally, the
Cs,Ag0.4NagslngosBip0sCls  nanocrystals  were  successfully
implemented as solid phosphors in light-emitting devices,
demonstrating excellent performance and highlighting their
potential for optoelectronic applications. This work provides
valuable insights for further investigation of the optical
properties of Na* and Bi%* co-doped Cs,AgInClg materials.

luminescence.

2. Experimental details

2.1 Synthesis of Cs,Ag;.\Na,In;.,Bi,Clg

CsCl (99.9%, Adamas-beta), AgCl (98%, Adamas-beta), NaCl
(99.9%, Adamas-beta), BiCl; (analytical pure, Aladdin), InCl3
(99.99%, Adamas-beta). All chemicals were used as received
without further purification.

Cs,Agi.«NayIny. Bi,Clg were synthesized by manual grinding.
In a typical synthesis process, 2 mmol of CsCl, 1-x mmol of AgCl,
x mmol of NaCl (x =0, 0.2, 0.4, 0.6, 0.8 and 1.0), 1-y mmol of
InCl; and y mmol of BiCl; (y = 0, 0.02, 0.04, 0.06, 0.08 and 0.1)
were put into a mortar, then mixed and hand grinding 15-20
minutes. Finally, collecting the powder into the bottle for
further characterization. The whole process was carried out at
room temperature, and no solvent was added during the
grinding process.
2.2 Characterizations

The PL, PLQY and Time-resolved PL experiments
measurements were performed by using the OmniFluo900
fluorescence spectrophotometer (Beijing Zhuolihanguang
Instrument Co., Ltd, China). Ultraviolet - visible (UV - Vis)
absorption spectra were measured by a UV-2600 ultra-violet
spectrophotometer (Shimadzu, Japan). The XRD analysis was
performed on a D/max 2200PC X-ray diffractometer (Nikkei
Electric Co., Ltd, Japan), with Cu K a radiation. An ESCALAB
250Xi X-ray photoelectron spectrometer (XPS) (Thermo Fisher
Scientific, USA) was used to measure X-ray photoelectron
spectra. A scanning electron microscope (SEM) (FEI, USA) was
used to observe the morphology and element mapping image
of perovskite crystals. Energy-dispersive spectroscopy (EDS)
was used Oxford Xplore to evaluate the elemental ratios. High-

2| J. Name., 2012, 00, 1-3

resolution transmission electron microscopy (HRTEM) cwas
performed using a JEOL JEM-2100 instrurR&htL0.1039/D5NJ01943E

3. Results and discussion

A series of Cs,Ag;«NayIn,.,Bi,Clg were synthesized using the
solid-phase milling method, as shown in Fig. 1a, the perovskite
precursors were mixed in precise proportions and ground by
hand in an agate mortar. Due to the direct contact between the
grinding rod and the raw materials, mechanical energy is
generated and transferred directly to the raw materials,
resulting in a localized temperature increase in the particles.
The temperature rise facilitates the mutual diffusion and
penetration of the raw materials, thereby promoting chemical
reactions and improving crystallinity. Fig. 1b displays the ground
powder, which exhibits a warm-yellow emission under 365 nm
illumination. Fig. 1c illustrates the structural model of Na-
alloyed and Bi-doped Cs,AgInClg double perovskite, where the
cubic unit cell framework is composed of [BiClg], [InClg], [NaCle],
and [AgCle] octahedra.?®

Scanning electron microscopy (SEM) was employed to
examine the morphological changes in Cs,Aglng.g6Big 04Cls and
Cs,Ag0.4Nag INg.96Bi.04Cls. Fig. 2a reveals that Cs;Aglng o6Bio.04Cle
exhibits irregular shapes and some agglomeration. In contrast,
Fig. 2b demonstrates that Cs,Agg4Nagslng.96Bio.04Cle is relatively
well dispersed with no significant agglomeration. We speculate
that the addition of Na* facilitates the crystallization process.
Additionally, energy-dispersive X-ray spectroscopy (EDS)
mapping was performed to investigate the elemental
distribution in Cs;Ago4Nag.elng.96Bio.04Cle, as illustrated in Fig. 2c.
The uniform distribution and overlap of all elements within the
grains confirm the successful incorporation of Na* and Bi3* into
the Cs,AgInClg perovskite nanocrystals.

