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Highly emissive and color-tunable copper-based
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diodesT
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*@ Hao Chen,” Wengiang Ma,® Rui Wang® and

Lead-free metal halides have gained considerable attention due to their excellent optoelectronic
properties; however, the direct synthesis of white light sources remains a challenge for developing high-
performance white light-emitting diodes (WLEDs). Herein, we synthesized all-inorganic copper-based
ternary halides using a microwave method. Through a strategy of controlling the amount of cuprous
iodide (Cul), two highly efficient light emitters, blue-emissive CszCu,ls and yellow-emissive CsCu,lz, can
be obtained. The large Stokes-shifted broadband emission with a relatively long radiative lifetime is
ascribed to the self-trapped exciton (STE) formation. The unique negative thermal quenching suggests
that carrier transfer from more deeply trapped states to shallowly trapped states is beneficial for
enhancing the STE emission. Moreover, with an increased amount of Cul, the as-synthesized
Cs3Cu,ls@CsCu,ls composites exhibit a series of stable cold/warm white-light emissions. The bright
WLEDs ranging from cold-white (12810 K) to pure-white (6109 K) and warm-white (4149 K) are
displayed by placing the CszCu,ls@CsCu,ls composite directly onto a commercial ultraviolet chip
(310 nm), and an ultra-high color-rendering index (CRI) of 92 is achieved. The results imply that highly
emissive and color-tunable copper-based halide composites open the door to explore their potential

rsc.li/frontiers-materials

Introduction

In the past few years, lead-halide perovskites (LHPs) have made
rapid progress and exhibited great potential in photoelectric devices
due to their high color purity, tunable photoluminescence (PL)
emission and high luminescence efficiency.'” Significantly, the
efficiency of LHP light-emitting diodes (LEDs) has been approach-
ing those of the best performing organic LEDs."® However, the lead
toxicity and poor stability of LHPs are two key issues in limiting the
practical applications of devices.”® To address these issues, many
efforts have been devoted to explore the lead-free substitutions,
including CsSnl,;, """  Cs;Sb,Brs,">™  Cs;Biyls,"> Cs3Cuyls,®"
CsCuyl;,'®"° Cs,AgInCle,>® Cs,Zr; _Te,Clg,>" etc.

Among them, copper-based halides are termed as the low-
cost, and environmentally friendly light emitters due to their
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applications in next-generation solid-state lightings.

bright luminescence, tunable emission wavelength and excel-
lent stability.>>">* Particularly, from the earlier studies, it can
clarify that cesium copper halides have two crystal components
on the basis of the different electronic structures, i.e., Cs;Cu,X5
and CsCu,X; (X = Cl, Br, and 1).>>*° Taking Cu(i) halides for
example, highly luminescent Cs;Cu,Is and CsCu,l; display the
blue and yellow broadband emissions, respectively, so they
have been emerged as excellent sources for white-light
generation.”” Many synthesis methods have been used to pre-
pare Cu(1) halides in recent years, such as hot injection,'®>%>°
antisolvent-assisted recrystallization,®® solvent evaporation
crystallization,® and so on. However, most of the methods
require toxic organic solvents, posing environmental risks, and
also enduring a very time-consuming and energy-consuming
thermal path. More importantly, single-color Cu(i) halide
is generally produced in an experiment with respect to the
methods mentioned above. Using a hot-injection method,
Vashishtha et al** synthesized the blue-emissive (444 nm)
Cs;Cu,l; and the yellow-emissive (561 nm) CsCu,l;, and they
demonstrated the tunability of white-light emission with the
Commission Internationale de I'Eclairage (CIE) coordinates
from (0.145, 0.055) to (0.418, 0.541) by mixing the two com-
pounds in different molar ratios. Grandhi et al.>* also obtained
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the white-light emission by mixing Cs;Cu,I5s and CsCu,l; with a
weight ratio of 1:16, and a reversible phase transformation
between the two crystals was explored. However, the main
drawback of the blended-ingredient strategy is that mixing
multiple light emitters with a defined ratio would undoubtedly
complicate the fabrication process of white LEDs (WLEDs) and
yield the high cost. Another disadvantage of this strategy is that
it would bring about a change in the white-light emission color
over time owing to the unequal degradation rates of the light
emitters and the efficiency losses owing to the self-absorption
effect.®* Most recently, Li et al.>® prepared high-quality Cs-Cu-1I
nanoscale-thick films by thermal evaporation, and different
proportions of phase structures corresponding to CsCu,I; and
Cs;Cu,l; were realized by adjusting the molar ratios of CsI and
Cul powders. Ma and co-workers®® synthesized Cs;Cu,l;@-
CsCu,l; composites by a one-step solution method and demon-
strated high-performance WLEDs with a high color-rendering
index (CRI) of 91.6 and an excellent operation stability.
Nevertheless, there are few prior reports pertaining to directly
synthesizing the Cs;Cu,l;@CsCu,l; composite in the past
few years.

