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Efficient White Electroluminescence from Cu-based
Perovskite Achieved by High Hole Injection Core/Shell

Structures

Dongyu Li, Benzheng Lyu, Zhiwei Long, Xiangtian Xiao, Dongwei Zhang, Jiayun Sun,

Qi Xiong, Zhengyan Jiang, Yufeng Wang, and Wallace C.H. Choy*

The copper-based (Cu-based) halide perovskite possesses eco-friendly
features, bright self-trapped-exciton (broadband) emission, and a high color-
rendering index (CRI) for achieving white emission. However, the limited hole
injection (HI) of Cu-based perovskites has been bottle-necking the efficiency of
white electroluminescence and thus their application in white perovskite light-
emitting diodes (W-PeLEDs). In this study, we demonstrate a p-type cuprous
sulfide (Cu,S) lattice-connectedly capping over Cs;Cu, |5 to form lattice-
matched core/shell nanocrystals (NCs) by controlling the reactivity of sulfur (S)
precursor in the synthesis. Interestingly, the resultant Cs;Cu,l;/Cu,S NCs sig-
nificantly enhance the hole mobility compared to Cs;Cu,l; NCs. Besides, the
photoluminescence quantum yield of Cs;Cu,l; NCs increases from 26.8% to
70.6% after the Cu,S lattice-connected capping. Consequently, by establishing
the structure of CsCu,l; /Cs;Cu,l;/Cu,S in W-PeLEDs, an external quantum ef-
ficiency of 3.45% and a CRI of 91 is realized, representing the highest reported
electroluminescent performance in lead-free Cu-based W-PeLEDs. These find-
ings contribute to establishing guidelines and effective strategies for designing
broadband electroluminescent materials and device structures of PeLEDs.

red-green-blue phosphor coatings excited
by blue LED chips.[®8] However, these phos-
phors are often made from costly rare earth
materials like Ce’* or Eu*t.29 It is de-
sirable to develop low-cost white electro-
luminescence (EL) materials with a large
color rendering index (CRI), high photo-
luminescence quantum yield (PLQY), and
stable spectra. Recently, multi-component
composites based on different copper(I)-
based halide perovskites have gained at-
tention due to their bright self-trapped
excitons (STEs) emission, high CRI, and
eco-friendly features.'®'2] However, the
blue-emitting component of Cs;Cu, [ with
a large bandgap has poor hole injec-
tion and thus low EL efficiency of white
light emission in combining with yel-
low STEs emission CsCu,I, component.[*]
Equally important, the hole mobility of

1. Introduction

White light-emitting diodes (LEDs) have gained significant inter-
est for their diverse applications in solid-state lighting and back-
lighting displays.''*! Typically, commercial white LEDs are real-
ized by the photoluminescence (PL) of yellow phosphor or mixed

the hole injection layer (HIL) is an or-
der of magnitude lower than the elec-
tron mobility of typical electron injection
material (EIL), resulting in severely unbalanced charge car-
rier injection in typically Cu-based white perovskite LEDs (W-
PeLEDs).[** The unbalanced charge carrier injection forms space
charges in LEDs, leading to non-radiative recombination.[>! Con-
sequently, it is crucial to improve the hole injection to the blue
emissive component to achieve the desired W-PeLEDs.
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The core/shell heterostructure materials have been inves-
tigated to improve the optical properties, enhance the elec-
tron/hole injection, and reduce the surface-related trap states,
which are beneficial from their applications in optoelectronic
devices."*1] However, it is challenging to achieve high-quality
core/shell structures in the perovskite system due to the vig-
orous nucleation and growth of perovskites hindering the for-
mation of expected crystal structures and thus optoelectronic
properties.?021] A slow formation of shell materials will prolong
the reaction time, leading to the growth of too large perovskite
crystals, while a fast formation results in a large number of shell
materials, affecting the crystallization of perovskites.[??] Besides,
when forming a shell material, there is an important issue of
lattice mismatch. Particularly, when there is a larger lattice mis-
match, there is a greater likelihood of increased defect density
and lattice strain at the core/shell structures.[?)] These factors
can have a detrimental effect on the optoelectrical properties of
the nanocrystals (NCs).2#25] Therefore, careful optimization of
the precursors to control the reactivity of the shell material and
selection of the shell material to minimize lattice mismatch are
crucial for the successful preparation of high-quality core/shell
structures.