(a) CsCly mel,  AgCly

365SnmUV

Fig. 1 (a) Synthesis process diagram of the Cs,Ag;,Na,In; Bi,Clg. (b) Photo of the
Cs,A80.4Nag 61N0.96Bin.0aCls Sample and the sample under 365 nm UV light (c) The crystal
structure of the Cs;Agy.4Nag 6Ng.96Bio.04Cle

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 SEM images of (a) Cs,AgIng.96Bio.04Cls, (b) Cs,A80.4NaosINo.96Bio.04Cls. (c) EDS mapping of Cs,Ago4NaoslNo.96Bio0sCls. (d) XRD patterns of Cs,AgInClg, Cs,Aglng g6Bio.04Cls, and

Cs,A80.4Nag 6INo.96Bin.04Cls samples. (e) HRTEM of Cs;Ago 4Nag slNo.96Bio.0aCls sample.

To investigate the effect of doping on the physical and
structural properties of the samples, the perovskite
nanocrystals were analyzed using X-ray diffraction (XRD)
measurements. Fig. 2d presents the XRD patterns of Cs,AgInClg,
Cs,AgINg.o6Bin.0sCls and  CsyAgp4Nagelng.oeBioosCls. The XRD
patterns reveal that all perovskite nanocrystals exhibit a cubic
FM-3m structure,?® and mostly match that of the standard PDF
of Cs,AgInClg. As observed in Fig.2d, the diffraction peaks of
(220), (222), (400) planes all move slightly to the low diffraction
angle (26) with the doping of Bi3* and Na* ions. This indicates
the occurrence of lattice expansion which is caused by that Ag*
(145pm) and In3* (94pm) are replaced by Na* (166pm) and Bi3*
(117pm) with larger ionic radius, respectively. Compared to the
standard XRD data, apart from the characteristic peaks that
match the main peaks, there are impurity peaks in the
synthesized samples, which may be due to trace amounts of
unreacted precursors during the grinding process. Subsequently,
we analyze the primary components of the impurity peaks in
the XRD patterns, as shown in Fig. S1a, b. It can be seen that,
aside from the diffraction peaks of Cs,AgInClg, the other
impurity peaks mainly correspond to AgCl and InCls, this is
similar to previous studies.® It is noteworthy that after the
introduction of Na*, the intensity of the (220) peak gradually
increases, and the impurity peaks decrease. This suggests that
the incorporation of Na* effectively suppressed the formation
of impurity phases and enhanced the crystallinity of the

This journal is © The Royal Society of Chemistry 20xx

products, which is consistent with the SEM results shown above.
In the HRTEM images (Fig. 2e) of Cs,Ago4Nagelng.oeBio.0sCls
sample, the Cs;AgpsNagglngosBio.0sCle Nanocrystals are well-
dispersed and homogeneous in morphology, which indicates
that the perovskite nanocrystals have good structural integrity.
Besides, Cs,Agg.4Nagglng.osBio.04sCle perovskite nanocrystals has
clearly visible lattice stripes, with a lattice spacing of 0.181 nm,
this correspond to the (440) crystal surface of Cs,AgInClg, which
is a good confirmation of the doping of Na* and Bi3*.

To further analyze the chemical composition and
electronic structure of the samples, X-ray photoelectron
spectroscopy (XPS) was performed on both Cs,Aglng 9sBi.04Cle
and Cs,Ag 4Nag gINg.96Big.04Cls. The XPS survey spectra (Fig. 3a-f)
reveal characteristic peaks corresponding to Cs, Ag, In, Bi, and
Cl in both materials. The distinct Na 1s peaks are observed in
Cs,Ag0.4Nagelng.osBioosCls. Fig. 3a confirms the successful
incorporation of Na* ions. Notably, the Bi 4f (Bi 4f,/, and Bi 4fs/;)
and Cs 3d (Cs 3ds;; and Cs 3ds/,) peaks exhibit a slight shift
toward higher binding energies after Na* doping (Fig. 3b-c),
which can be attributed to lattice expansion induced by Na*
incorporation. Furthermore, the Cl 2p spectrum (Fig. 3d)
demonstrates a significant shift of both Cl 2p;;, and Cl 2p;3),
peaks to higher binding energies, likely resulting from the
formation of [NaCle] octahedra. In contrast, the binding
energies of In 3d and Ag 3d orbitals remained unchanged
(Fig.3e-f).

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Results of the XPS analyses conducted on Cs;AglIng ¢6Big.04Clg and Cs,Ag.4Nag 6lNg.96Bi0.04Cls. (a) Na 1s. (b) Bi 4f. (c) Cs 3d. (d) Cl 2p. (e) In 3d. (f) Ag 3d.