This paper reports the synthesis of Cs;Cu,Ils@CsCu,l; com-
posites via a simple and facile microwave method for the first
time. It is found that, with the increasing amount of cuprous
iodide (Cul), the final products undergo a compositional
evolution varying from the blue-emissive single-phase Cs;Cu,l;
to the white-emissive composite Cs;Cu,Is@CsCu,l; and then
to the yellow-emissive single-phase CsCu,I;. The subsequent
optical characterization studies unravel that the remarkable
emission of this series compound is assigned to self-trapped
excitons (STEs) with the predominant features of large Stokes
shift, broad spectrum and long lifetime, making it somewhat
unusual as compared with other band-edge emissions in most
of LHPs.?”*® In view of the superior air stability of the samples,
three cold/warm tunable WLEDs based on the CsCu,I;@Cs;.
Cu,ls composite were fabricated, and a CRI as high as 92
is obtained. Importantly, the synthesis method in this work
can be extended to other copper-based ternary halides using
different CuX (X = Cl, Br, and I) precursor salts. It would
contribute to the development of nontoxic, air-stable and
earth-abundant materials, which achieve an excellent opportu-
nity for the light emitters, thereby resulting in a significant
enhancement of high-performance WLEDs.

Experimental section
Chemicals

Cuprous iodide (Cul, 99.9%), cesium carbonate (Cs,COs3,
99.9%), oleylamine (OAm, 90.0%), oleic acid (OA, 90.0%),
1-octadecene (ODE, 90.0%) and polymethyl methacrylate (PMMA,
My =~ 550000) were purchased from Aladdin. Methyl acetate
(C5HgO,, 98.0%) and toluene (C,Hg, 99.5%) were obtained from
Damao Chemical Reagent Factory. Hexane (CgHiy, 99.5%) was
obtained from Sinopharm Chemical Reagent Co., Ltd. All the
chemicals were used as received without further purification.
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Synthesis of Cs-oleate

Cs,CO; (0.18 g) was loaded into a 20 mL glass bottle along with
ODE (10 mL) and OA (0.6 mL), and the mixture was heated at
150 °C for 30 min until Cs,CO; completely reacted with OA. The
clear solution was continuously heated at 100 °C for further usage.

Synthesis of Cs;Cu,l5, Cs;Cu,I;@CsCu,l; composites and
CsCu,l;

In this work, Cul (1.3, 1.6, 1.7, 1.8 and 2 mmol), ODE (10 mL),
OA (2 mL), OAm (2 mL) and 5 mL of Cs-oleate solution were
loaded into a 35 mL quartz tube and then placed in a micro-
wave reactor. The reaction mixture was maintained at 100 °C for
10 min, followed by cooling to room temperature naturally.

Centrifugation and purification of crude solutions

The solution was first centrifuged at 8000 rpm for 4 min, and
then the precipitate was dispersed in 10 mL of hexane and
centrifuged at 5000 rpm for 4 min. Afterward, the supernatant
was mixed with 10 mL of methyl acetate and centrifuged at
8000 rpm for 4 min again. Finally, the precipitate was collected
and air-dried.

Fabrication of WLED devices

PMMA was added into 3 mL of toluene and stirred at room
temperature until a clear solution was obtained. Then, the
composite powders were mixed in the solution, and finally,
the mixture was coated on the surface of the ultraviolet LED
chip (310 nm).