In this work, we successfully prepared high-quality core/shell
structures by controlling the reactivity of sulfur (S) precursor
in forming the shell layer. The resulting core/shell structure
significantly enhances hole injection performance compared to
pristine NCs. In addition, the core/shell structure can reduce
the defect density and lattice strain of the core/shell struc-
ture, leading to a significant increase in PLQY from 26.8% to
70.6%. As a result, we achieve W-PeLEDs with a peak exter-
nal quantum efficiency (EQE) of 3.45% and a high electrolu-
minescence with brightness of 3356 c¢d m™2, representing the
best performance among reported lead-free W-PeLEDs. These
findings contribute to preparing high-quality core/shell struc-
tures and improving the white EL properties for lighting/display
applications.

2. Results and Discussion

2.1. Synthesis of Cs;Cu,l;/Cu,S Core-Shell Structure

To achieve high-quality Cs;Cu,I;/Cu,S core-shell structures, we
propose a convenient one-pot thermal injection method by mod-
ulating the reactivity of the S precursor (Figures 1a and S1, Sup-
porting Information). Conventional synthesis of core/shell struc-
tures in quantum dots adopts a two-step process, initiating the
synthesis of the core layer before growing the shell layer, thus
facilitating the formation of high-quality structures.[’! However,
this method is not suitable for perovskites, as the two-step shell
growth process requires high-temperature treatment. In the syn-
thesis of the perovskite using the one-pot hot-injection method,
it is necessary to terminate the growth of the core within a very
short 30 s to prevent nanocrystal overripening from influenc-
ing the morphology and thus optical properties of the perovskite
(Figure S2, Supporting Information). Therefore, it is essential
to take into account the difference in growth rates between the
core and shell layers to achieve the desired morphology and ex-
cellent optical properties in the synthesis of perovskite core-shell
structures.
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The S precursors (S-OA, S-OA/OAm, and S-OAm) were
prepared by dissolving S powders in a mixture of ODE/OA,
ODE//OA/OAm, and ODE/OAm, respectively (as detailed in the
Experimental Section), where ODE denotes 1-octadecene, OA is
oleic acid and OAm is oleylamine. The bonding between sul-
fur and coordinated functional groups primarily determines the
reactivity of the S precursors.[?’] The 'H nuclear magnetic res-
onance (NMR) spectrum (Figure S3a, Supporting Information)
reveals changes in resonance signals resulting from the interac-
tion between sulfur and OAm since the lone pair of electrons
of the nitrogen in OAm can coordinate with sulfur. There is no
significant chemical shift in Figure S3b (Supporting Informa-
tion), indicating that there is no interaction between sulfur and
OA. According to the results of the 'H NMR spectrum, the re-
activity order of the three S precursors can be determined as
S-OA > S-OA/OAm > S-OAm. Due to the ionic characteristics
of perovskites, the core of the perovskite grows faster than the
shell nucleation, making the core formation more pronounced,
which is beneficial for establishing the perovskite core/shell
structure.

