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A B S T R A C T

Yellow light-emitting diodes (LEDs) as soft light have attracted abundant attention in lithography room, museum
and art gallery. However, the development of efficient yellow LEDs lags behind green and blue LEDs, and the
available perovskites yellow LEDs suffer from the instability. Herein, a pressure-assisted cooling method is pro-
posed to grow lead-free CsCu2I3 single crystals, which possess uniform surface morphology and enhanced pho-
toluminescence quantum yield (PLQY) stability, with only 10% PLQY losses after being stored in air after 5000 h.
Then, the single crystals used for yellow LEDs without encapsulation exhibit a decent Correlated Color Tem-
perature (CCT) of 4290 K, a Commission Internationale de l'Eclairage (CIE) coordinate of (0.38, 0.41), and an
excellent 570-h operating stability under heating temperature of 100 �C. Finally, the yellow LEDs facilitate the
application in wireless visible light communication (VLC), which show a �3 dB bandwidth of 21.5 MHz and a
high achievable data rate of 219.2 Mbps by using orthogonal frequency division multiplexing (OFDM) modulation
with adaptive bit loading. The present work not only promotes the development of lead-free single crystals, but
also inspires the potential of CsCu2I3 in the field of yellow illumination and wireless VLC.
1. Introduction

Metal halide perovskites have attracted numerous attention as
promising next-generation light emitters due to their great optoelectronic
properties such as tunable emission spectra, high photoluminescence
quantum yield (PLQY), exceptional defect tolerance, low cost and low
temperature synthesis process [1–5]. Therefore, red [6–10], green
[11–15] and blue [16–20] light-emitting diodes (LEDs) based on pe-
rovskites have shown high luminance and broad color gamut. In fact,
there is a key spectrum ozone of yellow light with wavelength range from
577 to 597 nm. The yellow light is regarded as an important component
in white emission, which may decide the final color rendering index
(CRI) in solid-state-lighting and display [21–23]. Besides, the yellow
light with lower radiant energy is seemed as a “soft” light source, which
plays a key role in several special occasions, including lithography room,
museum, art gallery and traffic indicator. In these fields, the yellow light
facilitates to prevent the naked eyes and photosensitive collection from
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strong-light injures. As a result, the yellow light can be regarded as an
ideal luminance source, which may not only compensate the spectrum
loss in commercial screen, but also enhance the CRI values of white light
[24]. However, the development of high-performance yellow LEDs lags
behind these of green and blue LEDs.

Recently, perovskites also have been reported to exhibit excellent
yellow emission, but the poor chemical and optical stability may severely
limit their practical application [25]. It is found that CsPbX3 (X ¼ Cl, Br,
I) perovskites with mixed halogens possess intrinsic yellow emission,
which may be used to act as yellow emitters in yellow LEDs [13]. Zeng
et al. designed yellow LEDs based on CsPb(Br/I)3 quantum dots, which
might emit a 586 nm yellow light with a full width at half maxima
(FWHM) of 23 nm [26]. However, owing to the phase transition and
separation of CsPb(Br/I)3 with high molar ratio of iodine, the yellow
emission cannot maintain for long time. Du et al. incorporated manga-
nese ions (Mn2þ) into CsPb(Cl/Br)3 quantum dots with high PLQY [27],
because of the energy transfer from perovskite to Mn2þ and radiative
angzg@cqu.edu.cn (Z. Zang).
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recombination between the energy levels of Mn2þ. The yellow LEDs
based on the Mn2þ-doped CsPb(Cl/Br)3 quantum dots showed a CRI
value of 74, correlated color temperature (CCT) of 3459 K, and a Com-
mission Internationale de L'Eclairage (CIE) chromaticity coordinate
(0.42, 0.41). Although the above reported yellow perovskites LEDs show
an improved performance, their poor stability and toxicity are the chal-
lenges for the commercial application.

