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Lead halide perovskite quantum dots (PQDs) display remarkable photoelectric performance. However, defects
such as weak stability in air and water environments limit the development of lead halide PQDs in solid-state light
applications. Herein, centrifugal spinning is used for the fabrication of stable luminous CsPbBr3 PQD nano-
fibers. After immersion in water for 11 months, the PQD fibers still maintained considerable photoluminescence
quantum yield, showing high stability in hostile environments. The water-stability mechanism of the fibers can be
explained by the changing defect density, crystal growth of PQDs, and the molecular transformation at the fiber
surface. The white LED based on the CsPbBr3 fibers exhibits satisfying color gamut performance (128% of
National Television System Committee). Due to the short photoluminescence lifetime of CsPbBr3 PQDs,
the communication potential is also considered. The CsPbBr3 fibers obtained by centrifugal spinning present
a bandwidth of 11.2 MHz, showing promising performance for solid-state light and visible light communication
applications. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.427066

1. INTRODUCTION

Lead halide perovskites have unique advantages, including nar-
row emission bandwidth, high quantum yield, and full emis-
sion spectrum of visible light [1,2], and, due to their superior
luminescence and photoelectric conversion abilities, they have
gained much attention in the photoelectric field in recent years.
Novel devices such as solar cells [3], light-emitting diodes
(LEDs) [4,5], lasers [6], and photodetectors (PDs) [7–11] have
been manufactured utilizing these perovskites. Among multi-
farious perovskites, CsPbX3 (X � Cl, Br, I) perovskites not
only show remarkable luminescence performance but also
exhibit potential for popularization due to their large-scale fab-
rication ability. Inorganic CsPbX3 perovskites have been widely
studied due to their continuously optimized synthesis methods.
Protesescu’s group proposed an inexpensive and simple method
for all-inorganic CsPbX3 perovskite quantum dots (PQDs)
synthesis [1]. After that, Tong’s group used an ultrasonic
method for CsPbX3 synthesis, which is more efficient than
other methods [12]. These CsPbX3 PQDs have a high photo-
luminescence quantum yield, tunable spectra over the entire

visible light region of 410 to 700 nm, and a relatively short
photoluminescence (PL) lifetime, showing great potential in
illumination and communication applications [13–18].
However, drawbacks of CsPbX3 PQDs, such as instability in
water and air [19], toxicity to the environment [20], and com-
plex encapsulation processes [21], hinder their application in
solid-state light (SSL) applications.

Traditional film encapsulation of quantum dots (QDs)
causes a serious quenching effect, which will decrease the lu-
minous efficiency of QD devices [22,23]. For SSL applications,
the general strategy is to encapsulate the PQDs into other ma-
terials that are hydrophobic, nondegradable, or mesoporous,
such as silicon and polymers. Compounds fabricated by the
strategy mentioned above usually have enhanced stability in
hostile environments. Li’s group used a superhydrophobic aero-
gel inorganic matrix (S-AIM) with open structures to encapsu-
late CsPbX3 PQDs to enhance water stability [21]. The
CsPbBr3 PQDs integrated with S-AIM exhibit a relatively high
photoluminescence quantum yield compared with nonpro-
cessed PQDs. However, mesoporous materials will inevitably
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lead to PQDs being partially exposed in ambient environments.
To further improve their stability, secondary encapsulation is
also needed for PQDs. Wei’s group proposed an efficient strat-
egy called “swelling–shrinking” [24]. PQDs were packaged in
polystyrene (PS) microbeads, forming PQD-PS microbeads.
These beads not only retained high luminescence but also ex-
hibited superior water-resistant properties. However, this strat-
egy requires vacuum evaporation, temperature conditions, and
time-consuming processes. In addition to the methods men-
tioned above, fiber spinning, especially electrospinning, is
one of the most common methods used for PQD encapsulation
[25–29]. The luminous fibers fabricated by electrospinning
have considerable enhancement in PQD stability. However,
the electrospinning process is relatively inefficient and time-
consuming. Microfluidic spinning is a novel method used to
fabricate ordered fibers, but the devices used for fabrication
are complex, and the process is also inefficient [30,31].