The core-shell structure has been validated in the character-
ization of transmission electron microscopy (TEM) as shown
in Figure 1b—d. When the reactivity of S precursor (S-OA) is
high, the nucleation process of the shell and core may overlap
in a period, leading to alternating growth, causing non-uniform
morphology and size distribution of NCs (Figure 1b). When the
reactivity of S precursor (S-OAm) is low, the nucleation and
growth of Cu,S may require more time. To ensure the quality
of perovskite within the 30-s reaction time, termination of the
reaction is necessary, while the nucleation and growth of Cu,S
may not have occurred yet, resulting in the formation of NCs
similar to Cs;Cu,I; NCs, without the outer layer of Cu,S coat-
ing, as shown in Figure 1d. These NCs also exhibit morphol-
ogy similar to Cs;Cu,I; NCs, with a smaller particle size com-
pared to Cs;Cu,I;/Cu,S NCs. Meanwhile, with the appropriate
reaction activation energy, we demonstrate the formation of the
high-quality core-shell structures (Figure 1c). High-resolution
TEM (HR-TEM) images show the same results, as shown in
Figure le-g. Cs;Cu,l; NCs and Cu,S exhibit distinct color ap-
pearances owing to their different electron beam penetration
depth in Figure 1g. The lattice spacings of Cs;Cu,l; NCs and
Cu,S are calculated to be 3.38 A and 3.39 A, respectively, indi-
cating a high 99.71% degree of lattice match. Equally important,
HR-TEM images (Figure 1f) and the corresponding Fast Fourier
transform (FFT, Figure S4, Supporting Information) show the
lattice arrangement at the interface between Cu,S (320) and
Cs;Cu,ls (002), Cu,S (100) and Cs;Cu,ls (222), indicating the
shell lattice connected to the core. Theoretically, we also show
the lattice connection of the lattice-matched Cu,S shell to the
Cs;Cu, I core in the NCs as shown in Figure S5 (Supporting
Information). The theoretical results show that the (002) planes
of Cu,S and the (222) planes of 0D Cs;Cu,I; NCs also exhibit a
99.71% degree of lattice match, which is consistent with the re-
sults of TEM. The core/shell structure of Cs;Cu,Is/Cu,S shows
well dispersion, good morphology, and bigger size (ave. 15.26 nm
for the core/shell NCs as compared to ave. 13.04 nm in pristine
Cs;Cu, I NCs. Besides, the core/shell NCs show a narrower dis-
tribution (i.e., more uniform size) as compared to the pristine
case shown in Figure S6 (Supporting Information).
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Figure 1. a) Synthesis reaction of Cs3Cu,l5/Cu,S NCs using different S precursors. b—d) TEM images of Cu-based perovskite b) high-reactivity pre-
cursor, c) appropriate-reactivity precursor, and d) low-reactivity precursor. e-g) HR-TEM images of Cu-based perovskite e) high-reactivity precursor,
f) appropriate-reactivity precursor, and g) low-reactivity precursor. h) Elemental line scan analysis curves for Cs;Cu,l5/Cu,S NCs. i) XRD patterns of
Cs3Cu,ls NCs, Cs3Cu,l5/Cu,S NCs and Cu,S. j) XPS spectra of Cs3Cu,ls NCs and Cs3Cuyls/Cu,S NCs.

The successful construction of the core/shell structure is also
evidenced by EDS mapping and line scanning analysis, where
Cu elements are distributed throughout the structure follow-
ing the scribed line, and S elements are distributed around the
Cs and I elements (Figures 1h and S7, Supporting Informa-
tion). The X-ray diffraction (XRD) of the core/shell structure of
Cs;Cu,ls/Cu,S remains the same even after forming the Cu,S
shell, without any impurity phases. As demonstrated in Figure 1i,
the XRD peaks exhibit a shift toward smaller angles due to the
introduction of Cu,S, which is consistent with the EDS results.
To provide further evidence of the core/shell structure of Cu,S
coated Cs;Cu,I; NCs, X-ray photoelectron spectroscopy (XPS)
was conducted to study the chemical environment of S and Cu
elements (Figure 1j). The presence of two additional peaks at
164.3 and 158.1 eV in the S 2p spectrum of Cs;Cu,I;/Cu,S in-
dicates the successful binding of Cu, S to the surface of Cs;Cu, I
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through a strong chemical interaction between Cu in Cs;Cu,I
and S in Cu,S. The peaks at 954.58 and 934.72 eV for Cs;Cu,I;
NCs are assigned to the Cu 2p signal, which shifts toward higher
binding energy upon incorporation of Cu,S. The Cu 2p spectra
for Cs;Cu,I;/Cu,S NCs were fitted to Cu-S and Cu-I peaks, and
the presence of Cu bonded to S (Cu-S) also confirmed the ex-
istence of Cu,S on the Cs;Cu,l; NCs. In all, the above results
proved that Cu, S is indeed lattice-connectedly capped on the sur-
face of Cs;Cu,I5 NCs.

