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This work provides a Zn?* doping strategy to boost the optical performance of
Cs3Cuzls nanocrystals via enhanced self-trapped exciton formation, subsequently
enabling the fabrication of a white LED with standard white light and high color
rendering index.
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ABSTRACT: Cs-Cu-l perovskites have shown great potential in white light-emitting diodes (WLEDs) due to their unique self-
trapped exciton (STE) radiative recombination with broad emission. However, their relatively low photoluminescence quantum
yield (PLQY) limits practical applications. Here, we significantly enhance the PLQY of Cs3Cuzls nanocrystals from 56% to 86%
simply via Zn?* aliovalent doping. Density functional theory calculations and temperature-dependent photoluminescence spectra
reveal that Zn?* preferentially occupies the tetrahedral Cu site, introducing a shallow defect level as an efficient radiative
recombination center. Meanwhile, the Zn?* doping increases the exciton binding energy to 309.5 meV and reconstructs electron-
phonon coupling, thereby promoting the formation of STE. Furthermore, a white-emitting Cs-Cu-I mixture consisting of blue-
emitting Cs3Cuzls and yellow-emitting CsCu:ls is obtained in situ via a one-pot method by adjusting the reaction temperature
without post- synthesis ratio adjustment. Based on this, a WLED with Commission Internationale de I'Eclairage (CIE)
coordinates of (0.31, 0.33) and a color rendering index (CRI) of 89.2 is fabricated. Moreover, double perovskite (Cs2Na1.xAgxIni-
yBiyCls, Aem = 622 nm) is introduced to compensate for the insufficient red emission. The resulting WLED achieves standard white
light with CIE coordinates of (0.33, 0.33), a high CRI of 94.5, and an Ro value of 84. This device also exhibits excellent
operational and environmental stability, along with an ultra-wide beam angle of 177°. This work not only clarifies the mechanism
of ion doping in 0D perovskites but also provides a new pathway for constructing high-quality, environmentally friendly WLEDs
for solid-state lighting.

KEYWORDS: Cs3sCuzls, nanocrystals, Zn?* doping, white light-emitting diode

self-trapped exciton (STE) Iluminescence properties,
exhibiting broad emission and a large Stokes shift, making it
highly valuable for white lighting systems [5, 6]. However, its
luminous efficiency is still low.

1 Introductions

With the rapid development of solid-state lighting
technology, light-emitting diodes (LEDs) have surpassed
traditional light sources as an efficient, energy-saving, and

The emission of Cs-Cu-I is dominated by STE, and its
environmentally friendly lighting solution [1, 2]. In recent

luminescence efficiency is highly correlated with lattice

years, white LED_S (WLEDs) havc.e received extensive distortion, defect state distribution, and phase structure
attention, and th.e_lr performance hlg}_ﬂy depends on the  gability [7-10]. Therefore, optimizing the lattice
luminescence efficiency, spectral quality, and stability of environment and defect state distribution is key to

emitting materials. Currently, commercial WLEDs mainly use
blue LED chips to excite yellow phosphors (e.g., YAG: Ce3*) to
achieve white light output, but suffer from insufficient red
components, poor spectral continuity, and low color
rendering index (CRI), making it difficult to meet the
requirements of high-quality lighting [3, 4]. Therefore, it is of
great significance to develop new, efficient, environmentally

enhancing its luminescence performance. lon doping is an
effective strategy for tuning the optoelectronic properties of
materials [11-14]. By introducing appropriate external ions,
the local lattice environment and defect state distribution
can be regulated without significantly damaging the host
crystal structure [15, 16]. Compared with isovalent doping,
aliovalent doping can adjust the local structure and suppress

friendly, and spectrally tunable luminescent materials. Pb-
free halide perovskites have attracted attention due to their
tunable structure and excellent optical properties. Among
them, Cs-Cu-I, as a typical all-inorganic Cu-based halide
perovskite, possesses a stable crystal structure and unique

intrinsic defects through charge compensation, thereby
reducing non-radiative recombination. In Cu-based halide
perovskite systems, aliovalent doping shows greater
advantages in defect engineering and stability regulation.
Zn?* has an ionic radius similar to that of Cu*, and both have
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3d?° orbitals. Since the d'° orbital of Zn?* has a stable closed-
shell structure and does not introduce any additional Jahn-
Teller active centers, doping with Zn?* will not alter the
inherent STE emission mechanism. Furthermore, the
substitution of Cu* by Zn?* introduces charge compensation,
which may alter the Cu-I coordination environment and
lattice rigidity, thus affecting STE formation and exciton
dynamics.

Improving luminescence efficiency and expanding the
spectral range are key to achieving high-quality WLEDs.
Previous studies have revealed a temperature-dependent
phase transition between Cs3Cuzls and CsCu:lz and a blue-
yellow mixture can be obtained by increasing the
temperature, providing a new route for constructing white
light systems [17, 18]. However, this mixture has slightly
inadequate spectral coverage in the red region, resulting in a
low CRI. Therefore, selecting efficient and stable red-
emitting materials is crucial for achieving a high CRIL
Currently, Sn-based perovskites suffer from poor stability,
easy fluorescence quenching, and complex preparation [19-
21]; organic-inorganic hybrid perovskites have poor
environmental stability and are prone to thermal
decomposition [22]; Mn?* doping can introduce yellow
emission but has limited spectral coverage [23-28]; rare-
earth metal ion doping is costly and difficult to introduce [4,
29]. In contrast, the all-inorganic double perovskite Cs2Nai.
xAgxIn1yBiyCle can be prepared by a simple low-temperature
solution method, exhibiting excellent structural stability,
thermal stability, and broad-band red emission with 622 nm.
Importantly, it can be excited by 310 nm UV light, effectively
compensating for the lack of red emission. Combined with
the blue-yellow broad-spectrum emission of Cu-based
perovskites, it is expected to form a continuous spectrum,
achieving a high CRI and stable Commission Internationale
de I'Eclairage (CIE) coordinates [30].