Centrifugal spinning is a pure mechanical spinning method
used for fiber fabrication. Centrifugal spinning has been used to
fabricate nanoscale fibers, such as barium titanate nanofibers
[32], SiO2 nanofibers [33], and polylactic acid nanofibers
[34], for structure, filtration, biological, and many other appli-
cations [35]. The nanofiber diameters resulting from electro-
spinning and centrifugal spinning are approximately 50 nm
to 2 μm and 25 nm to 3 μm, respectively [35]. The production
rate of electrospinning is approximately 10 μL/min, while the
rate of centrifugal spinning can reach 1 mL/min [32,36]. The
electrospinning process often requires hours, while centrifugal
spinning can be performed in a few seconds. Here, we fabri-
cated CsPbBr3 polystyrene perovskite quantum dot (PQD-
PS) luminous fibers by centrifugal spinning for the first time.
The fabricated CsPbBr3 PQD-PS fibers show superior perfor-
mance in water and air resistance while maintaining a relatively
high luminous efficiency, which makes them promising com-
pounds for solid-state light applications. Furthermore, due to
the short fluorescence lifetime of perovskite, the visible light
communication (VLC) potential of the PQD-PS fibers is also
considered [37]. The results show that the PQD-PS fibers
present promising performance in both SSL and VLC appli-
cations.

2. EXPERIMENT

A. Chemicals
All chemicals used in this study were as follows: lead bromide
(PbBr2, Macklin, AR, 99.0%), cesium carbonate (Cs2CO3,
Macklin, AR, 99%), oleic acid (Macklin, AR), oleylamine
(Macklin, C18: 80%–90%), and 1-octadecene [Macklin,
>90% (GC)], toluene (Guangzhou Chemistry, AR, >99.5%),
hexane (Richjoint, AR, >97%), polystyrene (PS, Sigma-
Aldrich, 192000 MW), UV glue (Norland, NOA65), and
CdSe/ZnS (Beijing Beida Jubang, 625 nm).

B. Synthesis of CsPbBr3 Perovskite Quantum Dots
CsPbBr3 PQDs were synthesized by the facile ultrasonic
method shown in Fig. 1. First, PbBr2 (0.11 g), Cs2CO3

(0.0326 g), 1-octadecene (10 mL), oleic acid (0.1 mL), and
oleylamine (2 mL) were mixed in a reagent bottle. Then,
the mixed solution was sonicated for 5 min (Shanghai Shengxi,

FS-300N). After that, the mixed solution was processed in an ice
bath (2 min). The solution was centrifuged twice after immersion
in an ice bath. The first centrifugation step (10,000 r/min,
10 min) involved removing redundant 1-octadecene, oleic acid,
and oleylamine; the second centrifugation step (2500 r/min,
5 min) involved depositing perovskite crystals with large grain
sizes. The sediment of the second centrifugation step was dis-
persed by toluene. In addition, the final PQDs were dispersed
in toluene.

C. Fabrication of PQD Fibers by Centrifugal Spinning
The PQD fibers were fabricated by centrifugal spinning. First,
3 g PS granules were dissolved in 5 mL of toluene. Afterward,
the PS granules were completely dissolved in toluene, and the
PQDs were mixed with PS through magnetic stirring until they
were uniformly dissolved in toluene and transformed into col-
loids. Then, a high-speed rotary coater (Jiangsu LEBO Science,
EZ4) was used to provide high-speed rotation. A quartz glass
wafer (Jiangsu Zhuoyue Chemical, 2 mm) with a thickness of
2 mm and diameter of 20 mm was stuck to the top of the ro-
tation shaft by vacuum absorption. The rotation speed was set
to 7000 r/min. The PQD-PS colloid is extracted by an injector.
The injector is a 1 mL medical injector with an elongated nee-
dle. After extracting an appropriate amount of PQD-PS colloid,
it is placed on the syringe pump (Baoding Shenchen Pump
Industry, SPLab04) for uniform injection during centrifugal
spinning. The whole experiment setup of centrifugal spinning
is shown in Fig. 1.