To investigate the effect of Bi** doping on the optical
properties of Cs,AgInClg perovskite, UV-Vis absorption

spectroscopy was conducted on Cs,AglIn,.,Bi,Cle. As shown in Fig.

4a, compared to the undoped Cs,AgInCls, the Bi**-doped
perovskite nanocrystals exhibit a sharp exciton absorption peak
at 368 nm. The intensity of this peak gradually increases with
higher Bi3* concentrations, primarily due to the direct Bi s-p
transition.3 In contrast, Cs,AgInCls shows weak absorption at
368 nm, with more pronounced absorption occurring only
below 350 nm. Based on the Tauc plot analysis, the optical
bandgap of Cs,AgInClg is calculated to be 3.51 eV, consistent
with previous studies and indicative of a direct bandgap.?® In Fig.
4b, as the Bi** content increases, the bandgap of Cs,AglIn,.,Bi,Clg
gradually decreased from 3.13 eV to 2.88 eV. This reduction is
attributed to the hybridization between the 6s orbitals of Bi and
the 4d orbitals of Ag, which raises the valence band maximum
(VBM) and consequently lowers the optical bandgap.?®

Fig. 4c illustrates the emission spectra of Cs,Agln,.,Bi,Clg
under 365 nm excitation, covering a spectral range of 400—800
nm, which is characteristic of broadband Iluminescent
materials.’> As the Bi** doping concentration increased from 0
to 0.04, the emission intensity of the samples gradually
enhanced, reaching its maximum at a Bi®* concentration of 4%,
with a peak emission wavelength of 580 nm. Furthermore, the
photoluminescence quantum yield (PLQY) achieved a maximum
value of 13.1%, this is attributed to the incorporation of Bi3*
effectively breaks the parity-forbidden transition and generates
additional excited-state electrons, thereby improving the
absorption and excitation capabilities of the perovskite
nanocrystals.?% 30 However, when the Bi3* doping concentration

4| J. Name., 2012, 00, 1-3

is further increased (y=0.06 to y=0.1), the emission intensity
tends to weaken and the PLQY decreased (Fig. 4d), which is
attributed to the concentration quenching effect. In addition,
under the excitation of 365 nm, the center wavelength of the
samples with different Bi** doping concentrations exhibited a
red shift to varying degrees.

After successfully synthesizing the Cs;AglngoeBio 04Cls
sample with optimal photoluminescence (PL) and
photoluminescence quantum vyield (PLQY) properties, we
partially substituted Ag with Na to prepare Cs,Ag;.
«NayIng.96Bip.04Clg by systematically varying the x-value from 0 to
1(x=0,0.2 04, 0.6, 0.8, 1). As shown in Fig. 5a, with the
increase of Na* concentration, the absorption peak of Cs,Ag;.
«NayIng o6Bip 04Clg gradually decrease and broaden. From the
Tauc plot (Fig. 5b), the optical bandgap is observed to increase
from 299 eV to 3.41 eV. In general, the broadband
luminescence arises from self-trapped excitons (STEs), which
are formed due to strong electron-phonon coupling in the
material, and this coupling allows excited-state carriers to
interact with the lattice, inducing lattice distortions and
generating highly localized STEs, followed by radiative
recombination.?> 31 32 |n the excited state, STEs are generated
through Jahn-Teller distortion of the [AgCl¢] octahedra in
Cs,AgINg.06Big.04Cls. 277 33 In Fig. 5¢, PL spectroscopy reveals that
the intensity is significantly enhanced after Na* doping,
exhibiting broadband emission characteristics. At x = 0.6, the PL
intensity reach its maximum, with a PLQY as high as 56.9% (Fig.
5d). The PLQY of Na* and Bi** co-doped Cs,Ag1.« NayIng.o6Bi.04Cls
significantly improves compared to Bi** doping alone.