In this work, Zn?*-doped Cs3Cuzls nanocrystals (NCs) were
successfully synthesized by a hot-injection method. The
photoluminescence quantum yield (PLQY) was increased
from 56% to 86%, while the stability and phase transition
temperature were also improved. Temperature-dependent
spectroscopy and density functional theory (DFT)
calculations revealed the mechanism of the doping and
performance enhancement. Furthermore, by taking
advantage of the temperature-dependent phase transition, a
mixture of blue-emitting Cs3Cuzls and yellow-emitting
CsCuzlz was prepared. This film was integrated with a GaN
chip (Aem = 310 nm) to fabricate a WLED with CIE
coordinates of (0.31, 0.33) and a CRI of 89.2. To optimize the
color rendering performance, a double perovskite with an
emission at 622 nm was introduced to supplement the red
region, finally achieving a standard WLED with a CRI as high
as 94.5 and CIE coordinates of (0.33, 0.33).

2 Results and discussion

Cs-Cu-I perovskite exhibits temperature-dependent phase
transition behavior and shows potential for fabricating
WLEDs. However, their PLQY is relatively low, which still falls
far short of the requirements for practical WLED
applications. Therefore, improving the PLQY is a key issue
that needs to be urgently addressed. lon doping is widely

used as an effective material modification strategy. In this
work, we synthesized Zn?*-doped Cs3Cuzls NCs by a hot-
injection method. By adjusting the reaction temperature, we
prepared a mixture consisting of blue-emitting Cs3Cuzls and
yellow-emitting CsCuzls, which was then integrated with a
GaN chip (Aem = 310 nm) to fabricate a high-quality WLED.
This study lays a solid theoretical and experimental
foundation for advancing environmentally friendly
perovskite luminescent materials toward practical
applications in solid-state lighting. To minimize halogen
vacancy defects, Znl; was selected as the doping source to
provide an iodine-rich environment. According to the
different amounts of Znl, added, the obtained samples were
named as Cs3Cuzls: x% Zn (x = 0, 2.5, 5.0, 7.5, 10).
Transmission electron microscopy (TEM) characterization
and size distribution results are shown in Figure 1a, b and
Figure S1. With increasing Zn?* feeding amount, the
morphology of the synthesized NCs remains unchanged, but
their average size gradually decreases from 25.6 + 1.8 to 20.1
+ 1.3 nm, and the size stabilizes when the doping ratio
exceeds 5%. High-resolution TEM (HRTEM) images are
shown in the inset of Figure 1a. Both undoped and doped
samples display clear lattice fringes, indicating excellent
crystallinity. Measurement results show that after Zn?
doping, the lattice fringe spacing decreases from 3.53 to 3.43
A, indicating lattice contraction induced by Zn2+ doping. X-
ray diffraction (XRD) patterns show that all diffraction peaks
of the samples are in excellent agreement with the standard
card of pure-phase Cs3Cuzls (PDF#79-0333), and no
significant shift of diffraction peaks is observed before and
after doping (Figure S2a, b).

To further quantify the doping concentration, inductively
coupled plasma optical emission spectroscopy (ICP-OES)
was used to accurately determine the actual Zn?* content. As
shown in Figure S2¢, the actual Zn?* doping amount
increases nonlinearly with the feeding ratio. At low feeding
ratios (2.5% and 5%), the actual doping amount is
significantly lower than the feeding value, indicating that
Zn?* doping is relatively inefficient during the initial crystal
formation stage and is subject to a certain degree of rejection.
In contrast, at higher feeding ratios (7.5% and 10%), the
actual Zn/Cu ratio is significantly higher than the feeding
ratio, indicating that Zn?* doping is not simply an isovalent
substitution but may be accompanied by the adsorption of
Znl; on the surface. It can passivate Cu vacancy defects on
the surface, which is conducive to improving the PLQY of NCs.
Furthermore, the high-angle annular dark-field scanning
TEM (HAADF-STEM) image and the corresponding energy-
dispersive X-ray spectroscopy (EDS) elemental mapping of
the Cs3Cuzls: 7.5% Zn sample clearly show that Cs, Cu, I, and
Zn elements are uniformly distributed within the
nanocrystals, confirming the successful doping of Zn?* from a
spatial distribution perspective (Figure 1c). To deeply
investigate the chemical states of each element before and
after doping, X-ray photoelectron spectroscopy (XPS)
analysis was performed. As shown in Figure S3, the binding
energies of Cs 3d and I 3d correspond to the +1 and -1
valence states, respectively, while the binding energy and
spectral shape of Cu 2p clearly indicate the +1 valence state,
and no characteristic satellite peaks of Cu?* are detected.
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This indicates that the oxidation of Cu* is effectively
suppressed during the entire synthesis process. Although a
slight negative shift of about 0.2-0.3 eV is observed for the
binding energies of Cs 3d and Cu 2p, this shift is within the
instrument error range and thus cannot be used as a reliable
indicator of changes in the chemical environment. Notably, in
the spectrum of the Zn-doped sample, characteristic peaks at
1024.1 eV (Zn 2p3/2) and 1042.0 eV (Zn 2p1/2) can be clearly