2.2. Electrical and Optical Properties of Cu,S Coated Cs,Cu,l
NCs

To investigate the impact of Cu,S coating on the electrical
performance of Cs;Cu,I; NCs, the work function, valence band
maximum (VBM), and band gap of Cs;Cu,I; and Cs;Cu,I;/Cu,S
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Figure 2. Current density-voltage characteristics of Cs3Cu,ls and Cs3Cu,ls/Cu,S NC-based a) hole-only devices, and b) electron-only devices. c) tDOS

of Cs3Cu,ls and Cs3Cu,ls/Cu,S NCs. d) the simulated carrier recombinati
capacitance-voltage (C-V) plots Cs3Cu,l5 NCs and Cs3Cu,l5/Cu,S NCs. g)

NCs, as well as Cu, S, were determined using ultraviolet photo-
electron spectroscopy (UPS, Figure S8, Supporting Information)
and Tauc plots (Figure S9, Supporting Information). The VBM
of Cs;Cu,Is was calculated as —6.51 eV and exhibited a gradual
increase to —6.2 eV upon the incorporation of Cu,S. The in-
creased VBM could arise from a type-II band alignment between
Cs;Cu, s and Cu,S. Additionally, Cu,S exhibits a direct band
gap of 2.66 eV and demonstrates p-type conductivity due to the
gap of 0.4 eV between the VBM and Fermi energy. When Cu, S
is coated on Cs;Cu,ls, a surface dipole exists at the interface
between Cs;Cu,l; and Cu,S, reducing the Fermi energy from
—4.7 to —4.73 eV (Figure S10, Supporting Information). The
decrease in Fermi energy level and the rise in the VBM lead
to the gap decreasing from 1.81 to 1.47 eV, indicating a more
pronounced p-type conductivity characteristic in Cs;Cu, I /Cu,S.
In addition, the energy levels alignment with the functional layer
(hole transport layer and electron transport layer) is shown in
Figure S11 (Supporting Information), indicating Cu,S can re-
duce the energy barrier of hole injection from 1.11 to 0.8 eV. The
p-type characteristic and reduction of the hole injection barrier
facilitates the hole injection and is beneficial for balanced charge
injections in electroluminescent devices, where the hole injec-
tion is typically more difficult than the electron injection.[?®! The
hole-only devices (ITO/Poly-TPD/perovskite/TAPC/MoO,/Al)
and electron-only devices (ITO/SnO, /perovskite/TPBi/LiF/Al) of
both materials under dark conditions were measured as shown in
Figure 2ab. Remarkably, the hole current density of
Cs;Cu, I /Cu,S-based devices is significantly enhanced by more
than one order of magnitude due to the excellent HIL capability
of Cu,S. The trap densities of Cs;Cu,I; and Cs;Cu,I;/Cu,S NCs
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on at a bias voltage 5 V for Cs3Cu,ls NCs and Cs3Cu,ls/Cu,S NCs. e) the
Nyquist plots of Cs3Cu,ls NCs and Cs3Cu,ls/Cu,S NCs.