As the glass wafer began to spin, the PQD-PS colloid was
deposited on the wafer dropwise at a uniform speed through a
syringe pump. The colloid drops were dragged by centrifugal
force, and, as the toluene was volatilized, the colloid drops
transformed into fibers. The fibers are not formed on the sur-
face of the wafer. They are formed at the edge of the wafer. For
a better description of the centrifugal spinning process, a
high-speed dynamic recorder (Fastec, HiSpec DVR 2F) is
used for recording the spinning process. As shown in
Fig. 2(a), the PQD-PS-colloid drops come out of the injector
and drip onto the center of the wafer surface, which is spin-
ning at high speed. Then, the colloid drops diffuse from the
inside to the edge of the wafer. Driven by centrifugal force,
the colloid drops are deformed and elongated. As the solvent
evaporated, the liquid colloids finally transform into solid fi-
bers. After spinning, the fibers are grown at the edge of the
wafer as shown in Figs. 2(b) and 2(c), which can be easily
collected.

Fig. 1. Schematic diagram of PQD-PS fiber centrifugal spinning.
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D. Measurement and Characterization
The crystal structure of the prepared PQDs was characterized
by transmission electron microscopy (JEM-2100F, JEOL) at
200 kV. The morphology of the PQD-PS fibers was character-
ized by scanning electron microscopy (SEM, Hitachi,
S-3700N). X-ray diffraction (XRD) analysis was conducted by
a multiposition automatic X-ray diffractometer (PANalytical,
X’pert Powder). Images of the single PQD fibers were recorded
by a digital microscope (KEYENCE, VHX6000). The photo-
luminescence quantum yield (PLQY) was measured by an
absolute PLQY spectrometer at an excitation wavelength of
365 nm (K.K. C9920, Hamamatsu Photonics and FLS10000,
Edinburgh Instruments). Time-resolved fluorescence spectra
were obtained by a Hamamatsu photoluminescence (PL) life-
time measuring instrument (Quantaurus-Tau C11367-11)
at an excitation wavelength of 465 nm. The optical spectrum
was obtained by a high-accuracy array spectroradiometer
(EVERFINE, HAAS-2000) and an LED test source
(EVERFINE, LTS-300). The absorption spectrum and emis-
sion spectrum were measured by a fluorophotometer
(Shimadzu, RF-6000) and spectrophotometer (PERSEE,
TU-1901), respectively. Details about the photoluminescence
(PL) measurement are shown in Fig. 3; before the stability test,
the fibers underwent a simple mechanical treatment to facilitate
subsequent PL measurements. The fibers obtained from cen-
trifugal spinning were pressed into a fiber membrane with a
thickness of 0.1 to 0.5 mm. The fiber membrane was then
cut into small fiber pieces for different environmental stability
test, as shown in Fig. 3(b). The stability tests were carried out
on the same sample at different times, so the thickness of the
material known as the fiber piece was the same.

During the PL measurement, the fiber pieces were placed
between two wafers, as shown in Fig. 3(a). The PL measure-
ment setup is shown in Fig. 3(c); the test sample is excited by
exciting light, and the emitting light is for detection. A station-
ary fixture is used for the PL measurement. The fiber piece was
placed in the center of the stationary fixture, and the measure-
ment was conducted on the marking side of the fiber piece,
making sure the probed location is consistent in continuous
PL measurements. Besides, each PL measurement in stability
tests is run multiple times to keep the error within an accept-
able range (peak width and peak height are basically the same).

The modulations of the bandwidths of the QDs and yttrium
aluminum garnet (YAG) films were measured by a simple VLC
system, as shown in Fig. 4. The transmitter of the VLC system
included an arbitrary signal generator (AFG, SIGLENT, SDG
6052X-E), a power amplifier (PA, mini circuits, ZHL-6A-S+),
a direct-current power supply (DC, Keithley, 2231A), and a
bias tee (mini circuit, ZFBT-4R2GW+). The AFG was used
to generate a sinusoidal radio frequency (RF) signal, and the
bias tee was used to couple the DC bias and RF signal to drive
the 450 nm laser diode (LD, YuLiGuangZhou, 450 nm,
15 W). The electric signal was then transformed into a modu-
lated optical signal. A divergent lens and a convex lens were
used to scatter and collimate the blue light from the LD.
Then, the collimated light excited the fluorescent fibers and
films to generate white light. At the receiver, a convex lens
as used to gather the modulated white light from the transmit-
ter. An avalanche photodiode (APD, Meno System APD210)
was used to convert the white light signal into electrical signals
and amplify them. Then, the output of the APD was transmit-
ted to an oscilloscope (OSC, SIGLENT, SDS 2000X Plus),
which recorded the signals for analysis.