observed, which confirms that Zn exists in the +2 valence
state and provides strong evidence that Zn?* has been
successfully incorporated into the material system.
Furthermore, XPS measurement indicates that the Zn/Cu
ratio is 5.6%, while ICP measurement shows that the ratio is
8.6%. This further indicates that the Zn?* doping is not a
simple substitutional doping. It may partially adsorb on the
surface of the NCs (Figure 1d).
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Figure 1. (a) TEM images of undoped Cs3Cuzls and Cs3Cuzls: 7.5% Zn. (b) Size distribution of Cs3Cuzls: Zn. (c) HAADF-STEM images and the
corresponding STEM-EDS elemental mapping images of Cs3Cuzls: 7.5% Zn. (d) XPS spectra of Zn (2p1/2 and 2ps/2) in Cs3Cuzls: 7.5% Zn. (e) PL spectra
and (f) the corresponding PLQY of Cs3Cuzls: Zn. (g) TRPL decay curves of undoped Cs3Cuzls and Cs3Cuzls: 7.5% Zn.

Zn%* doping has a positive effect on the luminescence
properties of Cs3Cuzls NCs. The photoluminescence (PL)
spectra of Cs3Cuzls: Zn under 290 nm UV excitation are
shown in Figure 1e. All samples exhibit a bright broadband
blue emission peak at around 440 nm, indicating that the
incorporation of Zn?** does not change the STE emission
mechanism. With increasing Zn?* doping concentration, both
the emission intensity and the PLQY first increase and then
decrease, reaching the highest value of 86% at a feeding ratio

of 7.5% (Figure 1f). To deeply investigate the effect of doping
on exciton dynamics, time-resolved photoluminescence
(TRPL) spectra of Cs3Cuzls and Cs3Cuzls: 7.5% Zn were
analyzed (Figure 1g). Fitting with a single-exponential
function yields an average carrier lifetime of 1.46 ps for
Cs3Cuzls, which slightly increases to 1.50 ps for Cs3Cuals:
7.5% Zn. Both samples exhibit slow decay characteristics on
the microsecond timescale, further confirming that the
emission originates from STE recombination rather than fast
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band-edge emission of a direct bandgap. Absorption spectra
are shown in Figure S4. All samples exhibit a distinct
absorption peak at around 290 nm, and a large Stokes shift
of about 150 nm from the emission peak is observed. This
effectively avoids self-absorption of the emitted light and is a
typical feature of STE emission. The Tauc plots were
obtained by converting the Kubelka-Munk function ((ahv)?-
hv), as shown in the inset of Figure S4. The calculated optical
bandgap of Cs3Cuzls is 4.17 eV, while that of Cs3Cuzls: 7.5%
Zn slightly decreases to 4.15 eV, which may be related to the
lattice contraction and fine-tuning of the electronic structure
induced by doping. However, such a subtle bandgap
narrowing suggests that the doping-induced changes in
luminescence performance are not primarily due to
modulation of the bandgap but are more likely related to the
reconstruction of electronic states within the bandgap. This
finding provides an important basis for subsequent
electronic structure analysis.

To further explain the intrinsic physical mechanism by
which Zn?* doping enhances the luminescence performance
of Cs3Cuzls NCs, DFT calculations were performed for in-
depth analysis. The crystal structure of Cs3Cuzls is shown in
Figure 2a. In this lattice, there are two Cu sites with different
coordination environments: Cul is tetrahedrally coordinated,
while Cu2 is trigonally coordinated. First, the formation
energy of Zn?* occupying different sites was calculated, and
the results are shown in Figure S5. Zn?* has the lowest
formation energy at the Cul site, indicating that it
thermodynamically prefers to substitute the tetrahedrally
coordinated Cul. The bond lengths, bond angles, and lattice
parameters between the B-site atom and the coordinated I
atoms of Cs3Cuzls and Cs3Cuzls: Zn were systematically
calculated (Figure S6 and Table 1). The calculation results
show that, compared with Cs3zCuzls NCs, the overall unit cell
volume of Cs3Cuzls: Zn NCs decreases significantly, indicating
that Zn?* doping induces lattice contraction, which is fully
consistent with the XRD and HRTEM results mentioned
above. Furthermore, after Zn?* doping, the B-I bond length
increases while the I-B-I bond angle decreases. According to
the hard-soft acid-base (HSAB) theory, I is a soft base that is
easily polarized, while Cu* is a soft acid with low charge and
easy deformation, leading to the formation of relatively short
Cu-I bonds with pronounced covalent character. In contrast,
Zn?* belongs to the borderline acid (slightly hard), and when
combined with the soft base I, the ionicity significantly
increases, resulting in a longer Zn-I bond length than the Cu-
I bond length, and the lattice becomes softer. Meanwhile, the
directionality of ionic bonds is weaker than that of covalent
bonds, and after the bond length increases, due to the spatial
constraints of adjacent polyhedra and Cs* in the lattice, the I-
Zn-1 bond angle is forced to decrease. These structural
distortions soften the local lattice and strengthen the
electron-phonon coupling, thereby facilitating STE formation
and enhancing the luminescence performance. To further
reveal the effect of Zn?* doping on the electronic structure,
the density of states (DOS) of the system was calculated, as
shown in Figure S7. For intrinsic Cs3Cuzls, the valence band
maximum and conduction band minimum are mainly
contributed by Cu d and I p orbitals. After Zn?* doping, an
impurity energy level formed by the hybridization of I p and

Zn s orbitals is introduced into the bandgap. This impurity
level is a shallow defect level favorable for luminescence,
which can serve as an effective exciton capture and radiative
recombination center, significantly increasing the radiative
recombination probability. This corresponds well with the
increased PLQY (86%) and the slightly extended average
carrier lifetime (1.50 ps) of the Zn?*-doped samples.
Therefore, Zn** doping does not simply modulate the lattice
rigidity but rather introduces a new emission channel by
reconstructing the emission center.

