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Abstract

Owing to the excellent optical properties, white light-emitting diodes (WLEDs)

based on metal halide perovskites have attracted great attention as promising

light source for solid-state lighting and wireless visible light communication

(VLC). However, the instability and toxicity of classic hybrid lead halides hin-

der their practical applications. Here, a pressure-assisted cooling method is

developed to grow lead-free Cs3Cu2I5 and CsCu2I3 single crystals, which

exhibit more excellent stability, larger size and uniform orientations in com-

parison with pressure-free cooling method. Then, both single crystals are used

as the emitters of WLEDs without encapsulation, exhibiting a high Color Ren-

dering Index of 91, a decent Commission Internationale de l'Eclairage coordi-

nate of (0.33, 0.33), a proper Correlated Color Temperature of 5436 K, as well

as an excellent 1350-h operating stability at atmosphere. Furthermore, the

prepared WLEDs are utilized in wireless VLC, which possesses a �3 dB

bandwidth of 10.1 MHz.
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1 | INTRODUCTION

Due to the excellent defect tolerance, high photo-
luminescence quantum yield (PLQY), high absorption
coefficients and tunable band gap, metal halide perov-
skites have been widely demonstrated to be outstand-
ing light-emitting materials for light-emitting diodes
(LEDs).1–5 However, for classic lead halide perovskites,
their toxicity of lead elements have been reported to
impede their development in commercialization.6–10

Consequently, lead-free halide perovskites are desir-
able in promoting the development of optoelectronic
devices, including solar cells,11 white light-emitting
diodes (WLEDs),12–14 photodetectors15–17 and X-ray
scintillators.18–20 Among all lead-free halide perov-
skites, inorganic copper halide perovskites have
been explored as excellent candidates for highly
efficient WLEDs21 and detectors.22 Due to the strong
self-trapped excitons (STEs) effect, copper halides
perovskites exhibit large Stokes shifts, broad
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photoluminescence (PL) spectra, high PLQY and long
PL decay time, which result in efficient WLEDs.23

Recently, inorganic copper halide perovskites have
been successfully employed to prepare WLEDs.24 Zang
et al.25 and Shan et al.26 prepared WLEDs based on
inorganic copper halide nanocrystals and thin films,
respectively. However, the low operation stability (the
lifetime of emission intensity decline to 50% of its ini-
tial value is 100–101 h (h)) impedes the further develop-
ment of WLEDs. Such instability generally results from
the oxidation and decomposition of copper halide
perovskites when exposing to moisture and high
temperature.25

To enhance the stability, one feasible and effective
strategy is to prepare bulk copper halide perovskites, that
is, single crystals, to decrease specific surface area of
materials. Up to now, several works on copper halide sin-
gle crystals have been reported, in which the single crys-
tals are prepared by an anti-solvent method.27–30 For
example, Hosono et al. prepared a Cs3Cu2I5 single crystal
with a size of 2 � 5 mm, exhibiting a broad PL peak cen-
tered at 445 nm and a high PLQY of 91.2%.29 Huang et al.
grew a rod-like CsCu2I3 single crystal with a size of
10 � 1.5 mm at 60�C for 48 h, whose PL peak centers at
568 nm and PLQY is 15.7%.30 However, due to the low
solubility of precursors in organic solvents, the sizes of
crystals prepared by the anti-solvent method are smaller
than those prepared by the heating solution method and
hydroiodic acid (HI)-based precursor solution cooling
method, since the high temperature and hydrous HI can
facilitate the dissolution of precursor materials.31 In addi-
tion, the morphology and surface of single crystals grown
by the anti-solvent method are irregular and uneven due
to the uncontrollable growth rate, resulting in degrada-
tion of the corresponding single crystal perovskite opto-
electronic devices.32 Thus, it is quite urgent to grow large
copper halide single crystals with excellent morphology
and optoelectronic properties through developing more
effective single crystal growth method.33