3. RESULTS AND DISCUSSION

The TEM image shown in Fig. 5(a) suggests that the CsPbBr3
nanocrystals are dispersed well in toluene and most of them are
in cubic phase. As shown in Fig. 5(b), the selected area electron
diffraction (SAED) pattern shows three ring patterns indexed
to (002), (212), and (202) planes, which correspond to the

Fig. 3. (a) Mechanical treatment before PL measurement.
(b) Centrifugal spinning fibers and fiber pieces under visible light
and UV light. (c) PL measurement setup.

Fig. 2. (a) Centrifugal spinning process. PQD-PS fibers under
(b) visible light and (c) UV light.

Fig. 4. Experimental setup of the visible light communication
system.
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diffraction peaks at 30.38°, 34.47°, and 43.69° in the XRD
patterns of PQD-PS fibers [Fig. 6(b)]. The SAED pattern re-
veals polycrystalline diffraction feature from CsPbBr3, sug-
gesting a well-defined crystalline structure. The fast Fourier
transformation (FFT) image in Fig. 5(c) also shows cubic
and rectangular shapes of the CsPbBr3 crystal. The high-reso-
lution TEM (HRTEM) image shown in Fig. 5(c) further re-
veals lattice spacings of 0.58 nm, which is in good
agreement with the (100) lattice spacing of cubic CsPbBr3
[12,38,39]. A microscope image of a single PQD-PS fiber is
shown in the inset of Fig. 6(c). The CsPbBr3 PQDs are covered
by PS fibers, as shown in the image of fibers under ultraviolet
light because they are well protected during water immersion.
Figure 6(a) shows the SEM image of the PQDs-PS fibers. The
average diameter of the fabricated fibers is approximately 3–
5 μm. The X-ray diffraction patterns of PS fibers and PQD-
PS fibers are shown in Fig. 6(b). The broad diffraction peaks
can be ascribed to the amorphous PS fibers, and the detected
main peaks at 21.5°, 26.4°, 28.6°, 30.4°, 34.5° and 43.7° cor-
respond to the characteristic peaks of CsPbBr3 (PDF Card
No. 18-0346), confirming the presence of CsPbBr3 PQDs
within the PS fibers. However, except for the peaks of
CsPbBr3, the PQD-PS fibers show extra peaks at 22.58°,
25.55°, 27.75°, and 28.81°. These peaks correspond to
Cs4PbBr6 (JCPDS 54-0750) and will be analyzed in the

following discussion. The time-resolved fluorescence measure-
ment of the CsPbBr3 PQDs is shown in Fig. 6(c). The mea-
sured PL decay kinetics is fitted with a double exponential
function of time (t):

I�t� � a1 exp

�
−
t
τ1

�
� a2 exp

�
−
t
τ2

�
, (1)

where τi represents the decay time of the ith component and ai
represents the amplitude of the ith component. The average PL
lifetime (τav) was estimated with the τi and ai values from the
fitted curves data according to Eq. (2):

τav �
P

aiτ2iP
aiτi

: (2)

The τ1 and τ2 are 8.81 and 35.69 ns, respectively, and the
τav of the PQD-PS fibers is about 14.43 ns. In this work, the
fluorescence lifetime is determined by the delay time of excitons
produced by electron hole recombination. The τ1 and τ2 re-
present the time of photons passing through the first and sec-
ond channels, respectively. The photons in the first channel
conduct a direct recombination, while the photons in the sec-
ond pass through the defect layer before recombination. That is
why the τ1 is generally smaller, and the τ2 is larger [40,41].
Further, the fluorescence lifetime can be affected by many fac-
tors such as defect density of the materials and particle size
and state.

Previous work has pointed out that the PQDs showed a
double exponential PL decay in liquid state [21]. When it turns
into a solid state, defects grow because of the loss of the ligand
at the surface of the PQDs as the solvent evaporates. As the
defects grow during centrifugal spinning, they increase the re-
combination time of the PQDs, which corresponds to the
larger τ2 in this work. Details about defect growth of the
PQD-PS fibers will be stressed in the following discussion.

The absorption and emission spectra of PQD-PS fibers are
shown in Fig. 6(d). The PQD-PS fibers show a notable absorp-
tion peak at 314 nm, which is the characteristic absorption
peak of Cs4PbBr6 NCs and will be explained in the following
discussion. The emission peak of the PQD-PS fibers is centered
at 517 nm, which is similar to that in a previous study [21].