To further define the mechanism by which doping
enhances the luminescence performance of CszCuzls NCs, the
PL spectra of Cs3Cuzls and Cs3Cuzls: 7.5% Zn were measured
under variable-temperature conditions (Figure 2b, c). The
results show that both samples exhibit typical thermal
quenching behavior, with the emission intensity decreasing
monotonically as the temperature rises. The integrated
intensity of the PL spectra at different temperatures was
fitted using the Arrhenius equation (Eq. (1)) to obtain the
exciton binding energy (E»):

I(T)= b

I+ Aexp _E
k,T
&)

Here, I(T) is the integrated PL intensity at temperature T,
Io is the initial integrated PL intensity, A is the pre-
exponential factor, and ks is the Boltzmann constant. The
fitting results are shown in Figure 2d. The Ej of the Cs3Cu:ls:
7.5% Zn reaches 309.5 meV, which is significantly higher
than that of the undoped Cs3Cuzls (104.7 meV). This
indicates that Zn?* doping substantially enhances the degree
of exciton confinement, thereby effectively suppressing
thermal dissociation of carriers and non-radiative
recombination processes. This is one of the key physical
reasons why Zn?* doping significantly improves the PLQY.
The notable increase in E, means that excitons are more
difficult to dissociate thermally at room temperature, thus
suppressing the luminescence quenching process induced by
thermal excitation. As a result, the doped sample maintains a
relatively strong radiative recombination capability even
under elevated temperature conditions, which is consistent
with the experimental observation of a lower quenching
degree in the doped sample during the temperature-
dependent PL measurements.

Furthermore, the electron-phonon coupling strength was
further investigated by analyzing the temperature
dependence of the full width at half maximum (FWHM). The
Huang-Rhys (S) factor and the average phonon energy
(Awphonon) were obtained by fitting with Eq. (2):

a)phonon

2k, T

FWHM =236S o

phonon
(2)

The fitting results are shown in Figure 2e. For undoped
Cs3Cuzls, the S factor is 34.6 and hwphonon is 22.3 meV. After
Zn?* doping, the S factor significantly increases to 38.4, while
hwphonon decreases to 20.4 meV. This indicates that Zn?*
doping effectively modulates the electron-phonon coupling
behavior.

Based on these results, the mechanism of the improved
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luminescence performance can be revealed. Zn?* directly
substitutes Cu* in the luminescent center [Cu:ls]* dimer,
inducing significant local lattice distortion (increased bond
lengths and decreased bond angles). On one hand, this
distortion enhances the overall coupling strength between
excitons and lattice vibrations (increase in S). On the other
hand, it introduces more low-frequency local soft mode
vibrations, leading to a reduction in the average energy of
the coupled phonons (decrease in hwphonon). In the STE
emission system, this combination of strong coupling and
low phonon energy facilitates efficient lattice relaxation of
excitons through a multi-phonon process, promoting the
formation of deep STE states [31]. Although an increase in S

generally promotes multi-phonon non-radiative processes,
the excitons are already strongly localized under this
condition, making it difficult for them to migrate to defects,
and thus, non-radiative recombination decreases instead.
More importantly, DOS calculations show that Zn?* doping
introduces a shallow defect level in the bandgap, providing
an efficient radiative recombination channel for excitons.
Therefore, the enhanced electron-phonon coupling promotes
exciton self-trapping and localization, while the shallow level
ensures efficient radiative recombination. The synergistic
effect of these two factors together leads to a significant
increase in PLQY.
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Figure 2. (a) Schematic diagrams of the crystal structure of Cs3Cuzls: Zn. (b, c) Temperature-dependent PL spectra, (d) the fitting curves between the

PL integral intensity and the reciprocal temperature; and (e) the fitting curve between the square of FWHM and 1/2KT of Cs3Cuzls and Cs3Cuzls: 7.5%

Zn.

Under the optimal doping ratio (Zn-7.5%), the coexistence
of blue-emitting Cs3Cuzls and yellow-emitting CsCuzl; was
successfully synthesized in a single reaction system by
adjusting the reaction temperature. XRD patterns show that
the diffraction peaks of CsCul3 already appear at 130 °C in
the undoped system, while the phase transition temperature
of the doped system is significantly increased to 150 °C,
indicating that Zn?* doping enhances the stability of the
Cs3Cuzls phase (Figure S8). This is because after doping with
Zn?*, the smaller Zn?* partially replaced the Cu* sites,
resulting in a slight contraction of the lattice and a denser
and more stable crystal structure. Secondly, this behavior is
related to the difference in structural dimensionality. The 0D
structure of Cs3Cuzls possesses isolated luminescent centers
and a high exciton binding energy, making the modulation of

the local electronic structure by doping more direct and
effective. In contrast, in the 1D chain-like structure of CsCuxls,
the doping effect is distributed and transferred along the
chains, leading to a relatively weaker regulation of structural
stability [6, 31-34]. The one-step hot-injection synthesis of
the two-phase coexistence system provides an ideal platform
for white light emission in a single-material system.