Characterization

The crystal structures of the as-prepared samples were
measured using a X-ray diffractometer (XRD, BRUKER DS§
ADVANCE) equipped with Cu Ka radiation. Transmission electron
microscopy (TEM), the corresponding selected-area electron
diffraction (SAED) and energy dispersive spectroscopy (EDS)
elemental mapping were performed using a JEOL-2100 plus
microscope. The morphologies of the products were examined
using a scanning electron microscope (SEM, FEI Nova Nano
SEM450). X-ray photoelectron spectra (XPS) were recorded using
a Thermo SCIENTIFIC ESCALAB 250Xi spectrometer equipped
with a monochromatic Al Ko radiation source (hv = 1486.6 eV).
Pass energies of 100 and 20 eV were used for survey and high-
resolution scans, respectively, and the binding energies (BEs) were
charge-corrected based on the C1s at 284.8 eV. Ultraviolet-visible
(UV-vis) absorption spectra were recorded using a HITACHI U4100
UV-NIR spectrometer. Photoluminescence excitation (PLE) and
photoluminescence (PL) spectra were recorded using a Hitachi
F-7000 fluorescence spectrometer. Photoluminescence quantum
yields (PLQYs) were recorded using a Hamamatsu Quantaurus-QY
C11347-11 spectrometer. Time-resolved photoluminescence
(TRPL) was performed using a Horiba Jobin Yvon Nanolog-
TCSPC transient fluorescence spectrometer. Temperature-
dependent PL spectra were measured using a Horiba Scientific
Fluorolog-3 spectrometer. The chemical composition analysis
was examined using a X-ray fluorescence spectrometer
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(XRF, EDAX ORBIS). Electroluminescence (EL) spectra were
recorded using an Ocean Optics USB 2000 spectrometer.

Results and discussion

Cs;Cu,ls, CsCu,l; and a series of Cs;Cu,ls@CsCu,l; compo-
sites were successfully synthesized by a microwave synthesis
method, as schematically illustrated in Fig. 1(a). Here, ODE
provides the solvent medium and OA/OAm act as the surface
capping ligands. They are directly mixed with Cul and Cs-oleate
and then placed in a microwave tube. The final products can be
precisely controlled by changing the amount of Cul. Fig. 1(b)
shows the XRD patterns of all samples with a whole range of
20-35°. The sample synthesized with 1.3 mmol Cul shows that
the position and intensity of the diffraction peaks are in good
agreement with those of the crystal planes of the orthorhombic
Cs;Cu,ls (PDF#79-0333, space group Pnma). It is worth noting
that the characteristic XRD patterns of the samples with 1.6, 1.7
and 1.8 mmol Cul exhibit two groups of diffraction peaks,

(a)
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which can be well indexed as orthorhombic CsCu,l; and
Cs3Cu,ls, indicating that Cs;Cu,ls@CsCu,l; composites are
obtained. When the amount of Cul is further increased to
2 mmol, the position and intensity of XRD are the same as
those of the crystal planes of the orthorhombic CsCu,l;
(PDF#77-0069, space group Cmcm). Furthermore, the typical
XPS spectra in Fig. S1 (ESIT) confirm the presence of Cs, Cu and
I elements, and the two peaks located at ~932 and ~ 952 eV are
assigned to Cu 2p with a valence of —1, which is consistent with
the other reports.***° As shown in the structure schematic
(Fig. 1(c)), Cs3Cu,I5 adopts a zero-dimensional (0D) structure,
because [Cu,I;]>~ species are separated from each other by Cs*
ions, and each [Cu,I;]*~ unit is composed of a [Cul,]*~ tetra-
hedron sharing an edge with a [Cul, >~ triangle.”® For CsCu,l;,
the [Cul,]*~ tetrahedron share common edges, thus forming
the double chains along the c-axis and becomes one-
dimensional (1D) structure.*?

The morphologies of samples were investigated by TEM and
SEM characterization studies. The as-prepared Cs;Cu,ls and
CsCu,l; exhibit square and rod-like morphologies, as shown in
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Fig. 1 (a) Schematic diagram of the microwave synthesis. (b) XRD patterns
CsCuslz and CssCusls.
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Fig. 2 TEM images of (a) CszCuals and (b) CsCu,ls. (c) SEM image of CsCu,ls@CszCu,ls composites. (d) SAED patterns of CssCusls. (e) EDS elemental
mapping of Cs, Cu, and | elements in Cs3Cusls. (f) SAED patterns of CsCu,ls. (g) EDS elemental mapping of Cs, Cu, and | elements in CsCuals.