This journal is © The Royal Society of Chemistry 20xx
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Table 1 The fluorescence lifetime of Cs,AgInCls, Cs,AgINg 96Bio.04Cls, and Cs,Ag0.4Nag 61No.96Bi.04Cls

Samples Al Ty (Ks) A2 Ty (Ks) Tave
Cs,AgInClg 99% 1.85 1% 5.36 1.94
Cs,AgIN0.96Bi0.04Cle 98% 2.49 2% 7.79 2.68
CSzAgoANao.G'nolgeBio‘(mCIG 81% 3.86 19% 6.96 4.79

Compared to other perovskite systems such as (BA),(MA,,.
1Pb,Brs,1,3*  CsCuyl33®> and quasi-2D  perovskite3®, the
Cs,Ag0.4Nag 6INg.96Bin.04Cls sSample presents a good luminescent
performance. However, compared to hydrothermally
synthesized samples?®, Cs,Agp4NagslngosBio.0sCls exhibits a
lower PLQY (56.9%), which may be attributed to relatively lower
purity and the insufficient reaction in the prepared samples that
compromise luminescence performance. The emission
mechanism diagram of Cs,AgInClg perovskite nanocrystals
before and after doping is shown in Fig. 5e. In pristine Cs,AgInClg,
the optical transition from the VBM to the CBM is parity-
forbidden due to their identical parity symmetry. In contrast,
the transition from VBM-2 to CBM is parity-allowed because of
their opposite parity, which explains the intrinsically low PLQY
of undoped Cs,AgInClg nanocrystals.3”> 38 The incorporation of
Bi®* effectively breaks the parity-forbidden transition between
VBM and CBM in Cs,AgInClg. This modification enhances the
parity-allowed VBM to CBM transition, facilitating the
generation of more free excitons and their subsequent efficient
conversion into self-trapped exciton (STE) states.?”
Consequently, the STE emission intensity is significantly
enhanced in Bi**-doped Cs,AgInClg hanocrystals. Furthermore,
Na* doping induces partial isolation of the [AgCle] octahedra,
reducing the electronic dimensionality of the system. This
disrupts the periodicity and local lattice symmetry of the crystal
structure, further promoting the formation of STEs and thereby
improving the overall luminescence efficiency.3% 32

Fig. 6a-c show the time-resolved PL (TRPL) decay spectra of
Cs,AgInCls, Cs,AgIngg6Bio0aCls, and CsAgo.aNagslng.osBio.oaCle,
and all the decay curves are well fitted by the following
biexponential function, as shown in Eq1:

6 | J. Name., 2012, 00, 1-3

19) = Arexp (—2) + ayexp (—2)
(1)
where 1, refers to the short lifetime and t, refers to the long
lifetime. A1 and A2 are the corresponding amplitudes.
According to the mentioned parameters, the average lifetime
Tave Can be calculated by the following equation (Eq2):
— Aiti+ 4,75 )
AT+ AyT,

Table 1 summarizes the fitted parameters obtained from
the lifetime analysis. where t; represents the non-radiative
transition of free excitons and 1, corresponds to self-trapped
excitons (STEs). The average lifetime (Tave) Of Cs;AgING.96Bi0.04Cls
(2.68 us) shows a significant enhancement compared to that of
undoped Cs,AgInClg (1.94 us), As evident from Table 1, the
contribution of 1, is negligible in the undoped samples of Na*,
Tave being predominantly governed by the non-radiative
transition of free excitons. However, upon Na* incorporation,
the proportion of T, increases substantially, resulting in an
extended Tae Of 4.8 ps for Cs,Ago4Nagslng.oeBio.osaCle. This
notable increase in Tave suggests enhanced STEs emission and
effective suppression of non-radiative transitions in the Na*-
doped sample.??

In Fig. 7a, we investigated the variation of the PL spectra
within the temperature range of 120K to 300K. As the
temperature increases, the PL intensity of the sample
continuously decreases, and the emission peak gradually blue
shifts. This can be attributed to electron-phonon coupling and
crystal lattice thermal expansion. To elucidate the intrinsic
mechanism of temperature's effect on the PL intensity of
Cs,Ag0.4Nag slNg.96Bin.04Cls, We used the Arrhenius equation (3)
to fit the curve of the integrated PL intensity as a function of

Tave

This journal is © The Royal Society of Chemistry 20xx
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Fig. 7 (a)Photoluminescence spectra of Cs,Ago4NagelnggsBioosCls measured at different temperatures from 120 to 300 K. (b)Heating/cooling PL tests of the
Cs,A80.4Nag 6N0.96Bin.0aCls sSample at a temperature of 20-100 °C. (c) PL spectra of Cs,AgoaNao sINg.96Bio.0sCls measured at fixed interval (5 days) in 30 days. (d) CIE chart of the

Cs,A80.4Nag 6N0.96Bin.0aCls sample. (e) Emission spectra of the LED at a driving current from 50 to 400 mA. (f) The variation of CCT and color purity with driving currents. The

inset is the photo of the LED device.

temperature and calculated the exciton binding energy of
Cs,Ag0.4Nag 61No.96Bio.04Cle.
1©) = Arexp (—2) + Azexp (—2)
(3)

Here, I, represents the PL intensity at 0 K, A is the fitting
constant, E, is the exciton binding energy, and K, is the
Boltzmann constant. The fitting results show (Fig. S2) that the
exciton binding energy (E,) of Cs;Ag0.4NagglngosBio.04Cle
nanocrystals is 87.06 meV (Fig. S3). Generally speaking, a larger
exciton binding energy can enhance the stability of excitons at
room temperature or even higher, which has a positive impact
on their luminescent performance.