To achieve uniform and stable luminescent films, various
polymer matrices were used for preparation. It was found
that PDMS is difficult to mix uniformly, epoxy resin causes
luminescence quenching, and nanocrystals tend to
precipitate out of polystyrene. In contrast, PMMA is soluble
in toluene and shows good miscibility with the nanocrystals,
resulting in a film with uniform dispersion and excellent
luminescence properties after curing. Therefore, PMMA was
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selected to prepare the Cs-Cu-I/PMMA film. PL spectra of
films are shown in Figure S9. The ratio of the two phases can
be controlled by adjusting the reaction temperature, thereby
tuning the relative intensities of blue and yellow emission.
The optimal excitation wavelengths of Cs3zCuzls and CsCu:lz
are 290 nm and 325 nm, respectively. Therefore, one phase
can also be preferentially excited by selecting the
appropriate excitation wavelength in the same film. This
synergistic modulation strategy based on phase composition
and excitation wavelength selectivity enables continuously
tunable color output without the need for mixing multiple
luminescent components.

Since the GaN chip (Aem = 310 nm) can effectively excite
both the Cs3Cuzls and CsCuzls phases simultaneously,
generating blue and yellow light emissions, integrating the
Cs-Cu-I/PMMA composite film with the GaN chip (Aem = 310
nm) is used to fabricate LEDs. As shown in Figure 3a, Figure
S10, and Table 2, the electroluminescence (EL) spectrum of
the WLED fabricated with Cs-Cu-I: 7.5% Zn synthesized at
155 °C can be deconvoluted into a blue emission peak from
Cs3Cuzls and a yellow emission peak from CsCu:ls. The
corresponding CIE coordinates are (0.31, 0.33), close to
standard white light, and the CRI is improved to 89, which is
significantly better than the device fabricated with Cs-Cu-I
synthesized at 130 °C and meets the basic requirements for
general solid-state lighting. However, the emission intensity
of this device in the long-wavelength red region, especially
near 700 nm, is still insufficient, resulting in a saturated red
rendering index (Ro) value of only 34 (Figure 3b).

To obtain WLED with more comprehensive color
rendering performance and higher light quality, the red-
emitting double perovskite CszNai1.xAgxIniyBiyCle was
introduced into the existing blue- yellow composite
spectrum. The double perovskite material was synthesized
by a low-temperature solution method. Scanning electron

microscopy (SEM) and EDS mapping showed that Cs, Na, Ag,
In, Bi, and Cl elements are uniformly distributed in the
double perovskite particles (Figure S1la). EDX spectrum
revealed that the atomic ratio of Cs: Na: Ag: In: Bi: Cl was
consistent with the expected composition (Figure S11b and
Table 3). The XRD pattern shows that the diffraction peaks of
the obtained product agree well with the standard cards of
Csz2NaInCls and Cs2AgInCls reported, indicating a face-
centered cubic double perovskite structure (Figure S11c)
[35]. XPS spectra show characteristic peaks of Cs, Na, Ag, In,
Bi, and CI elements, consistent with their expected oxidation
states (Cs*, Na*, Ag*, In3%, Bi**, and CI) in the double
perovskite, confirming successful synthesis (Figure S12).

The optical properties of the double perovskite powder
and film were characterized. As shown in Figure S13a, both
exhibit a broad emission peak around 622 nm, effectively
complementing the red region from 600 to 800 nm.
Compared with powder, film shows a slight redshift together
with a marginally broader FWHM, which is likely attributed
to the altered local dielectric environment and subtle
interparticle interactions after embedding powders into
PDMS. Meanwhile, there are two excitation peaks at 300 nm
and 360 nm, indicating that the double perovskite can be
efficiently excited by UV light around 300 nm, and the
emission peak position does not change with the excitation
wavelength (Figure S13b-d). The absolute PLQY under 310
nm excitation is 40.7% (Figure S13e). The time-resolved PL
(TRPL) decay curve was fitted with a double-exponential
function, yielding an average carrier lifetime of 14.0 ps
(Figure S13f and Table 4). This slow decay on the
microsecond timescale is consistent with the STE
recombination mechanism, indicating that the emission does
not originate from fast band-edge transitions of a direct
bandgap.
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months. (f) spatial distribution of the beam radiation intensity of the device at the driving current of 20 mA.

The LED was fabricated by integrating the double
perovskite film with a GaN chip emitting at 310 nm. Its EL
spectrum (Figure 3c) shows a main peak at 622 nm, with CIE
coordinates of (0.45, 0.40) and a CRI of 88.7. It effectively
complements the red component, achieving an Rg value of 54
(Figure S14). Furthermore, the double perovskite was
combined with the Cs-Cu-I: 7.5% Zn blue- yellow composite
system in an optimized ratio to fabricate a WLED (Figure 3d,
e). Its EL spectrum under 70 mA can be deconvoluted into
three characteristic peaks, corresponding to the blue
emission of Cs3Cuzls, the yellow emission of CsCu:ls, and the
red emission of the double perovskite. The CIE coordinates
are stable at (0.33, 0.32), the CRI is further improved to 94.5,
and the Ry value increases to 84. This performance is among
the best in similar systems (Table S6). When the driving
current is 50 mA, the device exhibits CIE coordinates of (0.33,
0.33), exactly coinciding with the standard white point, with
a CRI as high as 94.3 and an Rg of 77 (Figure S15). The
significant improvement in CRI is mainly attributed to the
effective supplementation of the red spectral region by the
double perovskite.

