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ABSTRACT: Low-dimensional metal halides (LDMHs), especially lead-based perovskites, have recently attracted extensive
attention for their unique structures and optoelectronic properties. However, the toxicity of lead limits their practical
applications. Herein, a lead-free 1D copper-based halide [KC;],[Cuyls] (C = 12-crown-4 ether) was constructed, which exhibits
greenish-yellow emission (545 nm) with a near-unity photoluminescence quantum yield (~97.8%). As far as we are aware,
this is the highest value that has been achieved in lead-free greenish-yellow light-emitting LDMHs. Density functional theory
calculations combined with comprehensive spectroscopic data revealed the characteristics of self-trapped excitons emission.
Finally, we explored the application of [KC,],[Cusl¢] phosphor by fabricating the white light emitting diodes (WLEDs) device.
The WLEDs fabricated using commercially available blue (450 nm) and ultraviolet LEDs (365nm) as the excitation source
both present excellent luminescence properties with a high color rendering index and suitable corresponding color
temperature. Our findings not only expand the library of high-efficient luminescent materials, but also highlight the potential
of low-dimensional copper-based halide in optoelectronics.

One of the noticeable problems that may restrict the
application of halide perovskite materials is the toxicity of

INTRODUCTION

Lead halide perovskites have received great attention in
recent years for their outstanding performance in a variety
of optoelectronic applications owing to their excellent
optical and electronic properties.!* The unique structural
modulability of the materials allows for a variety of
connectivity between metal halides, from three-
dimensional (3D) networks to two-dimensional (2D) layers,
to one-dimensional (1D) chains, and finally to isolated zero-
dimensional (0D) structures.>® Among them, low
dimensional metal halides exhibit unique photophysical
properties because of strong quantum confinement effects.
According to the mechanism proposed by Hemamala, the
dimensionality of the crystal structure affects the self-
trapped excitons (STEs) which are caused by soft lattice and
the exciton-phonon interactions.>° In the low-dimensional
metal halides, metal polyhedra is separated by surrounding
organic or inorganic ions, leading to strong exciton
recombination and high efficiency self-trapped exciton
emission.’13

lead.™ It is therefore necessary to develop lead-free metal
halide  materials comprising environment-friendly
metals.'>7 Compared with other metals, copper has
attracted the attention of researchers because of its
abundant reserves, low cost and non-toxicity.'8-2* Moreover,
copper-based metal halides can readily form low-
dimensional structures because of the small ionic
radius.??2 Recently, several low-dimensional copper-based
halides with high photoluminescence quantum yield have
been reported.?10181922 0D Cs;Cu,ls single crystal gives a
broadband blue emission with a large Stokes shift and a
photoluminescence quantum yield (PLQY) of 91.2%,°
making it a promising candidate for the down-conversion
light emitting diodes (LEDs). However, the peak wavelength
of excitation spectrum is located at about 290 nm, which is
in the range of deep ultraviolet (200-350 nm). The same
problem exists in other reported inorganic low-dimensional
halide structures of copper(I), adding to the difficulty for
practical LEDs applications.%202324  Here, we have
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synthesized a copper-based organic-inorganic hybrid metal
halide structure and found it possesses high-efficiency
luminescent emission.?> As revealed by density functional
theory (DFT) calculations, in 1D [KC;];[Cu4l¢], the 1D chains
composed of copper halide tetrahedrons contribute to most
electronic states, and the organic part only forms a 1D
electronic structure with isolated [Cuyls]? in 2D direction.
The degree of exciton delocalization greatly affects the
radiative  recombination rate.2®?’”  Therefore, the
[KC:]2[Cugle] single crystal gives a high PLQY~97.8% and
with a large Strokes shift of 145 nm at room temperature.
Meantime, the peak wavelength of excitation spectrum of
[KC;]2[Cugls] covers 360-430 nm, which is well compatible
with the LEDs ultraviolet chip and blue chip.