Fig. 2(a) and (b), respectively. A SEM image of Cs;Cu,I;@Cs-
Cu,l; composites (Fig. 2(c)) demonstrates a morphological
characteristic composed of hexagonal and rod-like shapes,
indicating that the two ingredients, i.e., CsCu,I; and Cs;Cu,ls,
are coexisted in the composites without forming a compact
structure. It is noted that the increased addition of Cul renders
a morphology transformation of Cs;Cu,ls from square in the
pure compounds to hexagonal in the composite, probably due
to the alteration of facets’ surface energy and growth kinetics
with the high concentration of Cu. The corresponding SAED
and EDS elemental mapping images of Cs;Cu,l; (Fig. 2(d) and
(e)) and CsCu,l; (Fig. 2(f) and (g)) confirm the high crystallinity
without obvious defects and the uniform distributions of Cs,
Cu, and I elements in the products.

Fig. 3(a) shows the UV-vis absorption spectra of Cs;Cu,ls
and CsCu,l; with absorption peaks at 275 and 325 nm, indicating
band gaps of 4.35 and 3.70 eV (Fig. S3, ESIt), respectively, which
are close to the values reported in the literature.?®** As we can see
from the PLE and PL spectra in Fig. 3(b), Cs;Cu,l; exhibits a broad
blue emission peak at 455 nm with a full width at half-maximum
(FWHM) of 80 nm. The maximum peak in the PLE spectrum of
Cs;Cu,l; is at 297 nm, and hence, the Stokes shift is 158 nm.
Meanwhile, CsCu,I; shows a broad emission peak at 580 nm
(FWHM = 123 nm) with a large Stokes shift of 253 nm. The
characteristics of a large Stokes shift and a broad peak width are
ascribed to the STEs, which originate from the excited-state
structural reorganization due to the local structural symmetry
enhanced by the Jahn-Teller distortion of the [Cul,]*~ tetrahedra.'®

1650 | Mater. Chem. Front., 2022, 6, 1647-1657

As depicted in Fig. 3(c) and (d), upon photoexcitation, electrons are
excited from the ground state to the excited state and, simulta-
neously, an excited-state structural distortion takes place, which
enables the formation of STEs. Therefore, the photoexcited elec-
trons prefer to undergo an intersystem crossing to triplet STEs,
consequently leading to the strongly Stokes-shifted broadband
emission.

To obtain further information about the STE dynamics, the
TRPL decay dynamics of Cs;Cu,ls and CsCu,l; were measured
and the results are shown in Fig. 3(e) and (f). The lifetimes of
Cs3;Cu,ls and CsCu,l; are obtained as 1.56 and 7.03 ps, respec-
tively, greatly superior to other previous studies on copper-
based halides prepared by other methods.”**>*' Such long
lifetimes of microseconds indicate the slow radiative decay of
the STE emission. Moreover, Cs;Cu,ls; has a higher PLQY of
50% than that of CsCu,l; (PLQY = 9%), although the PL
mechanism of these two materials is similar. This is generally
due to the efficient self-trapping of photoexcited charge carriers
in Cs;Cu,ls. The low PLQY of CsCu,l; can be ascribed to its lower
self-trapping depth, corresponding to a higher detrapping rate of
trapped excitons.>® Furthermore, with regard to Cs;Cu,ls, both
PLE spectra monitored at different emission wavelengths
(Fig. 4(a)) and PL spectra measured at different excitation
wavelengths (Fig. 4(b)) show the identical features, respectively,
demonstrating that the broad blue emission comes from the
same excited state, which provides an evidence for the STE
emission as well. CsCu,I; has the same characteristics as shown
in Fig. S2 (ESIf). The temperature-dependent PL spectra and

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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(a) UV-vis absorption spectra of CssCu,ls and CsCusls. (b) PLE and PL spectra of CssCu,ls and CsCu,ls. Schematic diagram of the STE emission of

(c) Cs3Cuszls and (d) CsCus,ls. Time-resolved PL decay spectra of (e) CszCuxls and (f) CsCusls.