In this work, we developed a pressure-assisted cooling
method to grow Cs3Cu2I5 and CsCu2I3 single crystals for
WLEDs and wireless visible light communication (VLC)
systems. The precursors dissolved in HI were first heated
to reach their super-solubility, and then the saturated
solution was filtered to remove the micro crystals,
followed by a slow cooling speed of 1�C/h to room tem-
perature. Owing to the filtering and slow cooling, the
large single crystals with improved uniform orientation
were prepared and showed enhanced optoelectronic
properties. The as-synthetic Cs3Cu2I5 and CsCu2I3 single
crystals exhibited broad PL spectra centered at 444 and
580 nm with high PLQY values of 99.75% and 16.73%,
respectively. Apart from the optical performance,

excellent stability was also demonstrated for the Cs3Cu2I5
and CsCu2I3 single crystals. Due to the broadband emis-
sion, high PLQY as well as stability, the WLEDs without
encapsulation exhibited a high color rendering index
(CRI) of 91 and a 1350-h operating stability at atmo-
sphere. Moreover, the high-performance WLEDs were
applied in wireless VLC systems, in which the �3 dB
bandwidth and the achievable data rate using orthogonal
frequency division multiplexing (OFDM) modulation
were 10.1 MHz and 87.7 Mbps, respectively. The excellent
performance of lighting and communication of WLEDs
using Cs3Cu2I5 and CsCu2I3 clearly demonstrate the
advantages of Cs3Cu2I5 and CsCu2I3 single crystals,
which can promote the development of copper halide
perovskites and extend their practical applications in
other optoelectronic fields.

2 | RESULTS AND DISCUSSION

2.1 | Preparation of cesium copper
iodine single crystals

As shown in Figure 1A, a pressure-assisted HI-based pre-
cursor solution cooling method was used to synthesize
Cs3Cu2I5 and CsCu2I3 single crystals, in which the
heating precursor solution was filtered to remove the
white precipitate. Then the saturated solution is injected
into the poly(tetrafluoroethylene) lining of the reactor
and heating again, resulting in the formation of a crystal
nucleus with corresponding critical nucleation radii.
With a slow cooling speed of 1�C/h (from 100�C to room
temperature), the solubility of precursors solution
reduced, leading to the spontaneous growth of the little
crystal nucleus and resulting in a separation of the pre-
cursors solution to facilitate the enlarge of crystal sizes
instead of dissolution of as-grew crystals. The growth pro-
cess of pressure-free cooling method is the same as that
of pressure-assisted cooling method, and the difference is
that its container is a common glass bottle in pressure-
free cooling method. Compared with the copper halides
single crystals prepared by pressure-free cooling method
and the anti-solvent method,27–30 the Cs3Cu2I5 and
CsCu2I3 single crystals prepared by the pressure-assisted
cooling method exhibit larger sizes of 7 � 6 mm and
16 � 3 mm, respectively, as shown in Figure 1B,C. In
addition to the larger sizes, Cs3Cu2I5 and CsCu2I3 single
crystals grown with pressure-assisted show excellent crys-
tallinity and morphology, compared to pressure-free
cooling method, which were confirmed by the characteri-
zation results of X-ray diffraction (XRD) and ther-
mogravimetric (TG) analysis (Figure S1). Figure 1D,E
shows the XRD results of Cs3Cu2I5 and CsCu2I3 crystals
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grown with pressure-free and pressure-assisted, respectively,
in which the narrow full width at half maxima (FWHM)
and large diffraction intensity demonstrate their good crys-
tallinity. Furthermore, the existence of specific diffraction
peaks illustrated oriented surface, which is regarded as a
single-crystal nature. The elements states of both single crys-
tals was proved by X-ray photoelectron spectroscopy (XPS)
(Figures S2 and S3), in which the presence of Cs+, Cu+, and
I� indicates not only their chemical components but also
the negligible oxidation of monovalent copper ions. By ana-
lyzing the crystal structure (Table S1), the crystal systems of
both single crystals grown with pressure-assisted are identi-
fied as orthorhombic, but cell units show a = 10.1749 Å,
b = 11.6476 Å, c = 14.3540 Å, α = β = γ = 90� and a =