In order to investigate the effect of heat on the stability of
Cs,Ag0.4Nag sINg.o6Bin.04Cls samples, thermal cycling tests were
conducted in an air environment (20°C-100°C), and the residual
PL intensity after each cycle was recorded. As shown in Fig. 7b,
as the temperature increases, the fluorescence intensity
decreases due to quenching, but the intensity recovers after the

sample cools down. After five cycles, the sample still retains 80%

of its relative emission intensity, demonstrating good stability.
A stability research of the photoluminescence (PL) stability
of Cs,Ago4Nagslng.oeBin.0aCls was characterized through 30-day
tests under 365 nm UV illumination. The Fig. 7c depicts a 40.2%
decrease in PL intensity. This decline may be due to the ionic
nature of  Cs;Ago4NagelngeeBinosCls, which leads to
decomposition under continuous humidity, oxygen, heating, or
irradiation conditions,*® %! adversely affecting carrier transport
and recombination processes, thereby reducing the
performance of sample. In order to investigate the potential
application of this material in the field of LED, we selected the
sample with the best Iuminescence performance,
Cs,Ag0.4Nag 6INg.96Bin.04Cls, and prepared LED by combining the

This journal is © The Royal Society of Chemistry 20xx

Cs,Ag0.4Nag.elNg.96Bio.04Cls powder with commercial UV-emitting
LED chips (365 nm). Fig. 7d shows that the
Cs,Ag0.4NagelNg.o6Bio.0sClg-based LED device exhibits stable
luminescence characteristics in the warm-yellow light region at
100 mA, with the CIE color coordinates maintained (0.43,0.40),
the correlated color temperature (CCT) of 3044 K and the color
rendering index (CRI) of 89.3.  Table. S1 shows that the color
characteristics of Cs;Agp4NagelnggeBio0sCls, among them, the
luminous efficacy is lower than previously reported,*? 43 and
this can be improved through packaging process. In order to
further evaluate its optoelectronic performance, we
investigated the device performance under different driving
currents (50-400 mA). As shown in the Fig. 7e, the luminescence
intensity shows a stable growth trend with the increase of the
driving current, and no premature saturation phenomenon of
UV excitation occurs. Moreover, Fig. 7f shows that the CCT and
color purity are almost unchanged under the effect of different
driving currents, the inset is the photo of the LED device. This
experimental result show that lead-free halide perovskite
materials developed in this study exhibit excellent
optoelectronic properties and have the potential to replace
conventional lead-based halide perovskite for optoelectronic
device applications.

Conclusions

In summary, this study successfully synthesized lead-free
Cs,AgInClg double perovskite nanocrystals via a simple solid-
phase grinding method, and the Cs,AgInClg perovskite were
modified by Bi3* doping and Na* doping, which broke the parity-
forbidden transition of Cs,AgInClg, achieving highly efficient and
stable full-spectrum emission of visible light. Experimental

J. Name., 2013, 00, 1-3 | 7


https://doi.org/10.1039/d5nj01943e

oNOYTULT D WN =

[o) RNV, IR S V¥)

Y @928 ROWpLoaded 9NN 324025 ROKII My
WN =0 ®

New Journal of Chemistry

results demonstrated optimal luminescence efficiency (56.9%)
with 4% Bi3* and 60% Na* doping concentrations. The optimized
Cs,Ag0.4Nag 6INg.96Bin.04Cls Was encapsulated onto commercial
UV LED chips to fabricate functional devices, exhibiting CIE
coordinates of (0.43, 0.40), a correlated color temperature (CCT)
of 3044 K, and a color rendering index (CRI) of 89.3. The
fabricated LED maintained excellent stability under varying
operating currents. These findings highlight the potential of
lead-free double perovskites as environmentally friendly
alternatives to lead-based perovskites in optoelectronic
applications, offering superior luminescent efficiency and
remarkable stability.
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