corresponding pseudocolor map of Cs;Cu,ls are shown in
Fig. 4(c) and (d). With the increase of temperature, the PL
intensity decreases monotonously and the FWHM increases
simultaneously, further confirming that a strong electron—-
phonon coupling results in a highly distorted excited state at high
temperatures, so the broadband emission is associated with STE-
based radiative recombination. Generally, the temperature-
dependent PL intensity can be described by eqn (1):**

1(0)

I(T) = m 1)

kT

where I(T) and I(0) are the integrated PL intensities at a finite
temperature and 0 K, respectively. A is a proportional coefficient,
and kg is the Boltzmann constant. Ey, i.e., the exciton binding
energy obtained by fitting the curve (Fig. 4(e)) is 285 meV, which
is much higher than that of the three-dimensional (3D) LHPs

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022

(18 meV),*® suggesting the unique 0D electronic structure char-
acteristics of Cs;Cu,ls.

Moreover, the temperature-dependent FWHM can be
described by eqn (2):*'

,
FWHM(T) = 2.36+/sliophonon | coth [ —o2ionon @)
2%kyT

By fitting the curve in Fig. 4(f), the value of the phonon
frequency (fiphonon) is calculated to be 38 meV, which is
comparable to those of LHPs (x16-40 meV).'**>** It is worth-
while to note that the best fit gives a Huang-Rhys factor (S)
value of 33, which is much larger than that of LHPs reported in
the literature,”> and to some extent, it indicates a strong
electron-phonon coupling in Cs;Cu,ls, thus the STEs can be
easily formed.*®

As a comparison, we also examined the temperature-
dependent PL spectra of CsCu,l;, as shown in Fig. 5(a).

Mater. Chem. Front., 2022, 6,1647-1657 | 1651
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(a) PLE spectra of CszCu,ls measured at different emission wavelengths. (b) PL spectra of CssCu,ls measured at different excitation wavelengths.

(c) Temperature-dependent PL spectra and (d) pseudocolor map of the temperature-dependent PL spectra of CszCusls. () Fitting result of the integrated
PL intensity as a function of temperature. (f) Fitting result of the FWHM as a function of temperature.

Interestingly, however, as the temperature increases from 80 K,
the PL intensity first decreases rapidly, followed by an increase
with further increasing the temperature from 160 to 240 K (see
Fig. 5(b)). The temperature-dependent PL intensity of CsCu,I;
can be well fitted by adopting a combined exciton-trap model as

expressed in eqn (3):
E;
1 + C eXp (—kB—T>

(3)
1+ Aexp <_kE;‘T> + Bexp <_kE—bT>
B B

where I(T) and I(0) represent the integrated PL intensities at
a finite temperature and 0 K. 4, B and C are the fitting
parameters, and kg is the Boltzmann constant. E, is the self-
trapped depth, Ey, is the exciton binding energy, and E. is

I(T) = I

1652 | Mater. Chem. Front., 2022, 6, 1647-1657

related to the thermal quenching of the PL intensity. By fitting
the curve in Fig. 5(c), the values of E,, E,, and E. are 443, 107 and
194 meV, respectively. Similarly, fitting the data by using eqn (2)
yield an increasing trend of FWHM for CsCu,l;, as described in
Fig. 5(d). As compared with Cs;Cu,l; (E, &~ 285 meV), the
smaller exciton binding energy of CsCu,l; (E, ~ 107 meV) would
lead to a low radiative recombination rate and the reduced
PLQY, which agree well with the results as mentioned earlier.

Taken together, there are two competing processes involved
in the evolution of the PL intensity as a function of temperature
as follows.

(1) While weaker PL is normally observed at higher temperatures
due to the enhanced phonon-assisted nonradiative recombination,
which is commonly known as the thermal quenching process.
Furthermore, at a lower temperature, the lattice has insufficient

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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quenching and negative thermal quenching processes.

thermal energy to detrap electrons from STEs to free excitons
states.”” In contrast, at a higher temperature, the thermal energy
becomes increasingly sufficient for trapped electrons in the STE
state to break through the activation-energy barrier (ie., self-
trapping depth) to detrap, which may result in the decreased
population of excitons and the subsequent thermal quenching of
STE emission.