10.3268 Å, b = 13.3406 Å, c = 6.2206 Å, α = β = γ = 90�

for Cs3Cu2I5 and CsCu2I3 crystals, respectively. The basic
units of Cs3Cu2I5 are [Cu2I5]

3� dimers, including edge-

connected [CuI4]
3+ tetrahedra and [CuI3]

2� triangles, which
are separated by Cs+ ions, leading to a zero-dimensional
crystal configuration of Cs3Cu2I5. In contrast, CsCu2I3 con-
tain numerous edge-shared [CuI4]

3� tetrahedra and isolated
Cs+ ions, leading to the formation of one-dimensional
chain-like sharp.34 Thus, owing to the differences between
crystal structures and configuration of both copper halide
single crystals, their sizes, sharps and luminescence under
ultraviolet excitation are distinguishing. However, the pre-
pared single crystals from the pressure-assisted cooling
method possess uniform orientation and smooth surface, as
shown in Figure 1F,G. It may indicate that the optimized
preparation methods can facilitate the growth of Cs3Cu2I5
and CsCu2I3 single crystals with large sizes and excellent
morphologies, improving their optoelectronic performance.
Besides, regular surface of both crystals grown with
pressure-assisted also checked with PL mapping images in

FIGURE 1 (A) Schematically illustrated diagram of grown process of Cs3Cu2I5 and CsCu2I3 single crystals; (B) photographs of Cs3Cu2I5
and (C) CsCu2I3 single crystals grown with pressure-free and pressure-assisted; (D) XRD patterns and crystal structures of Cs3Cu2I5 and

(E) CsCu2I3 single crystals grown with pressure-assisted. (F) Scanning electron microscopy (SEM) images of Cs3Cu2I5 and (G) CsCu2I3 single

crystals grown with pressure-assisted
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Figure S4. PL mapping results were collected under a
325 nm pump excitation, which images indicate the uniform
distribution of components and low defect density, implying
the feasibility and advantages of our optimized single-crystal
preparation method.

2.2 | Optical properties of cesium copper
iodine single crystals

Figure 2 shows the optical properties of Cs3Cu2I5 and
CsCu2I3 single crystals grown with pressure-free and
pressure-assisted methods. As shown in Figure 2A, the
Cs3Cu2I5 single crystals grown by the both methods
exhibit the similar PL spectra with peaks at 444 nm. It is
worth noting that the pressure-assist method facilitates to
enhance the PLQY of single crystals from 85.16% to
99.75%, compared with the pressure-free growth method.
In addition, the PL decay time of the Cs3Cu2I5 single crys-
tals grown by the pressure-assisted method is found to
vary from 1017.71 to 1072.38 ns (Figure 2B and Table S2),
implying the increase of radiative recombination rates
induced by the reduction of defects. Similarly, benefiting
from the optimum effect of the pressure-assisted method,
the CsCu2I3 single crystals prepared by the strategy show
enhanced PLQY of 16.73% and PL decay time of 52.99 ns
(Table S2), as shown in Figure 2C,D. The lifetime (τ) is

defined as the average time of carrier existence, which is
calculated by equation as following35:

1
τ
¼ 1
τnon

þ 1
τrad

where the τnon and τrad is non-radiative and radiative life-
time, respectively.