To evaluate the practical application effect of WLEDs
fabricated with Cs-Cu-I, Cs-Cu-I: 7.5% Zn, and Cs-Cu-I: 7.5%
Zn + double perovskite as light sources, the marker pens
were photographed under illumination of each device
(Figure 3f). In comparison, the photograph taken under the
WLED based on Cs-Cu-I: 7.5% Zn + double perovskite shows
more vivid colors, with color reproduction closer to the real
objects, especially for orange- yellow and orange- red hues.
The photograph taken under the WLED based on undoped
Cs-Cu-I appears generally darker, mainly due to the low
PLQY of Cs-Cu-], resulting in insufficient device brightness. In
contrast, the photograph taken under the WLED based on
Cs-Cu-I: 7.5% Zn appears washed out with less distinct color
gradations. These results indicate that the effective
compensation of the red spectral region by introducing the
double perovskite significantly improves the Ro value,
thereby playing an important role in enhancing the color
rendering capability of the device.

To further evaluate the device performance, its
optoelectronic characteristics under different driving
currents were measured (Figure 4a-c and Table 5). As the
current increases, the EL spectral intensity increases
accordingly, while the emission peak position and spectral
shape remain essentially unchanged. The CRI, correlated
color temperature (CCT), and CIE coordinates only show
slight variations. CIE always remains within the white light
region, indicating stable optical performance over the
investigated current range of the device. The fidelity index
(Rf) of the device is always above 90, suggesting that it can
achieve highly realistic color reproduction in solid-state
lighting applications. The gamut index (Rg) ranges from 98.9
to 100.7, indicating that the device also possesses high color
saturation, making object colors appear vivid and vibrant
under illumination. In addition, the operational stability and
environmental stability of the WLED were tested. After
continuous operation at 5.2 V and 50 mA for 100 hours, the
luminescence intensity remained at 83.3% of its initial value
(Figure 4d), demonstrating good operational stability.
Furthermore, after storing the device in a room-temperature

environment for two months, the luminescence intensity
retention rate was as high as 94.8% (Figure 4e), indicating
excellent long-term stability of this WLED under
conventional environmental conditions. Finally, the spatial
distribution of the beam radiation intensity of the device was
measured (Figure 4f). The angle corresponding to a drop in
intensity to 20% of its maximum value (620%) was 177°,
which belongs to an ultra-wide beam angle. This indicates
that the light spreads rapidly and uniformly over a large area
after emission, facilitating glare-free, soft, and uniform large-
area illumination.

3 Conclusions

In summary, the PLQY of Cs3Cuzls NCs was significantly
increased from 56% to 86% through a simple Zn?* aliovalent
doping strategy. Combined with temperature-dependent
spectroscopy and DFT calculations, the mechanism was
revealed: Zn?* occupies the tetrahedral Cu site, introducing a
shallow defect level as an efficient radiative recombination
center, greatly increasing the exciton binding energy, while
simultaneously reconstructing the electron-phonon coupling
to promote STE formation. Meanwhile, a mixture of Zn?*-
doped blue-emitting Cs3Cuz:ls and yellow-emitting CsCuzl3
was designed by adjusting the reaction temperature, which
emits white light without any post- synthesis ratio
adjustment. Furthermore, a double perovskite with broad
emission was further introduced to fabricate the WLED with
a standard CIE coordinates of (0.33, 0.33), a CRI as high as
94.5, and a saturated red index Ro9 of 84, which is an
important parameter for illumination. The device exhibits
excellent stability and an ultra-wide beam angle of 177°. This
work not only deeply studies the mechanism of ion doping
on the luminescence properties of 0D perovskites but also
paves a new way for achieving high-quality WLED based on
Pb-free perovskites. It lays a solid theoretical and
experimental foundation for advancing environmentally
friendly perovskite toward practical applications in solid-
state lighting.

4 Experimental

4.1 Materials

Cesium carbonate (Cs2C03, 99.9%), cuprous iodide (Cul,
99.9%), zinc iodide (Znlz, 99.99%), cesium chloride (CsCl,
99.99%), sodium chloride (NaCl, 99.5%), oleic acid (OA,
90%), oleylamine (OM, 90%), and methylbenzene (99.5%)
were purchased from Shanghai Aladdin Reagent Company.
Indium chloride (InClz, 99.99%), polymethyl methacrylate
(PMMA), and 1-octadecene (ODE, 90%) were purchased
from Alfa Esha Chemical Co. LTD. Zinc acetate (Zn(OAc):,
99.99%) was procured from Shanghai Titan Technology Co.,
LTD. Silver chloride (AgCl, 99.5%) was procured from Beijing
Inokai Technology Co., LTD. Bismuth chloride (BiCl3,98%)
was purchased from Sigma Aldrich (Shanghai) Trading Co.,
LTD. Polydimethylsiloxane (PDMS) was procured from Dow
Corning (China) Investment Co., LTD. Concentrated
hydrochloric acid (HCl, 36%~38%) was procured from
Sinopharm Group Chemical Reagent Co., LTD. Ethyl alcohol
was procured from Beijing Tongguang Fine Chemicals. N-
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hexane was procured from Tianjin Fuyu Fine Chemical Co.
LTD. All chemicals and materials were used as received
without further purification.

4.2 Preparation of Cs-oleate precursor solution

0.814 g Cs2C03, 2.5 mL OA and 40 mL ODE were loaded
into a three-neck round-bottom flask. The reaction mixture
was heated to 120 °C under vacuum and maintained at this
temperature for 30 min to eliminate water and oxygen from
the system. It is then heated in nitrogen until all Cs2CO3 was
dissolved to obtain 0.1 mmol/mL Cs-oleate solution, which
was stored in a sealed container. Since Cs-oleate solution
tends to solidify at room temperature, it was preheated to
120 °C before hot injection for the synthesis below.