EXPERIMENTAL SECTION

Chemicals. Cul (99.998%) was purchased from Shanghai
Macklin Biochemical Co. Ltd. KI was purchased from
Tianjin Fengchuan Chemical Reagent Technologies Co., Ltd.
12-Crown-4 was purchased from the Alfa Aesar company.
All of the chemicals were used without further purification.

Preparation of [KC;],[Cu4l¢]. Potassium iodide (2 g, 12
mmol), 12-crown-4 (0.88 g, 5 mmol) and copper(I) iodide
(1 g, 5 mmol) were dissolved in acetone (50 mL). The
solution was stored for a month at 252 K, allowing
potassium iodide to crystallize. The suspension was filtered
to remove the precipitates, and from the obtained yellow
solution, single crystals of the title compound were
obtained within one day by evaporation of the solvent at
room temperature.

Characterizations. Powder X-ray diffraction (PXRD) data
were collected on a Rigaku diffractometer using the Cu Ka
radiation (A = 1.5418 A). Samples were scanned for every 0.02°
increment over the Bragg angle range of 5-50°. X-ray
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photoelectron spectroscopy (XPS) measurement were done
with a Thermo Scientific ESCALAB 250Xi spectrometer using a
monochromatic Al Ka X-ray source (hv = 1486.6 eV) as the
excitation source. The accurate binding energies (+ 0.1 eV)
were determined relative to the position of the C 1s peak at
284.8 eV. Thermogravimetric analysis (TGA) experiments were
performed with a Mettler TGA/DSC3+ instrument at a heating
rate of 10 K/min from 303 K to 1123 K under N; atmosphere.
Steady-state absorption measurement was performed with a
SHIMADZU UV-2600 UV-Vis-NIR spectrometer using BaSO,
powder as the reflectance reference. Room-temperature PL
emission and excitation spectra were recorded on an
Edinburgh Instruments FLS1000 luminescence spectrometer.
The PLQY measurements were performed on the same
spectrometer using an integrating sphere. Temperature-
dependent PL emission spectra were measured on an
Edinburgh Instruments FLS 920 luminescence spectrometer,
equipped with an OptistatDN variable liquid nitrogen cryostat
(Oxford Instruments). Room temperature time-resolved PL
emission data were collected at room temperature using an
Edinburgh Instruments FLS1000 spectrometer. The
dynamics of emission decay were monitored with the
FLS1000’s  time-correlated single-photon  counting
capability (1024 channels; 200 ps window) with data
collection for 10,000 counts. Excitation was provided by an
Edinburgh EPL-360 picosecond pulsed diode laser. The
lifetime was obtained by single-exponential fitting.
Temperature-dependent time-resolved PL emission data
were collected on an Edinburgh Instruments FLS 920
luminescence spectrometer, equipped with an OptistatDN
variable liquid nitrogen cryostat (Oxford Instruments).
Temperature control was achieved using an Omega
CYC3200 autotuning temperature controller. Liquid
nitrogen was used to cool the system. The power dependent
PL measurements data was vertically collected and detected
with a fiber spectrometer (USB-4000, Ocean Optics) using a
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Figure 1. (a) Crystal structure of [KC;],[Cu4l¢] (orange: potassium atoms; green: iodine atoms; blue: copper atoms; red:
oxygen; aqua: carbon atoms; pink polyhedron: Cul, tetrahedra; hydrogen atoms were hidden for clarity). (b) Side view of an

individual copper iodine chain. (c) Side view OC?E individ
[KC,]s[Cusls] under ambient light and UV irraciatibioesh
different wavelengths. (f) Optical diffuse reflection spectra

El&\lﬁg er iodine chain with the organic cations. (d) Images of
b ﬁ%@?@cﬂ‘a&ion and emission spectra of [KC;];[Cuslg] at

and corresponding Tauc plots (inset) of [KCz],[Cualg].
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portion of the fundamental 800-nm laser pulses (Coherent, 800
nm, 1 kHz, 7 mJ pulse-1, 35 fs) directed vertically onto the
quasi-2D RPP thin films via a neutral density filter (Daheng
Optics, GCM-PS0720M) as the excitation source. The diameter
of spot is about 5.1 mm.