To clarify the photoluminescent mechanism of
Cs3Cu2I5 and CsCu2I3 single crystals grown with
pressure-assisted, the PLE-dependent PL spectra were
measured. With the evolution of excitation wavelength,
the normalized (Norm.) PL intensity of both single crys-
tals changes in Figure S5, but no obvious shifts of PL
spectra is found. This phenomenon illustrates that the
luminescent centers of both single crystals may not
change with the different excitation light. In addition, as
shown in Figure S6, with the enlargement of excitation
power, the PL intensity of both crystals enhances con-
stantly, implying that the luminescence does not origi-
nate from the defects in these crystals. Because of the PL
intensity will eventually saturate when all defects are
filled by carriers. Therefore, the luminescent mechanism
is expected to derive from the effect of STEs. Besides, the
PL spectra of both single crystals grown with pressure-
assisted exhibit large Stokes shifts, broad PL FWHM
(Figure 3A,D) and long PL decay time (Figure 2B,D),

FIGURE 2 (A) Photoluminescence

(PL) and (B) transient PL decay curves

of the Cs3Cu2I5 single crystals grown by

pressure-free and pressure-assisted

methods, respectively; (C) PL and

(D) transient PL decay curves of the

CsCu2I3 single crystals grown by

pressure-free and pressure-assisted

methods, respectively
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which may be attributed to the effects of STEs.36–39

Furthermore, the temperature-dependent PL charac-
terization was performed to confirm the existence of
STEs in both copper halide single crystals. Negligible
change of PL peaks was found with the increase of
measuring temperature from 273 to 460 K, as shown in
Figure 3B,E. However, the PL intensity reduces with
enhanced temperature, which is owing to the enhanced
exciton-phonon coupling at low temperatures and
severe thermal quenching at high temperatures. The
origin of STEs is the exciton-phonon coupling, which
can be evaluated by the Huang-Rhys factor (S) and the
phonon frequency ℏωphonon

� �
through the following

equation40:

FWHM¼ 2:36
ffiffiffi
S

p
ℏωphonon

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
coth

ℏωphonon

2kBT

s
,

where the kB is Boltzmann constant and T is tempera-
ture. By fitting the FWHM and temperature, the S and
ℏωphonon are calculated as 22.56 and 27.24meV for the
Cs3Cu2I5 crystal, as shown in Figure 3C. For the CsCu2I3
single crystal, the calculated S and ℏωphonon are 13.82 and
34.81meV, respectively (Figure 3F). The large S and
ℏωphonon results clarify the strong exciton-phonon cou-
pling in both copper halide single crystals, implying the
presence the STEs effects and demonstrating that the
enhancement of PL intensity in lower measuring ranges
is indeed due to the improved exciton-phonon coupling

FIGURE 3 (A) Photoluminescence excitation (PLE) and (B) PL Contour mapping of temperature-dependent PL spectra excited at

330 nm and (C) FWHM of the PL spectra as a function of measuring temperature of the Cs3Cu2I5 single crystals; (D) PLE and (E) PL

Contour mapping of temperature-dependent PL spectra excited at 330 nm, and (F) FWHM of the PL spectra as a function of measuring

temperature of the CsCu2I3 single crystals. (G) PL spectra of Cs3Cu2I5 and CsCu2I3 single crystals with adding of ethanol.

(H) Thermogravimetric curves of both single crystals. (I) Change of PLQY of Cs3Cu2I5 and CsCu2I3 single crystals grown with pressure-

assisted method
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and amounts of STEs, instead of the conventional band-
edge emission.

Apart from the prominent optical performance, the
excellent stability, including anti-polar-solvent, thermal
stability, and air stability, is found for the Cs3Cu2I5 and
CsCu2I3 single crystals grown with pressure-assisted. As
shown in Figure 3G, by adding ethanol as a polar solvent,
the normalized PL intensity of both single crystals reduce,
but the PL intensity of the CsCu2I3 single crystal is greater
than that of the Cs3Cu2I5 crystal after 6 h. Thus, it is
inferred that the CsCu2I3 single crystal with one-
dimensional chain-like configuration is more stable
against polar solvents. Furthermore, the high-temperature
stability of both single crystals was investigated via mea-
suring TG. As shown in Figure 3H, the stable tempera-
tures (without decomposition) of Cs3Cu2I5 and CsCu2I3
single crystals are up to 576 and 594�C (weight loss 5%),
respectively. As the heating temperature furtherly
enhances, the weights of Cs3Cu2I5 or CsCu2I3 single

crystals are found to reduce gradually, suggesting the evap-
oration of both crystals into the gaseous state at higher
temperature. Finally, Figure 3I shows the change of PLQY
for both single crystals stored in air. It is found that their
PLQY values are maintained after the 153-day storage in
air, indicating the excellent stability of inorganic copper
halide single crystals.