4.3 Synthesis of Cs-Cu-1: Zn NCs

0.4 mmol of Cul, x mmol of Znl; (x = 0.01, 0.02, 0.03, 0.04),
and 10 mL of ODE were placed in a 25 mL three-neck flask.
The mixture was heated to 120 °C under vacuum with
vigorous stirring for 30 min to remove residual water and
dissolved oxygen, and to ensure thorough dispersion of the
precursors. Then, while maintaining the temperature at
120 °C, 1 mL of OA and 1 mL of OM preheated to 70 °C were
quickly injected. The reaction was allowed to proceed for
another 5 min until the powder was completely dissolved.
The atmosphere was then switched to nitrogen, and the
reaction temperature was adjusted to T °C (T = 70, 90, 110,
130, 140, 150, 160, or 170). Subsequently, 4.0 mL of
Cs- oleate precursor solution preheated to 125 °C was
rapidly injected. The reaction was continued for 10 s, and
then immediately stopped by placing the flask in an
ice- water bath for 10 min. After cooling, the mixture was
warmed with a blow dryer to melt the solids, transferred to a
centrifuge tube, and centrifuged at 8000 rpm for 10 min. The
supernatant was discarded, and the precipitate was collected
for subsequent WLED device fabrication.
4.4 Preparation of Cs:NaixAgxIniyBiyCls
perovskite

2 mmol of CsCl, 0.9 mmol of NaCl, 0.1 mmol of AgCl, 0.95
mmol of InClz, and 0.05 mmol of BiCl; were placed in a 50
mL centrifuge tube. Then, 2.0 mL of concentrated
hydrochloric acid was added, and the mixture was vigorously
shaken for 10 min. The mixture was centrifuged at 5000 rpm
for 10 min, and the supernatant was discarded. The
precipitate was collected, washed twice with ethanol, and
dried in a vacuum oven at 60 °C for 2 h. The obtained powder
was ground and sieved before being used for WLED device
fabrication [36].

double

4.5 Preparation of fluorescent films

PMMA was dissolved in toluene to prepare a 20 wt%
solution. This solution was mixed with the Cs3Cuzls NCs
powder obtained from the first centrifugation and stirred
vigorously for 24 h. The mixture was then dropped onto a
glass slide and left in the air for 24 h to allow the solvent to
evaporate completely, yielding a Cs3zCuzls PMMA phosphor
film. The A and B components of PDMS were mixed at a ratio
of 10:1 and stirred evenly. Then, 0.3 g of the PDMS mixture
was combined with 0.07 g of the sieved double perovskite
powder and stirred. After removing air bubbles, the mixture
was dropped onto a glass slide and left in the air for 24 h to

form a double perovskite film.

4.6 Fabrication of WLED device

The as-prepared Cs-Cu-I film and double perovskite film
were integrated with a GaN chip emitting at 310 nm to
construct WLED devices for subsequent performance testing.

4.7 Characterization

The morphology and size of the samples were
characterized by JEM-1400 (100 kV) transmission electron
microscopy (TEM). Lattice fringes were measured by JEM-
F200 (200 KkV) high-resolution transmission electron
microscopy (HRTEM). The X-ray diffraction (XRD) patterns
were obtained by a Bruker D8 advance diffractometer using
a Cu Ka radiation source (A = 1.54056 A). The element
contents of the samples were measured by inductively
coupled plasma-optical emission spectroscopy (ICP-OES)
using American Agilent ICPOES730. X-ray photoelectron
spectroscopy (XPS) measurements were carried out on a
Thermo SCIENTIFIC ESCALAB 250Xi spectrometer with
monochromatic Al Ka radiation using an anode voltage of
14.6 KV. All XPS peaks have been calibrated with the Cls
peak (the binding energy of 284.80 eV). The absorption and
transmission spectra were recorded using a UV-3600iplus
spectrometer from transmission. The scanning electron
microscope (SEM) images were captured using the Regulus
8100 cold field emission scanning electron microscope
(FESEM). The elemental distribution map of the sample and
the qualitative and semi-quantitative elemental composition
spectra were obtained through the Bruker XFlash 6-30 (5 kV)
X-ray energy dispersive spectroscopy instrument (EDS). PL
spectra and photoluminescence excitation (PLE) spectra
were  obtained with a  FLUORAT-02-PANORAMA
spectrofluorometer. Temperature-dependent PL spectra
were measured by Edinburgh FLS1000 and OptistatDN of
Oxford Instruments plc, and the holding time for each
temperature is 5 minutes. The time-resolution
photoluminescence (TRPL) spectra measurements and
absolute photoluminescence quantum yield were recorded
by Edinburgh FLS1000 phosphorescence lifetime system and
excited at wavelengths of 310 nm. The relative PLQY was
measured by using rhodamine B as a standard reference (QY
= 97%, in ethanol), calculated as Eq. (3):

2
QY =07, x[—Sxﬁxn—i
IR S nR (3)

Where QY is the quantum yield, I is the measured
integrated area of PL intensity, n is the refractive index (n =
1.375 for hexane; n = 1.362 for ethanol), and A is the
absorbance at the excitation wavelength, which is typically
lower than 0.10. The subscript R means Rhodamine B, and S
means the as-obtained sample, all the data were measured
under the excitation wavelength of 290 nm. All
measurements were performed at room temperature.
Electroluminescence (EL) Spectra, Commission
Internationale de I'Eclairage (CIE), color rendering index
(CRI), color fidelity index (Rf), color gamut index (Rg), and
correlated color temperature (CCT) were measured using
the Everfine HAAS-2000 high-precision and rapid spectral
radiometer and the remote precise digital display DC
regulated power supply. Beam angle (6) was measured using
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an Everfine LED distribution photometer.