(2) The evolution of the temperature-dependent PL intensity
can also be affected by a phenomenon designated as negative
thermal quenching, in which the PL intensity increases with
increasing the temperature.”® In this work, it is can be ascribed
to the thermal excitation of the more deeply trapped nonradiative
STE states toward the shallowly trapped radiative STE states,>®
giving an enhancement of the STE emission, as shown in Fig. 5(e).

Here, the evolution trend of the PL intensity of Cs;Cu,ls, as a
function of temperature is dominated by the thermal quench-
ing behavior (i.e., weaker PL at higher temperatures), which is
usually observed and typically expected in semiconductors.**>°
In contrast, CsCu,l; exhibits an unusual trend, distinctly
different from the previously reported results.”" According to
the fitting result that the self-trapped depth of CsCu,l; (E, =
443 meV) is greatly larger than the thermal perturbation at
room temperature (kg7 &~ 26 meV). In brief, we speculate that,
at a relatively low temperature, kg7 is not large enough to
thermally detrap the trapped electrons back to the conduction
band, but rather probably bring the electrons from the deep
STE states to the shallow STE states. Therefore, these deeply
trapped electrons will decay through a pathway of nonradiative
recombination, whereas these shallowly trapped electrons will
participate in the radiative recombination, finally resulting in
the observed negative thermal quenching (i.e., stronger PL at
higher temperatures), which is the dominant process at a
temperature range of 160-240 K for CsCu,l;.

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022

In this work, we could also directly synthesize a series of
Cs3Cu,Is@CsCu,l; composites by a microwave method with
changing the amount of Cul. As shown in the inset of Fig. 6(a),
the photographs of five powder samples under ambient light
and UV lamp (254 nm) display the emission colors of blue,
blue-white, white, yellow-white and yellow, respectively. Accord-
ing to the PLE spectra of Cs;Cu,ls and CsCu,l; (Fig. S4, ESI),
the overlapped excitation band (270-330 nm) could simulta-
neously motivate the blue- and yellow-emissive ingredients,
yielding the white light. Therefore, 310 nm was chosen as the
optimal excitation wavelength to measure the PL spectra of
Cs;Cu,I;@CsCu,l; composites, as shown in Fig. 6(a). It is
clearly observed that the pure Cs;Cu,l; synthesized with
1.3 mmol Cul and pure CsCu,l; synthesized with 2 mmol Cul
display the single-peak emission, while Cs;Cu,I;@CsCu,l;
composites (1.6, 1.7 and 1.8 mmol of Cul) show the double-
peak emissions at 455 and 580 nm. Besides, with the increasing
amount of Cul, the intensity of the emission peak at 580 nm
gradually increases, and the intensity of the emission peak at
455 nm gradually decreases. It is a strong evidence that there is
an evolution trend of the two ingredients in the composites,
which is consistent with the XRD results. To further verify it,
the molar contents of CsCu,l; and CuzCu,l; in the composites
(Table S1, ESIT) are estimated from the quantitative analysis of
XRF spectra (Fig. S5, ESIt). Accordingly, the corresponding CIE
color coordinates of Cs;Cu,Is@CsCu,l; composites shift from
cold-white light (0.27, 0.27) to warm-white light (0.38, 0.40)
respectively, as shown in Fig. 6(b). We also studied the emission
of the Cs;Cu,ls@CsCu,l; composite under different excitation
light wavelengths of 305-315 nm (Fig. 6(c)). It is found that the
corresponding pseudocolor map (Fig. 6(d)) displays a regular
variation tendency, implying a competitive relationship between
the two emissive ingredients. Consequently, the CIE color

Mater. Chem. Front., 2022, 6, 1647-1657 | 1653
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(a) PL spectra of all samples obtained using an excitation wavelength of 310 nm. The insets are the photographs of powder samples synthesized

with different amounts of Cul under ambient light and UV lamp at 254 nm, respectively. (b) Corresponding CIE color coordinates of all samples. (c) PL
spectra of the Cs3Cu,ls@CsCu,lz composite with a Cul amount of 1.7 mmol, obtained using different excitation wavelengths. (d) Pseudocolor map of the
PL spectra of the Cs3Cu,ls@CsCu,ls composite under different excitation wavelengths.

coordinates exhibit a continuous shift from cold-white light
(0.27, 0.27) to warm-white light (0.39, 0.41), as shown in Fig.
S6 (ESIt), similar to the effect of different addition amounts
of Cul.