2.3 | Applications of cesium copper
iodine single crystals

2.3.1 | White lighting

To explore the potential optoelectronic applications of
the inorganic lead-free Cs3Cu2I5 and CsCu2I3 single crys-
tals grown with pressure-assisted method, WLEDs were
prepared via a simple paste technique. Both crystals with
an optimized ratio (Figure S7) were pasted to the

FIGURE 4 (A) EL spectra of as-prepared WLEDs with Cs3Cu2I5 and CsCu2I3 single crystals. (B) CIE chromaticity diagram of the

prepared WLEDs. The inset is a photo with the WLEDs turned off and on; (C) Photographs of the operating WLEDs (CRI = 91) obtained

under darkroom; (D) Contour mapping of the EL spectra; (E) Evolution of CRI and CCT; (F) Changes of normalized power efficiency and

luminance of WLEDs operating during 1350-h at atmosphere; (G) Contour mapping of the EL spectra; (H) Evolution of CRI and CCT;

(I) Changes of normalized power efficiency and luminance of WLEDs operating during 192-h at 100�C
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commercial UV chips (300 nm) without encapsulation,
leading to a broad electroluminescence (EL) spectra
including two peaks of Cs3Cu2I5 and CsCu2I3. As shown
in Figure 4A, the EL intensity is boosted with the
enhancement of driving voltages on WLEDs. The WLEDs
exhibit a highest CRI of 91, a decent CIE color coordinate
of (0.33, 0.33) and a moderate CCT of 5436 K (Figure 4B),
which can act as excellent light sources to exhibit the real
color of an object,41 as shown in Figure 4C. In addition to
the high luminous performance, WLEDs based on the
Cs3Cu2I5 and CsCu2I3 single crystals show excellent sta-
bility under both atmosphere and high temperature.
Figure 4D shows the evolution of EL spectra during
1350-h continuous operation at atmosphere, where no
obvious changes of EL intensity and shifts of EL peaks
are found, as well as CRI and CCT (Figure 4E). Although
the power efficiency and luminance are found to reduce
continually, they maintain almost 60% of their initial
values after 1350-h operation, confirming the long time
operating stability of WLEDs (Figure 4F). Besides, as
shown in Figure 4G–I, negligible changes are found in
the EL spectra of WLEDs at 100�C with a slight evaluate
of CRI, CCT, power efficiency and luminance after 192 h,
owing to the thermal quenching. It may imply the

excellent operating stability of WLEDs at high tempera-
ture is due to the good stability of both single crystals.
The maintained deviation of WLEDs both at atmosphere
and high temperature suggests the potentials of WLEDs
as promising light sources (Figure S7). Compared with
the reported work, our WLED has huge advantages in
terms of CRI and stability in Table 1.

2.3.2 | Wireless visible light communication

Furthermore, the prepared WLEDs could be applied as
light sources in wireless VLC systems, as shown in
Figure 5A. Under the excitation, the WLEDs emit white
light as carriers of the information, which is detected by
photodetectors. Figure 5B shows the measured electrical-
optical-electrical (EOE) frequency response of the system,
where a high �3 dB bandwidth of 10.1 MHz can be
obtained and the inset showing the captured 10-MHz eye
diagram. This bandwidth is higher than that of published
WLEDs (<2 MHz).6,25,53 Figure 5C exhibits the received
signal-to-noise ratio (SNR) of the system with a modula-
tion bandwidth of 20 MHz, showing a high SNR of more
than 16 dB above the �3 dB bandwidth. To fully explore

TABLE 1 Comparison of WLEDs with the published literatures

Emitter Structure Components CRI CIE
CCT
(K) Stability Ref.