Electronic Supplementary Material: Supplementary
material (TEM images, XRD patterns, XPS spectra, absorption
spectra, DFT calculations, PL spectra, EL spectra, FESEM image,
EDS element mapping, EDX spectrum, TRPL decay curves) is
available in the online version of this article at
https://doi.org/10.26599/NR.2026.94909020.
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DFT calculation

All calculations are calculated by density functional theory (DFT) based on Vienna Ab Initio Simulation Package (VASP) [1].
The generalized gradient approximation (GGA) of the Perdewe-Burkee-Ernzerhof (PBE) is used to approximate the exchange
correlation potential [2, 3]. The cut-off energy for the plane wave basis was set to be 500 eV, and a 2 x 2 x 2 Monkhorst-Pack
grid was employed. The convergence criteria for the energy and forces were set as 10-5 eV and 0.05eV/A, respectively.
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Figure S2. (a) XRD patterns and (b) their partially enlarged images of Cs3Cuzls NCs with different Zn?* doping amounts; (c) actual Zn?* content in
Cs3Cuzls: Zn NCs measured by ICP.
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Figure S4. Absorption spectra (inset: corresponding Tauc plots) of undoped Cs3zCuzls, and CszCuzls: 7.5%Zn.
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Figure S8. XRD patterns of (a) Cs-Cu-I and (b) Cs-Cu-I: 7.5%Zn synthesized at different reaction temperatures.
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Figure S9. PL spectra of (a-c) Cs-Cu-I and (d-f) Cs-Cu-I: 7.5%Zn synthesized at different reaction temperatures under 290 nm, 310 nm and 325 nm

ultraviolet light excitation.
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Figure S10. (a) Device structure diagram of the WLEDs; EL spectra of WLEDs devices fabricated with (b) Cs-Cu-I and (c) Cs-Cu-I: 7.5%Zn synthesized

at different reaction temperatures.
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Figure S11. (a) FESEM image and the corresponding EDS element mapping, (b) EDX spectrum, and (c) XRD pattern of double perovskite.
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Table S1. Lattice parameters of Cs3Cuzls and Cs3Cuzls: Zn.

lattice parameter Cs3Cuzls Cs3Cuzls: Zn

Table S2. CIE and CRI of WLEDs devices fabricated with Cs-Cu-I and Cs-Cu-I: 7.5% Zn synthesized at different reaction temperatures.

Cs-Cu-I Cs-Cu-I: 7.5% Zn
CIE CRI CIE CRI

Sample

Table S3. Elemental composition of the double perovskite determined by EDX spectrum analysis.

Table S4. Fitting results of TRPL spectra of double perovskite.

Sample a1 (%) T1 (ps) a2 (%) T2 (ps) Tave (US)

Table S5. Luminous performance parameters of the fabricated WLEDs.

Sample Cs-Cu-I: Double Cs-Cu-I: 7.5% Zn + Double perovskite
parameters 7.5%Zn  perovskitt  20mA  30mA  40mA  S0mA  60mA  70mA  80mA  90mA 100 mA
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CRI 89.2 88.7 92.7 93.4 93.8 94.3 94.2 94.5 94.4 94.5 94.5

NanopResearch | Vgh XX, No. X3 9 912 91.7 92.2 92.7 92.9 93.9 93.5 94.0 Jie Chen et al.
R, 93.6 99.7 98.9 99.3 99.6 100 99.9 100.6 100.4 100.7 100.6
R 89 87 94 95 95 9 9% 9% 9 95 96
R, 98 92 97 97 97 96 9% 95 95 95 95
Rs 92 96 95 95 95 9 95 9% 95 95 95
Ry 85 87 92 93 94 95 95 9% 9% 9% 96
Rs 90 87 95 96 96 96 96 9% 9 95 95
Re 96 90 94 94 94 93 93 93 93 92 92
R, 88 91 90 91 92 92 92 93 93 94 94
Rg 75 79 84 86 87 90 89 92 92 94 93
Ro 34 54 62 68 72 77 77 84 83 89 88
Rio 95 82 9% 9 95 94 94 93 93 91 91
Ri 85 84 90 91 92 93 93 94 94 94 94
Rz 89 83 93 92 92 91 91 90 90 90 90
Ri3 92 88 95 9 9 96 9 95 96 95 95
Ris 96 97 98 98 98 98 98 98 98 98 98
Ris 84 9 93 95 9 98 98 99 99 98 98

AveR 85.8 85.6 91.2 92.9 92.8 93.5 93.4 94.0 93.9 94.0 94.0
X 031 0.45 0.34 0.34 0.34 0.33 0.33 033 0.33 0.32 032

y 033 0.40 0.34 033 033 0.33 033 032 0.32 032 032
CCT (K) 6462 2791 5091 5281 5361 5588 5552 5861 5720 6065 5986

Table S6. Summary of luminous performance of WLEDs.

Material CIE CRI Year Ref
CsPbBr:@APTES@BPSQ (0.30,0.31) 66.8 2024 [4]
Cs3Cuzls@GuasCu:ls (0.28,0.34) 93 2024 [5]
CsPbBr;@Si0;@MAISiN3:Eu?* (M = Ca, Sr) (0.31,0.37) 85 2025 [6]
Cs3Cuz2ls@CsCuzls (0.32,0.33) 89.6 2025 [7]
Cs3Cuz2ls@CsCuzls (0.29,0.32) - 2025 [8]
Cs3Cuzls: MnClz (0.34,0.32) - 2025 [9]

Cs3Cuzls: 7.5 Zn (0.31,0.33) 89

Cs3Cuzls: 7.5 Zn + double perovskite (0.33,0.33) 94.5 This work
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