The above results clarify that the cold/warm white-light tuning
stems from the independent blue and yellow light emissions in
Cs;3Cu,ls@CsCu,l; composites, which can be achieved by flexibly
adjusting the PL intensity ratio for the two ingredients. In addi-
tion, the air stability of Cs;Cu,ls@CsCu,l; composites is evaluated
by monitoring XRD and PL (see Fig. S7, ESI{). No additional
diffraction peaks were observed in the powder XRD pattern after
80 days, indicating that the samples still maintain the structural
integrity. No noticeable degradation of the PL intensity is
observed over 60 days exposure under ambient conditions, clar-
ifying that the initial optical performance could be maintained.
Such extraordinary air stability makes the Cs;Cu,ls@CsCu,l;
composites display great potential applications in white light
illumination.

Herein, three white light devices with different correlated color
temperatures (CCT) were fabricated to demonstrate the potential
applications of Cs;Cu,Is@CsCu,l; composites. Fig. 7(a) shows the
schematic diagram of the UV pumped WLED devices based on the

1654 | Mater. Chem. Front., 2022, 6, 1647-1657

Cs3Cu,Is@CsCu,l; composites. The EL spectra of three WLEDs at
an operational voltage of 5 V are shown in Fig. 7(b), and the inset
photographs display the emission of cold-white (1.6 mmol Cul),
pure-white (1.7 mmol Cul) and warm-white (1.8 mmol Cul),
respectively. Their corresponding color coordinates and CCT are
(0.27, 0.27)/12 810 K, (0.32, 0.33)/6109 K, and (0.38, 0.40)/4149 K,
respectively, as shown in Fig. 7(c). A photograph of the working
WLED device with an ultra-high CRI of 92 (Fig. 7(d)) displays a
good color discrimination. Finally, the operational stability of the
WLED (1.7 mmol Cul) operated at a voltage of 5 V under ambient
air conditions was investigated. As shown in Fig. S8a and b (ESIt),
the WLED can efficiently sustain for 40 h without any emission
decay; moreover, CCT and CRI can be maintained for 40 con-
secutive hours with no obvious change. The current work suggests
that the non-toxic Cs;Cu,Is@CsCu,l; composite with a tunable
cold/warm white-light emission should be a promising candidate
in the future solid-state lightings.

Conclusions

High-quality copper-based halides with tunable and superior
emissive features were successfully synthesized by a microwave

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022
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the photographs of the devices under an operational voltage of 5 V. (c) CIE color coordinates of the three devices. (d) A typical photograph of the working

WLED device with a CRI of 92.

method. It is found that the addition amount of Cul has a great
influence on the two broadband emissive materials with STEs,
which enables Cs;Cu,l; and CsCu,l; to exhibit blue emission
(455 nm) with a PLQY of 50% and yellow emission (580 nm)
with a PLQY of 9%, respectively, and demonstrate the relatively
long lifetimes (1.56 and 7.03 ps), high exciton binding energies
(285 and 107 meV) and high electron-phonon coupling factors
(33 and 77). Negative thermal quenching owing to the thermal
excitation of the more deeply trapped nonradiative STE states
toward the shallowly trapped radiative STE states is likely to be
responsible for the observed PL enhancement with the increasing
temperature. All the findings provide the clear evidence for the
formation of STEs, occurring in the material with a strong
electron-phonon coupling in the deformable crystal lattice.
Furthermore, Cs;Cu,ls@CsCu,l; composites display the high-
quality white emission with cold/warm white-light tuning by
changing the addition amount of Cul and the excitation
wavelength, together with good air stability. Three WLED
devices with CIE color coordinates of (0.27, 0.27), (0.32, 0.33)
and (0.38, 0.40) were fabricated using the Cs;Cu,ls@CsCu,ls
composites combined with UV LED chips, and a CRI as high as
92 can be obtained. Together with the feasible processing
technique, environmentally friendly properties and cold/warm
tunable white light, copper-based halides can thus be regarded

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2022

as a promising light emitter for the future solid-state lighting
technologies.
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