In light of toxicity of Pb, substitution of Pb with other element (Mn,
Fe, Cu, Zn, Ag, Sn, Sb) is expected to be a better choice. The lead-free
(C6H18N2)SnBr6(CH3OH) with a peak wavelength of 590 nm and a
FWHM of 127 nm, was pioneered by Ning et al. [28]. But the organic
groups of hybrid perovskites may suffer from separation and degradation
at high temperature, leading to unsatisfied stability. Recently, CsCu2I3
powders and thin films were reported as the excellent yellow light
emitters by Guo et al. [29] and Shan et al. [30]. However, the poor
half-lifetime (~5 h, h) and low luminance (<50 cd/m2) hinder its further
application. Generally, single crystals with few charge traps possess su-
perior optoelectronic properties, which have promising potential in
high-performance optoelectronic devices, compared to their corre-
sponding polycrystalline films [31]. Hence, it is necessary to prepare
high-quality single crystals with few defects and low surface energy [32].

In this work, a facile pressure-assisted cooling method is proposed to
prepare lead-free CsCu2I3 single crystals. Compared with the reported
ones, the as-prepared CsCu2I3 single crystals possess larger sizes and
lower surface defect density, which are due to the controlled crystalline
growth benefiting from the pressure provided from the autoclave. The
Fig. 1. (a) Crystal structures diagram of CsCu2I3. (b) Photographs and (c) XRD of g
pattern and (e) Cs, Cu, I elemental mapping images of CsCu2I3 single crystals growt

79
optimum CsCu2I3 single crystals show a yellow photoluminescence with
a peak wavelength of 580 nm and a large FWHM of 122 nm, which is
owing to themechanism of self-trapped excitons (STEs). In addition, after
being stored at atmosphere for 5000 h, the PLQY of single crystals pre-
pared by the pressure-assisted cooling method only reduced to 90% of
their initial value, implying the enhanced chemical and optical stability.
Thus, yellow LEDs were fabricated by exciting the CsCu2I3 single crystals
by ultraviolet (UV) chips, which show a CRI of 78, a CCT of 4290 K and
an CIE coordinate of (0.38, 0.41). Due to the good stability of the single
crystals, the yellow LEDs exhibit a well-operated performance when
continuously driven in air at 100 �C. The yellow LEDs with efficient and
stable properties may not only act as a promising solid-state lighting
source, but also be employed as emitters in wireless visible light
communication (VLC). In a wireless VLC system with the yellow LEDs, it
is found that a�3 dB bandwidth is 21.5 MHz, and an achievable data rate
are obtained by orthogonal frequency division multiplexing (OFDM)
modulation is 219.2 Mbps, exhibiting a prominent potential in the
application of wireless VLC. Therefore, our work about CsCu2I3 single
crystals may suggest their potential applications in both luminance for
special occasions and wireless VLC, promoting the development of lead-
free perovskite yellow LEDs.