Calculation details. All calculations for [KC;],[Cuyl¢] were
based on density functional theory (DFT) using the Vienna
ab into simulation package (VASP) code.?The electron
wave function was expanded through the plane wave basis
set, and the projector augmented wave method (PAW)
pseudopotentials were used to establish an effective
interaction between valence electrons and atomic cores.
Hence, few plane waves could be used in the calculation of
the amount, but the accuracy was not affected. The
generalized gradient approximation (GGA)-Perdew-Burke-
Ernzerhof (PBE) functional was used to optimize structure
through the relaxation of both the unit cell parameters and
the atomic positions.?’ The PBE functional was also used in
the calculation of the band structure and density of states
(DOS). The self-consistent cycle cutoff condition in the
calculation is that the residual forces on the atom were less
than 0.001 eV/A. The total energy converged to within 10-7
eV in the band structure and density of states calculations.
The kinetic energy cutoff used in the calculation was 520 eV,
and the mesh samplings in the Brillouin zone were 2*2*2.
The Gaussian smearing method was used for self-consistent
fields and band structure calculations, and the tetrahedron
method with Blochl corrections was used for DOS
calculations.

RESULTS AND DISCUSSION

The [KC;]z[Cuslg] single crystals were synthesized by
solvent evaporation method. Typically, because of the d'°
closed shell of Cu(I), Cu(I) halides tend to have a tetrahedral

N
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geometry.3® Figure la-c show the crystal structure of
[KC;]2[Cuylg] (unitcell: a=67.4428,b=69.0664, c=64.1181
A, a = 14.5859, B = 14.6371, and y = 15.6526°), which
belongs to the triclinic space group of P-1.2% It consists of
sandwich-type [(12-crown-4),K]* complex cations and
polymeric [Cuylg]> anions. The latter is composed of Cul,
tetrahedra, which share edges and faces to form infinite
chains, as shown in Figure 1b. The crystal structure of [(12-
crown-4),K]* complex cations and two adjacent inorganic
Cul, units are shown in Figure S1. The 1D cooper halide
chains are isolated from each other separated by organic
ions. Figure S2 shows the comparison between[KC;],[Cu4l¢]
and other reported 1D light-emitting structures, including
Ru,CuBr; and CsCu,l3.1%23 Different from the single chain of
CsCu,l3 composed through [Cul,]?- sharing corners and the
double chain of Ru,CuBr; composed through [CuBr,]3"
sharing edges, [KC;],[Cuyls] has a unique zigzag-type chain,
from which some different photophysical properties can be
expected. From Figure S3 we can see the diffraction peaks
of potassium iodide, which does not affect the measurement
of photophysical properties. Other than these features, the
powder X-ray diffraction (PXRD) pattern of the grinded
powders of the single crystals has almost the same features
as the simulated PXRD pattern. Moreover, we performed X-
ray photoelectron spectroscopy (XPS) on the [KC;],[Cu,le]
sample to analyze the valance of copper (Figure S4). We
noticed that the binding energies of 932.3 eV and 952.1 eV
corresponding to Cu(I) 2ps,; and Cu 2p,,,, respectively.3!
Besides, the binding energies of divalent Cu?* are 942.4 eV
and 962.3 eV, thus excluding the presence of divalent
copper in the sample.3?

Figure 2. (a) Electronic band structure and (b) PDOS of calculated using the PBE functional. Note that the band gap is
underestimated by the PBE calculations. (c, d) The isosurface plots of the wave function |¥|? of CBM and VBM.
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Figure 3. (a) Emission spectra and (b) emission decay
curves of [KC;],[Cuylg] at different temperatures. (c) Power-
dependent PL (A, = 365 nm) intensity of crystals of
[KC;]2[Cuylg] (red circles) and the fitted data (turquoise
line). (d) Schematic diagram of the photophysical processes.