can be calculated by the equation of N, = (2e,&Vrg;)/(eL?),!””)
where ¢, and ¢ represent the vacuum and relative permittivity,
respectively. Vyp is trap-filled limit voltage, e is the elemen-
tary charge, and L is the thickness of the perovskite film. To
determine the trap state density, the value of ¢ is estimated by
the equation of ¢ = (CL)/(g,S), where the geometrical capac-
itance of C can be determined from the C-V curves (Figure
S12, Supporting Information).[??! The trap state density based on
hole-only and electron-only devices for Cs;Cu,I;/Cu,S NCs were
determined to 5.48 x 10 and 5.01 x 10 cm™, respectively,
both of which are lower than those of Cs;Cu,I;/Cu,S NCs (6.30
x 107 and 6.69 x 10" ¢cm™3). Furthermore, after introducing
Cu,S, the mobility (u) of Cs;Cu,l;/Cu,S NCs increased to
1.76 x10* from 4.6 x 10° cm? V! s7! (hole) and to 2.58 X
10* from 6.48 x 10° cm? V! s7! (electron), by substituting
the current density (J) and voltage (V) in the Child region
into the Mott-Gurney law equation: y = 8L3]/9¢,eV2.?°! These
findings suggest that applying Cu,S effectively enhanced the
charge transport properties. The space charge limited current
(SCLC) results further confirm the effective defect passivation
of the perovskite film by Cu,S. Additionally, the trap den-
sity of states (tDOS) of both perovskites was extracted from
capacitance-frequency measurements on the devices (Figure
S13, Supporting Information). As shown in Figure 2¢, the
Cs;Cu, I /Cu, S perovskite exhibits a much lower tDOS than the
pristine perovskite over the entire energy range, consistent with
the SCLC results, confirming the effective defect passivation
by Cu,S. To investigate the charge transfer and recombination
capacity of Cs;Cu,Is and Cs;Cu,I;/Cu,S W-PeLEDs, theoretical
studies of W-PeLEDs were performed in Figures 2d and S14
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Figure 3. a) PL spectra and PLQY of Cs3Cu,ls NCs and Cs;Cu,l5/Cu,S NCs, b) TRPL spectra and fitting for Cs3Cu,ls NCs and Cs3Cu,ls5/Cu,S NCs, ¢)
PL spectra of Cs3Cu,l5; NCs at different temperatures, d) PL spectra of Cs3Cu,l5/Cu,S NCs at different temperatures, e) FWHM of Cs3Cu,ls NCs and
Cs3Cu,l5/Cu,S NCs at different temperatures, f) Integrated PL of Cs3Cu,ls NCs and Cs3Cu,l5/Cu,S NCs at different temperatures.

(Supporting Information). The results show that the peak ra-
diative recombination rate for Cs;Cu,l;/Cu,S-based W-PeLEDs
increases to 1.2 X 10?* cm® s7!, compared to 8 x 10% ¢m? s7!
for pristine W-PeLEDs, which is consistent with the results of
Figure 2a,b. To further verify the efficient charge transfer and
high radiative recombination rate, capacitance-voltage (C-V)
measurements were conducted (Figure 2e). The capacitance
increases with increasing bias voltage, indicating more injected
charges in the W-PeLEDs. At higher voltages, the capacitance
sharply declines due to the radiative recombination of electrons
and holes. The capacitance of Cs;Cu,I;/Cu,S-based W-PeLEDs
decreases more rapidly than that of pristine W-PeLEDs when
increasing the applied voltages, indicating more efficient charge
transfer and radiative recombination in Cs;Cu,I;/Cu,S NCs.
Furthermore, electrochemical impedance spectroscopy (EIS)
measurements were employed to elucidate the potential carrier
transport behaviors in the devices. Figures 2f and S15 (Sup-
porting Information) display the Nyquist plots of both devices
against bias voltage under dark conditions, while the inset in
Figure 2 illustrates the equivalent circuit.?*32] The recombi-
nation resistance (R,..) of the Cs;Cu,l;/Cu,S-based device is
smaller than that of the control device (see Table S2, Supporting
Information), indicating an increase in radiative recombination.
Consequently, our findings demonstrate that efficient charge
transfer in Cs;Cu,l;/Cu,S NCs promotes greater radiative
recombination of electrons and holes, resulting in brighter
W-PeLEDs.