CsPbBr3 3D Quantum dots +
Phosphor

91 (0.40,0.41) 3689 / 42

MAPbX3 3D Perovskite + Phosphor 85 (0.31, 0.34) 6581 / 43

Gd3+ doped CsPbBrI2 3D Nanocrystals 81 (0.33, 0.34) 5430 / 44

Sm3+ doped CsPbCl3 3D Nanocrystals 93 (0.32, 0.31) / 1464 h
(>30%)

45

CsPbBr3+ Mn2+ doped
PEA2PbBr4

3D Nanoplatelets +
nanosheets

90 (0.33, 0.33) 5677 / 46

α-(DMEN)PbBr4 2D Single crystals 73 (0.28, 0.36) 7863 / 47

(EDBE)PbBr4 2D Single crystals 84 (0.39, 0.42) 3990 / 48

(OCTAm)2SnX4 2D crystalline + Phosphor 89 (0.33, 0.31) 6530 / 49

Cs2Ag1-xNaxInCl6 3D Single crystals / (0.40, 0.45) 4054 1000 h
(> 95%)

14

Mn2+ doped K3SbCl6 0D Nanocrystals 88 (0.35, 0.30) 5068 12 h (> 50%) 50

CsCu2Cl3/Cs3Cu2Cl5 1D/0D Nanocrystals +
Phosphor

94 (0.34, 0.34) 5285 60 h (> 64%) 51

(C4N2H14Br)4SnBr6 0D Single crystals +
Phosphor

70 (0.35, 0.39) 4946 / 52

Cs2InCl5�H2O:Sb
3+ 0D Blue chip + Single

crystals
86 (0.34,0.36) 4556 / 40

Cs3Cu2I5/ CsCu2I3 0D/1D Single crystals 91 (0.33, 0.33) 5436 1350 h
(> 60%)

This
work
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the achievable data rate, we applied OFDM modulation
with adaptive bit loading in the system. Figure 5D
shows the resultant bit loading profile, in which as high
as 7 bits/s/Hz can be loaded to the subcarriers within
the low frequency region. As a result, the achievable
data rate can reach 87.7 Mbps and the corresponding
constellation diagrams, including the binary phase
shift keying (BPSK), 4-ary quadrature amplitude modu-
lation (QAM), 8QAM, 16QAM, 32QAM, 64QAM, and
128QAM be found in Figure 5E. The achievable data
rate of the OFDM modulation is obtained by the equa-
tion of R = Blog2 (M), where B is the modulation

bandwidth of the OFDM signal and M is the achievable
maximum QAM constellation.54

3 | CONCLUSION

In summary, we have demonstrated a pressure-assisted
HI-based precursors solution cooling method for prepar-
ing Cs3Cu2I5 and CsCu2I3 single crystals, exhibiting large
sizes, uniform orientation and smooth surface, which
leads to enhanced optical performance and stability
against polar solvents and heat. These PL mechanisms of

FIGURE 5 (A) Experimental setup of the visible light communication system by WLEDs; (B) EOE frequency response with

the inset showing the captured eye diagram; (C) received SNR; (D) bit loading profile using OFDM modulation, and

(E) the corresponding constellation diagrams of binary phase shift keying (BPSK), 4QAM, 8QAM, 16QAM, 32QAM, 64QAM,

and 128QAM, respectively
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both crystals are attributed to the STEs, and the optical
properties are feasible for preparation of WLEDs. The
resulted WLEDs exhibit a high CRI of 91 and an excellent
CIE coordinate of (0.33, 0.33), as well as an ultra-stable
operation at atmosphere and high temperatures. Further-
more, the prepared WLEDs may act as the light sources
of wireless VLC systems, in which a �3 dB bandwidth of
10.1 MHz and a high data rate of 87.7 Mbps can be
achieved, indicating the promising potential of copper
halide single crystals 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%) was
purchased from Macklin Inc.