2. Results and discussion

Fig. 1a indicates one-dimensional (1D) crystal structure of CsCu2I3,
which belongs to orthorhombic space group of Cmcm [33]. The basic
rown CsCu2I3 single crystals without and with pressure. (d) Electron diffraction
h with pressure.
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units of CsCu2I3 are edge-shared [CuI4]3�tetrahedras, which are isolated
by Csþ, forming a 1D chain-like architecture [34]. 1D perovskite crystals
with well-defined crystal structures and unique one-dimensional closed
surfaces have emerged as new material systems for optoelectronic device
applications, which are expected to play a significant role as building
blocks for next-generation optoelectronic devices [35]. Fig. 1b presents
photographs of as-synthesized CsCu2I3 single crystals grown with and
without pressure under white-light and UV-excitation. Compared with
the single crystal grown with conventional method, the as-prepared
single crystal grown with pressure-assisted strategy possesses a larger
size of 2.3 cm as well as rod-like sharp and smooth surface morphology.
The large size and smooth surface morphology of the CsCu2I3 single
crystal can be attributed to their excellent crystallinity from the
pressure-assisted cooling strategy employed in this work (The method
grew single crystals without and with pressure in experimental section).
Besides, the crystal phase of the grown single crystals was investigated by
X-ray diffraction (XRD) patterns, in which the XRD patterns coincide well
with their standard XRD patterns (Fig. 1c). The CsCu2I3 single crystals
grown with pressure exhibit fewer number of peaks and extremely nar-
row FWHM of 0.06� on (020) crystal plane, which indicates the crys-
tallinity is better than that of growth without pressure. During the
preparation process, the high pressure in autoclave may boost the satu-
rated vapor pressure of the precursor solution, promoting the solubility of
precursor. In addition, the controlled cooling processing may enhance
the crystallinity and orientation of the single crystals [36], which has
been confirmed by the clear crystal lattices and electron diffraction
pattern, as shown in Fig. 1d. The electron diffraction result can reveal
that the crystal system of the CsCu2I3 single crystals belongs to an
orthorhombic group [37]. Fig. 1e shows the elemental mapping char-
acterization of the single crystals grown with pressure, where the uni-
form distribution of cesium (Cs), copper (Cu) and iodine (I) has been
found, indicating the negligible aggregation and phase separation of the
CsCu2I3 single crystals. Moreover, energy dispersive spectrometer (EDS)
mapping and scanning electron microscopy (SEM) images of CsCu2I3
single crystals grown with pressure were characterized, and the results
Fig. 2. (a) Photoluminescence (PL) and (b) Transient PL decay time of CsCu2I3 sing
laser. (d) Absorption (abs.), photoluminescence excitation (PLE) and PL, (e) Emission
spectra of grown CsCu2I3 single crystals with pressure.
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were shown in Table S1 and Fig. S1, respectively. The real elemental ratio
of Cs, Cu and I is close to the ideal one of 1: 2: 3, and the elemental states
were characterized by X-ray photoelectron spectroscopy (XPS) (Fig. S2).
It is confirmed that the chemical components of the as-prepared single
crystals consist of Csþ, Cuþ and I� without oxidation, implying their
chemical stability in air [38].

As shown in Fig. 2a, the CsCu2I3 single crystals grown by the two
methods exhibit the similar photoluminescence (PL) spectra with peaks
at 580 nm. Importantly, the pressure facilitates to enhance the PLQY of
single crystals from 11.8% to 17.7% (Fig. S3). The PLQY of CsCu2I3 single
crystals is up to 17.7%, which is the higher performance for reported
CsCu2I3 perovskites [38–42]. Besides, the PL decay time of the CsCu2I3
single crystals grownwith pressure is found to change from non-radiative
time (τ1) of 61.18 ns and radiative time (τ2) of 431.37 ns toτ1 of 60.39 ns
andτ2 of 489.71 ns (Fig. 2b and Table S2), implying the increase of
radiative recombination rates induced by the passivation of defects[43].
The corresponding recombination time (τ1 andτ2) is longer than these of
the lead halide perovskites[44], suggesting that phonons participate in
the light-emitting process to extend the decay time. In addition,
benefiting from the excellent crystallinity and surface morphology of
single crystals, the PL mapping of the CsCu2I3 single crystals grown with
pressure collected under a 325 nm pump excitation with an area of 0.04
mm2 exhibited the uniform yellow emission (Fig. 2c). It is a proof for high
quality of single crystals, facilitating the application of the CsCu2I3 single
crystals with yellow emission. The absorption (Abs.), photoluminescence
excitation (PLE) and PL spectra of CsCu2I3 single crystals grown with
pressure are shown in Fig. 2d. The PLE peak locating at 337 nm may
correspond to the exciton absorption of CsCu2I3 single crystals. The PL
spectrum exhibits a peak of 580 nm and a FWHM of 122 nm, indicating a
yellow broad emission of the single crystals. Fig. 2e and f shows
emission-wavelength dependent PLE spectra and excitation-wavelength
dependent PL spectra. No shift is found for PLE and PL spectra, but
their intensity may change under various exciting and detecting wave-
length, indicating the emission energy levels of CsCu2I3 are unchanged.
Moreover, a large Stokes shift (~243 nm), which is defined as the
le crystals grown without and with pressure. (c) PL mapping excited by 325 nm
-wavelength dependent PLE spectra and (f) Excitation-wavelength dependent PL