As shown in Figure 1d, the sample emits bright greenish-
yellow light when exposed to ultraviolet (UV) light (365
nm). The photophysical properties are further
characterized. The emission spectrum of the sample has a
peak at 545 nm with a full width at half maxima of 145 nm
at room temperature, and the emission spectra obtained
under different excitation wavelengths (360 nm, 400 nm,
430 nm) are almost identical (Figure 1e). Figure S5 shows
the excitation and emission spectra on the PLQY
determination. The quantum yield of greenish-yellow
emission is calculated to near-unity (97.8%). To the best of
our knowledge, this is the highest PLQY obtained in lead-
free based greenish-yellow light-emitting halides.
Compared with other greenish-yellow halide perovskites
and relevant materials, [KC;];[Cusl¢] has the prominent
advantages in safety and efficiency (Table S1). Also, we
noticed that [KC,];[Cuyls] has a very large Stokes shift of
about 145 nm. Typically, PL spectra with such large Stokes
shifts are attributed to STEs as a result of strong
exciton-phonon coupling.’3333* The peak of the excitation
wavelength has a plateau covering 360-430 nm, which is
consistent with the absorption spectrum.

According to the absorption spectrum, we calculated
that the band gap is 2.68 eV (Figure 1f). The luminescence
decay at room temperature shows a long lifetime of 2.6
microseconds by mono-exponential fitting, similar to other
low-dimensional metal halides, and consistent with the
characteristics of exciton self-trapped emission.3®> Broad
emission with a long lifetime is a characteristic of Cu(D)-
complexed phosphorescent emissions involving Jahn-

Teller distortion.3® Meantime, the tetrahedral structure
formed by fourfold coordinated Cu atoms and halides ions
also favors the Jahn-Teller distortion to produce strong
STEs emission.??* We noticed that the emission peak had a
relatively long tail, which can also be seen in other cooper-
based halides.'®?23¢ And the fluorescence lifetimes
monitored at different emission wavelengths are
completely identical, indicating that the emission comes
from the same launch center (Figure S6).

In order to further understand the electron properties of
the sample, we use PBE functional to calculate the band
structure and density of states from DFT. As shown in
Figure 2a, [KC;]2[Cu4l¢] has a direct band gap, with the CBM
and VBM both at the point G. The gap is calculated to be 2.49
eV, which is slightly smaller than the experimental value
(2.68 eV). This can be attributed to the errors of PBE
calculation.’ The valence band maximum (VBM) is mostly
made up by Cu-3d and I-5p states, whereas the conduction
band minimum (CBM) is mainly made up by Cu-4s and I-5p
states (Figure 2b). The organic cation part does not
contribute to CBM and VBM, which can also be proved by
the isosurface plots of the wave function |¥|? of CBM and
VBM (Figure 2c, d). Therefore, the structure can be seen as
two parts: 1D copper halide chains, and organic cations as
the isolator.

To further investigate the mechanism of emission, low-
temperature emission spectrum and emission delay curve
were investigated. At 77 K, the emission spectrum becomes
narrower because of the decrease of the dynamic thermal
filling vibration at low temperatures,'! whereas the position
of the emission peak is basically invariant (Figure 3a). The
corresponding PL decay curve of [KC;],[Cu,l¢] (Figure 3b)
gives a long average lifetime of 2.68 ps by single exponential
fitting. The PL lifetime is almost invariant with the
temperature decreased, which is characteristic of
phosphorescence.?” That further indicates the broadband
emission is not due to multiple radiation mechanisms. The
emission intensity of permanent defects generally has a
sublinear dependence on the excitation power. When all
defects are excited, they eventually reach saturation.’
Therefore, the existence of permanent defects were
excluded as the origin of the photoemission by the linear
dependence of excitation power and fluorescence intensity
(Figure 3c). Meanwhile, the shape of the peak remains
unchanged (Figure S7). Based on the above results, we
proposed a configuration coordinate diagram which is
common in low-dimensional metal halides to describe the
photophysical processes in 1D [KC;]z[Cuslg]. Upon
photoexcitation, the electron of [Cuyls] are excited to the
excited state from ground state. Free excitons are produced
first, they will be quickly self-trapped to form STEs due to
the structural distortion of the polyhedron, then STEs
transit from singlet to triplet states, which back to ground
state resulting in relatively strong Stokes-shifted
broadband luminescence in [KC;],[Cu,l¢].??
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Figure 4. (a) Luminescence spectrum from [KC;],[Cu,ls]-based white-light-emitting diodes (LEDs) excited with a 450 nm
blue chip and (inset) photo of an operating LED. (b) CIE coordinates corresponding to white-LED device (pink star). (c) The
emission spectra of white-LED device at different driving currents.