The broad spectral features observed in Cu-based perovskite
NCs result from the STE emission induced by lattice distortion
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(Figure 3a). Incorporating Cu, S can modify the lattice distortion,
thereby strengthening the electron-phonon coupling and increas-
ing the full width at half-maximum (FWHM) from 73 to 82 nm
for white light applications. The absorption and PL excitation
(PLE) spectra of Cs;Cu,I; NCs were altered upon the addition
of Cu,S due to Cu,S-induced lattice distortion changes, thereby
affecting the optical properties (Figure S16, Supporting Infor-
mation). Compared to the reported Cu-based perovskite,**-3°]
the initially synthesized perovskite before purification also dis-
plays a high PLQY of 90%, attributed to the abundance of lig-
ands on its surface. These ligands effectively suppress the non-
radiative recombination of the perovskite, resulting in a high
PLQY. The poor conductivity of these ligands with long car-
bon chains significantly degrades the electrical properties of
Cs;Cu, I NCs, hindering their electroluminescence applications.
Additionally, an excessive amount of surface ligands on per-
ovskite will also lead to poor film formation and thus degrade
device performance. By removing these ligands through purifi-
cation, the enhancement of both electrical properties and film
quality of Cs;Cu,l; NCs was achieved in this study. Then, we
further developed the lattice-matched core/shell Cs,;Cu,Is/Cu,S
NCs to increase the PLQY of Cs;Cu,I;/Cu,S NCs from 26.8%
to 70.6% and the hole mobility from 4.6 x 10 to 1.76 x 10*
cm? V-! 7! promoting the performances of the W-PeLEDs. Af-
ter being stored in 50% relative humidity (RH), 30 °C for 30
days, Cs;Cu,I;/Cu,S NCs still retain ~#90% of their initial PLQY
value (Figure S17, Supporting Information). Notably, even un-
der heating at 100 °C or 100% RH, it can maintain 90% PLQY
after 12 h. Notably, even under heating at 100 °C or underwater,
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it can maintain 90% PLQY after 12 h. This finding highlights the
capability of lattice-matched Cu,S coating to enhance the stabil-
ity of Cs;Cu,I5 NCs. To investigate the mechanism of the PL en-
hancement in the core/shell NCs, we measure the time-resolved
PL (TRPL) and study the exciton dynamics in Cs;Cu,I; NCs (as
shown in Figure 3b). The increase in the average lifetime ()
from 175.9 to 401.5 ns indicated less trap-mediated nonradiative
recombination in Cs,;Cu,l5/Cu,S NCs.[**37] The Cs,Cu,l; NCs
without Cu,S coating exhibit a shorter lifetime due to a lower
PLQY. The TRPL is studied using the equations:*®]

1)

PLQY = + . )

where k, and k, are the radiative and non-radiative rates, re-
spectively. The radiative and non-radiative rates for both sam-
ples were calculated and are summarized in Table S1 (Support-
ing Information), indicating an increase in radiative recombi-
nation rate from 1.5 x 1073 to 1.8 x 10~% ns~!. The photolu-
minescence of Cu-based perovskite stems from STE induced
Dy lattice distortion, and the modification with Cu, S can influ-
ence lattice distortion, leading to enhanced radiative recombi-
nation in Cs;Cu,I;/Cu,S. The faster radiative recombination of
STEs makes the lifetime of Cs;Cu,I;/Cu,S NCs in the nanosec-
ond range. Temperature-dependent PL was conducted on both
Cs;Cu,Is/Cu,S NCs and pristine Cs;Cu,Il; NCs to investigate
and quantify the optical properties. As shown in Figure 3c,d, the
PL spectra of both samples broaden and exhibit a blue shift with
increasing temperature. The correlated spectral responses of PL
to temperature confirm that the PL originates from STE states.
The temperature-dependent FWHM of the PL spectra (Figure 3e)
as a function of temperature is studied using the phonon spectral
width Equation:(*°]