B. Wang et al. Nano Materials Science 5 (2023) 78–85
difference between PLE and PL peaks, is similar with that in lead-free
Sn-based perovskites[45], implying that the PL mechanism of CsCu2I3
single crystal may be STEs instead of band-edge emission. Furthermore,
we measured the Raman spectra of as-grown CsCu2I3 single crystals to
determine their longitudinal optical phonon energies, as can be seen in
Fig. S4. The Stokes Raman spectra are dominated by the modes at 120
cm�1, which is assigned to the vibration of I–Cu–I[46]. The soft 1D
structure of CsCu2I3 may deform under the light excitation, in which the
distorted [CuI4]3- tetrahedras can lead to the presence of STEs[47]. As a
result, the excited excitons would transfer from the excited level to the
STEs energy level, followed by the radiative recombination between STEs
and ground energy level. Thus, the novel yellow broadband emission
with the large Stokes shift and higher PLQY occur in CsCu2I3 single
crystals grown with pressure.

To evaluate the suitability of as-synthesized CsCu2I3 single crystals
grown with pressure for practical applications, we investigated the ef-
fects of heat, polar solvent, and environmental oxygen/moisture on the
structure and optical properties of CsCu2I3 single crystals. Firstly, the
successive heating/cooling cycling tests were conducted in the temper-
ature range from 25 to 100 �C, and the integrated PL intensity at heating
and cooling temperature point was plotted in Fig. 3a. The PL intensity at
25 �C is higher than that of 100 �C, which is due to the temperature-
induced fluorescent quenching [48]. It is worth noting that the emis-
sion degradation of the single crystals at high temperature is almost
recoverable after cooling them to room temperature, and the final PL
spectrum are unchanged (Fig. 3b). To further explore the temperature
tolerance of CsCu2I3 single crystals, the thermogravimetric (TG) curve
was performed to study the change of the single crystals at high tem-
perature. As shown in Fig. 3c, when the testing temperature enhances to
500 �C, the weight of the single crystals doesn't change. However, due to
the thermal sublimation of CsCu2I3 single crystals at higher temperature,
the obvious changes occur when the crystals are furtherly heated to 800
�C. It is found the evaporation T05 (T05 is defined as the temperature at
Fig. 3. (a) 20 heating/cooling cycling tests of CsCu2I3 single crystals at two repres
CsCu2I3 single crystals before and after heating/cooling cycling. The inset photograp
365 nm. (c) Thermogravimetric (TG) curves of CsCu2I3 single crystals. (d) Variety o
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which the weighting loss is 5 wt%), T10, T50, and T90 are 591, 619, 702,
759 �C, respectively. Such a high changing temperature can ensure its
application in a variety of fields. Secondly, we investigated the
polar-solvent tolerance of CsCu2I3 single crystals, including deionized
water, methanol, ethanol, and isopropanol (Fig. S5). After being soaked
in these solvents for 5 h, when excited under UV light (365 nm), the
CsCu2I3 single crystal in isopropanol with less polarity exhibited bright
yellow emission, while the CsCu2I3 single crystal in the water showed red
emission from original yellow PL. It is due to that the polarity of water is
very larger than that of isopropanol, which decomposes CsCu2I3 into CsI
and CuI. As a result, CsI is dissolved in water, but the insoluble CuI is
coating in CsCu2I3 may be seemed as the origin of the red emission under
UV light. Apart from the prominent optical performance, the long-term
stability of the single crystals was investigated by measure their PLQY
in Fig. 3d. It is found that their PLQY values are maintained 90% of the
initial value over 5000 h stored in air, suggesting the excellent optical
stability of inorganic lead-free CsCu2I3 single crystals. Finally, after
storing the CsCu2I3 single crystal in air for 5000 h, their XRD results
showed that no new peaks were observed, indicating the negligible
decomposition and oxidation of the single crystals (Fig. S6).

To study the optoelectronic applications of the inorganic lead-free
CsCu2I3 single crystals grown with pressure, yellow LEDs were pre-
pared via simple pasting the CsCu2I3 single crystals on 365 nm UV chips.
When applying various driving voltages onto the yellow LEDs, the cor-
responding electroluminescence (EL) spectra are collected. As shown in
Fig. 4a, the EL intensity enhances with the increase of driving voltages,
while the peaks of EL spectra are not found to change. Apart from the EL
intensity, the luminance of the yellow LEDs may enhances when
increasing applied voltages, reaching to a maximum luminance of 14340
cd/m2 at 3.6 V (Fig. 4b). However, when further boosting the driving
voltages, the luminance of the yellow LEDs didn't enhance, which is
attributed to the thermal quenching from the surged temperature of UV
chips under high operating voltages. Thus, the yellow LEDs operating at a
entative temperature points (25 and 100 �C). (b) Corresponding PL spectra of
h is a CsCu2I3 single crystal before and after heating/cooling cycling under UV
f PLQY of CsCu2I3 single crystals stored in air.