Figure S8 shows the structural and photoluminescence
stability of [KC;]2[Cuyls]. We compared the PXRD patterns
of sample stored for a week with the pristine patterns
(Figure S8a). No additional peaks were observed, indicating
the good structural stability of the obtained compounds.
And there was no significant change in fluorescence
intensity or lifetime after stored for a week or irradiation
for 3 hours. Combined with stable QY (>90%), [KC;],[Cu,l¢]
shows great photostability and air stability.

The near-unity PLQY in the solid state makes this lead-
free material highly promising light emitters for a variety of
applications. Meantime, the strongly shifted broadband
emission with minimal self-absorption and good thermal
stability (Figure S9) is of particular interest for applications
in down conversion white light emitting diodes (WLEDs)
and luminescent solar concentrators. To demonstrate the
use of this material as a phosphor, we fabricated the down-
conversion WLEDs using a commercially available blue
LEDs (450 nm) as the excitation (Figure 4a). Commercial
red-emitting phosphors (Ca, Sr)AISiN;:Eu?* and the sample
were mixed to form a film as the emission source. The
WLEDs was obtained with the high color rendering index
(CRI) of 86.5, CCT of 5834 K, and a CIE color coordinate of
(0.32,0.33) (Figure 4b). Excellent color stability was
observed in this white LEDs at different operating currents
(20-120 mA), as shown in Figure 4c. After running at 10mA
for 10 hours, the intensity of the device can be maintained
at 80%, shows good stability (Figure S10). To demonstrate
good compatibility with LEDs chips, we also assembled a
down-conversion WLED with a UV chip (365 nm). The
WLEDs presented good luminescence properties with a

high CRI of 86, CCT of 6411 K, and a CIE color coordinate of
(0.31,0.3) (Figure S11).

CONCLUSIONS

We report a new high-efficiency 1D lead-free luminescent
metal halide [KC;],[Cuyls], which consists of sandwich-type
[(12-crown-4),K]* complex cations and polymeric [Cu,lg]*
1D chains. This compound provides an interesting example
of replacing lead with the environment-friendly and
inexpensive cooper to achieve efficient visible light
emission. DFT calculation revealed the direct band gap
semiconducting behavior of [KC;];[Cu4l¢], and the 1D
electronic structure. PL. measurements indicated that upon
365 nm excitation, [KC;],[Cu4l¢] exhibits strong broadband
greenish-yellow emission centered at 545 nm with a tail at
lower energy covering the red region. More importantly, the
compound exhibits a near-unity PLQY of ~97.8%, which is
the highest value that has been achieved in lead-free
greenish-yellow light-emitting LDMHs. Besides,
[KC;]2[Cuyls] shows excellent stability. Finally, the WLEDs
fabricated by combining the greenish-yellow-emitting
[KC2]2[Cu4lg] with commercial red phosphors exhibits a
high CRI of 86.5 and CCT of 5834 K, demonstrating the
potentials of [KC;],[Cuyls] for application in solid-state
lighting. Our findings advance the research in organic
inorganic hybrid low-dimensional metal halide and
highlight the potential of low-dimensional copper-based
halide for optoelectronic applications.
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