E
‘phonon
FWHM = 2.36V/SE,},,,,1/ coth ( T ) (3)

where S is the Huang-Rhys factor, T is the temperature, kg is
the Boltzmann constant, o is the phonon frequency, and E ..o,
is the phonon energy. The fittings of this equation to the exper-
imental data are shown in Figure 3e, yielding S factors of 24
and 41.8, and E,, values of 20.6 and 30.8 meV for pristine
Cs;Cu,I; NCs and Cs;Cu,l;/Cu,S NCs, respectively. The large
S factors of Cs;Cu,l;/Cu,S NCs indicate the strong electron-
phonon coupling during exciton self-trapping processes, lead-
ing to enhanced radiative recombination, which is consistent
with previous studies.l*’] Additionally, the integrated PL inten-
sity initially increases with temperature and then decreases at
higher temperatures, as shown in Figure 3f. This phenomenon,
known as “negative thermal quenching,” has been observed in
semiconductors“!l and metal halides.*?] By further analyzing
using the Shibata model correlating the two competing pro-
cesses of thermal quenching and negative thermal quenching,
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the temperature-dependent PL intensity of both samples is mod-
eled by the following equation:[**]

1+ Cexp (—:—‘T)

1+ Aexp (—;"T) + Bexp <—é—"T>

(1) =1, )

where I, is the integrated PL intensity at 0 K. The activation
energy E, is the exciton binding energy, while E, is the self-
trapped depth and the mechanism of self-trapped excitons (STEs)
transitioning to free exciton states. E_ characterizes the negative
thermal quenching effect on the PL intensity. From the studies,
Cs;Cu, I /Cu,S NCs show Ea ~3.8, Eb~189.6, and Ec ~#13.8 meV.
For Cs;Cu,Is NCs, the refined constants are Ea ~1.5, Eb ~168.5,
and Ec #12.6 meV. The greater self-trapped depth (E,) and exciton
binding energy of Cs;Cu,l;/Cu,S NCs decrease the likelihood
of exciton dissociation into free carriers, making them prone
to radiative recombination from STE. Consequently, these re-
sults confirm that the emission of both samples originates from
STE, and the coating of Cu,S leads to enhanced luminescence
performance.

2.3. Device Performances of W-PeLEDs

Inspired by excellent optoelectronic properties, we combined the
Cs;Cu, I /Cu,S NCs with CsCu,I; nanorods to achieve white EL
in the W-PeLEDs with a configuration of ITO/ PEDOT: PSS/ Poly-
TPD/ perovskite/ TPBi/ LiF/ Al as shown in Figure S18 (Sup-
porting Information). All devices were fabricated in the same
batch for fair comparison. Due to the slow charge transport in
the Cs;Cu,I; NCs, most excitons recombine in the yellow-light
CsCu,I; nanorods, resulting in weak blue light and strong yel-
low light in the warm white light with CIE (0.38, 0.37), as shown
in Figure 4a. Incorporating Cu,S can enhance the hole injec-
tion in Cs;Cu,Is NCs, allowing more excitons to recombine in
the blue-emission Cs;Cu,I;/Cu,S NCs than of Cs;Cu,l; NCs.
The increased emission of the blue component (Cs;Cu,I;/Cu,S
NCs) can greatly improve the brightness of white light emis-
sion and also result in a transition from warm white light (0.38,
0.37) to pure white light (0.31, 0.32), as shown in Figure 4b.
Figure 4c shows the current density (J) -voltage (V) -luminance
(L) of W-PeLEDs. While the W-PeLEDs with mixed Cs;Cu,I; NCs
with CsCu,I; nanorods as the active layer show maximum lumi-
nance of 110.6 cd m~2, the Cs;Cu,I;/Cu,S core-shell NC-based
W-PeLEDs remarkably enhances the maximum luminance by
~30-fold, reaching a value of 3356 cd m~2. The Cs,Cu,l/Cu,S
NC-based W-PeLEDs show much higher current densities than
that of Cs;Cu,l; NCs, further confirming the better carrier in-
jection (contributed by better hole mobility and significant sup-
pression of traps) in the former case. The maximum EQE of
Cs;Cu,I5/Cu,S NCs device at 3.45% is &5 times better than
the pristine one (0.72%) as in Figure 4d. The W-PeLED per-
formance statistics show good reproducibility for the case of
Cs;Cu, I /Cu, S NCsin Figure S19 (Supporting Information). No-
tably, to further confirm the similar J-V-L behavior due to the in-
corporation of Cu,S shell, we also fabricated NC-only PeLEDs
using Cs;Cu,I; NCs with and without Cu,S shells. Our results
in Figure S20 (Supporting Information) show similar trends
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Figure 4. a,b) Illustration of the W-PeLED based on Cs3Cu,l5 and Cs3Cu,l5/Cu,S NCs, c) Current density-luminance-voltage characteristics of Cs3Cu, 5
and Cs;3Cu,ls/Cu,S — W-PeLEDs, d) EQE curves as a function of the current density of Cs;Cu,ls and Cs3Cu,ls/Cu,S — W-PeLEDs, e) EL spectra of
Cs3Cu,ls/Cu,S — W-PeLEDs, f) Stability of Cs;Cu,ls and Cs;Cu,ls/Cu,S — W-PeLEDs at an initial luminance of 10 cd m~2, g) Summary of the reported
W-PeLEDs characteristics based on maximum EQE and estimated or measured luminance; the references in (g) are listed in Table S3 (Supporting