4.2 | Single crystals growth

CsCu2I3: CsI (5 mmol), CuI (10 mmol), HI (20 ml), and
Magneton were added to a glass bottle. The mixture was
stirred at 100�C for 2 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 reactor. This reactor was placed in a
heating table with 100�C. And then, the reactor was cooled
to room temperature by 1�C/h. Finally, CsCu2I3 single crys-
tals were obtained after filtering, washing and annealing.

Cs3Cu2I5: CsI (15 mmol), CuI (10 mmol), HI (20 ml),
and Magneton were added to a glass bottle. The mixture
was stirred at 100�C for 2 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 reactor. This reactor was placed
in a heating table with 100�C. After that, it was cooled to
room temperature by 1�C/h. Finally, Cs3Cu2I5 single crys-
tals were obtained after filtering, washing and annealing.

The heating Table (JW-400) was purchased from
Wuhan Junwei Technology Company. The single crystals
grown by pressure-assisted cooling method used reactors,
while the pressure-free cooling method for single crystals
growth used glass bottles.

4.3 | Material characterization

The XRD results were collected by a PANalytical X' Pert
Powder (Spectris Pte. Ltd, The Netherlands) with a Cu Kα
tube operated at 40 kV and 40 mA. The scanning electron

microscopy (SEM) images were collected with a tungsten
filament scanning electron microscope Quattro S (Thermo
Fisher Scientific Co., Ltd. USA). The XPS was measured by
ESCALAB250Xi (Thermo Fisher Scientific Co., Ltd. USA).
All the PLE/PL/PLQY/τ were measured by FLS1000
(Edinburgh Instruments, England). The thermogravimetric
and differential scanning calorimeter (TG-DSC) data was
implemented on a TGA2 (Mettler Toledo, Switzerland).

PLQYs were measured with a FLS1000 fluorescence
spectrometer with an integrating sphere attachment. The
excitation and emission light from all directions of the sam-
ple surface were homogenized by the integrating sphere,
and light at the exit port entered the monochromator for
detection by the photodetector. First, test the PL spectrum
A of a blank (without sample) by integrating sphere; then,
test a PL spectrum B of the sample by integrating sphere;
finally, use the following formula to obtain PLQY:

PLQY¼EB�EA

SB�SA

where the EA and SA is the photon counts corresponding
to emission wavelength (sphere background) and excita-
tion wavelength of PL spectrum A. The EB and SB is the
photon counts corresponding to emission wavelength
and excitation wavelength of PL spectrum
B. FWHM¼ 2:36

ffiffiffi
S

p
ℏωphonon

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
cothℏωphonon

2kBT:

q

4.4 | Preparation and measurement of
light-emitting diodes (LEDs)

All LEDs were prepared by paste the single crystal on com-
mercial UV chips (300 nm) with glue. The electro-optical
characteristics of LEDs, including voltage-luminance, elec-
troluminescent (EL) spectra, CIE (x,y) coordinates, CRI,
CCT and deviation of devices were measured and recorded
by a computer-controlled power source (Keithley 2400
sourcemeter, USA) and spectrometer (PR-670, USA) The
AC signal generated by an arbitrary waveform generator
(Rigol DG4102, China), was combined with 8 V DC bias
via a bias-T (Mini-Circuits Bias-Tee ZFBT-6GW+, USA),
and the output signal was loaded into the LEDs. Amplified
photodetector (PDA36A2) with a �3 dB bandwidth of
10 MHz was employed to convert photoelectric signals,
and the resultant electrical signal was recorded by a digital
storage oscilloscope (LeCroy WaveSurfer 432, USA).
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