Fig. 4. (a) EL spectra under different driving voltages of as-prepared yellow LEDs with CsCu2I3 single crystals. (b) Luminance-voltage curves of the yellow LEDs. (c)
CIE chromaticity diagram of the prepared yellow LEDs. (d) Contour mapping of the EL spectra, (e) Changes of normalized power efficiency and luminance, (f)
Evolution of CRI and CCT of yellow LED during the 570-h operation at 100 �C.
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driving voltage of 3.5 V exhibit an emissive performance including a CIE
color coordinate of (0.38, 0.41), a CRI of 78 and a decent CCT of 4290 K
(Fig. 4c). The external quantum efficiency of the yellow LEDs based on
the photoluminescence is shown in Fig. S7. Furthermore, the yellow LEDs
were tested on a 100 �C hotplate in air to study their long-term stability.
As shown in Fig. 4d and e, the EL spectra of the yellow LEDs didn't shift,
and their power efficiency and luminance are found to maintain almost
80% of their initial values after 570 h operation. Furthermore, the
negligible changes of the CRI and CCT of the yellow LEDs over 570 h can
illustrate their ultrahigh operating stability, implying the application
potential of the yellow LEDs (Fig. 4f). This excellent stability of the de-
vices is benefit from the good tolerance of heat, polar solvent, environ-
mental oxygen/moisture, and light (Fig. 3). Obviously, this device has
advantage in operation stability in Table S3.

Owing to the efficient and stable performance of the yellow LEDs,
they can be employed as light sources in a wireless VLC system. As shown
in Fig. 5a, we explored the communication performance of the yellow
LEDs employed as the light source in an experimental wireless VLC sys-
tem, which consists of the yellow light source, a signal generator, a
photodetector and a driver. The light source is modulated by the output
signal of the signal generator and emits optical signal, which is seemed as
the information for communication. Fig. 5b presents the electrical-
optical-electrical (EOE) frequency response of the wireless VLC system
using the proposed yellow LEDs under a DC bias of 3.5 V. Apparently, the
wireless VLC system exhibits a typical low-pass frequency response,
which possesses a -3dB bandwidth of ~21.5 MHz, which is greater than
those of down-conversion LEDs (<2MHz)[11,14,49]. The inset in Fig. 5b
shows the captured eye diagram from a square wave at a frequency of 22
MHz, which is clear and wide-open. Fig. 5c shows the received
signal-to-noise ratio (SNR) performance with a modulation bandwidth of
62 MHz, in which the gradual reduction of the SNR is found with the
increase of the frequency. As shown in Fig. 5d, the bit loading profile
exhibits a similar decrease with the increase of the frequency. The cor-
responding received constellation diagrams are plotted in Fig. 5e, which
include binary phase shift keying (BPSK), 4-ary quadrature amplitude
modulation (4QAM), 8QAM, 16QAM, 32QAM and 64QAM
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constellations. In order to further improve the EOE frequency response of
the wireless VLC system using the yellow LEDs, OFDM modulation with
adaptive bit loading can be adopted to fully explore achievable data rate
of the system. The achievable data rate of the OFDM modulation is ob-
tained by the equation of R ¼ Blog2(M)[50]. Where B is the modulation
bandwidth of the OFDM signal and M is the achievable maximum QAM
constellation. By applying OFDM modulation with adaptive bit loading,
the maximum achievable rate of the system is calculated to be 219.2
Mbps.