Information).

to the W-PeLED that the blue PeLEDs of Cs;Cu,I;/Cu,S NC
PeLED show significantly enhanced as Cu,S greatly improves
the hole injection. Regarding the emission color (Figures 4e and
S21, Supporting Information), the white EL of the W-PeLEDs
with Cs;Cu,I;/Cu,S NCs shows Commission Internationale de
I’Eclairage (CIE) of (0.31, 0.32), and a high color rendering in-
dex (CRI) of 91 (Figure S22, Supporting Information). The CIE
exhibits a slight shift from (0.31, 0.32) at 3.5 V to (0.32, 0.32) at
4.5V and the CRI decreases from 91 to 90. The operational half-
lifetime (Ts,) value of the W-PeLEDs with Cu, S coating is 563 s,
which is four times longer than that of the control (Figure 4f).
There is a gradual increment in the first few seconds. Such
increasing performance can be attributed to the defect’s self-
healing behavior under electric fields.*¥] Initially, the defects in
the device will decrease because of the self-healing under elec-
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tric fields, leading to a gradual increment in performance.[*4] It
is worth noting that the EQE and luminance of Cs;Cu,I;/Cu,S
NCs exceeded all reported W-PeLEDs based on lead-free per-
ovskite (Figure 4g; Table S3, Supporting Information). After be-
ing stored at 50% RH, 30 °C for 30 days, W-PeLEDs based on
Cs;Cu, I /Cu, S NCs still maintain ~#90% of their initial lumines-
cence, as shown in Figure S23 (Supporting Information). Conse-
quently, the employment of Cu, S shell comprehensively and con-
siderably enhances the EL properties, including both EQE and
stability of Cu-based W-PeLEDs.

3. Conclusion

In conclusion, we have successfully demonstrated the for-
mation of the NC structure of a lattice-matched Cu,S shell

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

atomically connected to the Cs;Cu,l; core by controlling the
reactivity of the S precursor. The Cs;Cu,l;/Cu,S nanocrys-
tals remarkably enhance hole mobility as compared to pristine
nanocrystals, with an increase in PLQY from 26.8% to 70.6%
after coating with the Cu,S shell. Regarding the device perfor-
mances, Cs;Cu,I5/Cu,S/CsCu,I,;W-PeLEDs with a peak EQE of
3.45% and the operational half-lifetime (T5,) of 563 s at an initial
luminance of 100 cd m~2 with an improvement over 4 times, rep-
resenting the best performance in reported lead-free W-PeLEDs.
Consequently, the work contributes to not only advancing the ap-
proach for forming lattice-match core/shell NCs but also paving
the way to high-performance copper-based composite films for
white LED applications.
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