3. Conclusion

In this work, we adopted a pressure-assisted cooling method to pre-
pare CsCu2I3 single crystals, which exhibit large sizes, uniform orienta-
tions and smooth surfaces, facilitating the enhanced optical performance
and stability against air and heat. Their broad PL spectrumwith a peak at
580 nm are exhibited, which possesses a PLQY of 17.7% and a large
Stokes (243 nm). The all mentioned optical properties of the CsCu2I3
single crystal are attributed to the STE mechanism, implying feasibility
for preparation of yellow LEDs. The resulted yellow LEDs exhibited a
decent CCT of 4290 K, and an excellent CIE coordinate of (0.38, 0.41), as
well as an ultra-stable operation at high temperatures in air. In addition,
the yellow LEDs serve as the light sources of wireless VLC systems, in
which a -3dB bandwidth of 21.5 MHz and a high data rate of 219.2 Mbps
can be achieved, indicating the promising potentials of CsCu2I3 single
crystal in various optoelectronic applications.

4. Experimental section

4.1. Materials

Cesium iodide (CsI, 99.9%) and Hydroiodic acid (HI, 45–50%) were
purchased from Aladdin Chemistry Technology Co., Ltd. Cuprous iodide
(CuI, 99.9%) and Hypophoaphoeous acid (H3PO2, 50%) were purchased
from Macklin Inc.



Fig. 5. (a) Schematic diagram of the wireless VLC system using the yellow LEDs, (b) EOE frequency response of the system with the inset showing the captured eye
diagram, (c) Received SNR, (d) bit loading profile of the wireless VLC system using OFDM modulation, and (e) Corresponding constellation diagrams of binary phase
shift keying (BPSK), 4QAM, 8QAM, 16QAM, 32QAM and 64QAM, respectively.
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4.2. Crystal growth

CsI (1.298 g, 5 mmol), CuI (1.904 g, 10 mmol), HI (20 ml), H3PO2
(0.6 ml) and Magneton were added to a glass bottle. The mixture was
stirred at 100 �C for 3 h. Next, the white precipitate was removed by
Polytetrafluoroethylene (PTFE 0.45 μm) filters and syringes, and the
saturated solution was injected into the PTFE lining of the autoclave. This
autoclave was placed in a heating table with 100 �C and kept for 3 h. And
then, the autoclave was cooled to room temperature by 1 �C/h. Finally,
CsCu2I3 single crystals were obtained after filtering, washing and finally
vacuum dried.

The container of the cooling method without pressure is ordinary
glass bottle, while that of the coolingmethod with pressure is PTFE lining
of the autoclave. The heating table (JW-400) was purchased fromWuhan
Junwei Technology Company.
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4.3. Material characterization

The TEM images and EDS results collected from Talos F200S (Ther-
moFisher Scientific, Netherlands). The SEM images was collected with a
tungsten filament scanning electron microscope Phenom ProX (Ther-
moFisher Scientific, Netherlands). The XRD results were collected by a
PANalytical X’ Pert Powder (Spectris Pte. Ltd, Netherlands) with a Cu Kα
tube operated at 40 kV and 40 mA. The XPS was measured by ESCA-
LAB250Xi (Thermo Fisher Scientific. USA). The Thermogravimetric and
differential scanning calorimeter (TG-DSC) data was implemented on a
TGA2 (Mettler Toledo, Switzerland). All the PLE/PL/PLQY/τ were
measured by FLS1000 (Edinburgh Instruments, England).
4.4. Preparation and measurement of light-emitting diodes (LEDs)

All LEDs were prepared by paste the single crystal on commercial UV
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chips (365 nm) with glue. The Electro-optical characteristics of LEDs,
including Voltage-Luminance, Electroluminescent (EL) spectra, CIE (x,y)
coordinates, CRI, CCT and Deviation of devices were measured and
recorded by a computer-controlled sourcemeter (Keithley 2400, USA)
and a spectrascan (PR-670, USA). The AC signal generated by an arbi-
trary waveform generator (Rigol DG4102, China), was combined with
3.5 V DC bias via a bias-T (Mini-Circuits Bias-Tee ZFBT-6GWþ, USA), and
the output signal was loaded into the LEDs. Photodetector (Hamamatsu
C12702-12, Japan) with a -3dB bandwidth of 62 MHz was employed to
convert photoelectric signals, and the resultant electrical signal was
recorded by a digital storage oscilloscope (LeCroyWaveSurfer 432, USA).
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