The time-dependent emission spectra of the PQD-PS fibers
exposed to air are shown in Fig. 7(a). During the first two days,
the emission intensity of the PQDs decreased by 25%. The fast
decline in the PL intensity in the first two days can be explained
by the centrifugal spinning method. Because the PQD-PS col-
loid used in centrifugal spinning is prepared in advance, part of
the CsPbBr3 QDs are inevitably exposed and absorbed to the
fiber surface during centrifugal spinning. CsPbBr3 QDs are
sensitive to moisture and oxygen, which destroy PQD crystals.
The PL intensity of the PQDs decreased by 25% in the first
two days, which can be attributed to the degradation of the
PQDs at the fiber surface, which is directly exposed to air.
As the degradation of the PQDs occurred at the fiber surface,
the decomposition products of the degradation process were
also absorbed on the surface. These decomposition products
will further reduce the light emission efficiency. The PQDs in-
side the fibers are protected from aging by environmental fac-
tors, corresponding to an almost unchanged emission intensity

Fig. 5. Structural analyses ofCsPbBr3 synthesized by ultrasonic syn-
thesis. (a) TEM image ofCsPbBr3. (b) SAED pattern. (c) FFT pattern,
HRTEM, and corresponding interplanar spacing.

Fig. 6. (a) SEM image of PQD fibers. (b) XRD patterns of PS and
PQD-PS fibers. (c) Time-resolved fluorescence measurement of the
PQD-PS fibers (inset: single PQD fiber under ambient light and
UV light). (d) Absorption and emission spectra of PQD-PS fibers.
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after two days. After exposure to air for one week, the PQD-PS
fibers still maintained 75% of their emission intensity, showing
little redshift and emission attenuation. The time-dependent
emission spectra of the PQD-PS fibers immersed in water
are shown in Figs. 7(b) and 6(c). The PQD-PS fibers show
a notable redshift during the first two days. However, the emis-
sion intensity of the PQD-PS fibers demonstrates an increase of
66%, as shown in Fig. 7(d). After immersion in water for one
week, the emission intensity of the PQD-PS fibers decreased by
30% compared with that on the second day but was still 16%
higher than that on the first day. The redshift basically disap-
peared after the second day. The XRD patterns of the PQD-PS
fibers exposed to moisture for one week, air (as well as indoor
light) for a week, and UV light for three days are shown in
Figs. 8(a)–8(c), respectively. After exposure to moisture for
one week, air for one week, and UV light for three days,
the PQD-PS fibers still showed notable peaks corresponding
to the original measurement, confirming the stability of the
crystalline structure of the PQDs in the PS fibers. The
XRD patterns of the air group and UV light group show a slight
declining peak, which corresponds to their stability. However,
the XRD pattern of the water group shows an increasing peak.
The strengthened XRD peaks, increased PL intensity, and
notable PL redshift of the fibers in the water group are unusual.

To further verify the distribution of the PQDs in the PS
fibers, a more visual experiment is conducted. A small bunch
of PQD-PS fibers was soaked in a reagent bottle with 10 mL
hexane, as shown in the Figs. 9(a) and 9(b). The reagent bottle
with PQD-PS fibers then performed an ultrasonic treatment
for 5 min, ensuring that the component at the surface of
the fiber is fully peeled off or dissolved into hexane.
Figures 9(e) and 9(f ) show the hexane before and after
PQD-PS fiber soaking (F-hexane). The F-hexane shows little
fluorescence after the PQD-PS fiber soak. The absorption
and emission spectra of F-hexane and hexane were measured
by a fluorophotometer (Shimadzu, RF-6000) and a spectro-
photometer (Persee, TU-1901), respectively. However, the
fluorescence of F-hexane is too low to be detected, leading

to zero intensity of the absorption and emission spectra, as with
the nonfluorescent hexane. Figures 9(c) and 9(d) show the
PQD-PS fibers after soaking in hexane and ultrasonic treat-
ment, which still have fluorescence properties, suggesting pro-
tection of the PQDs. The experiments above indicated that a
small amount of PQDs are distributed at the surface of the fi-
bers, which is inevitable in centrifugal spinning. However, most
of the PQDs can be covered and well protected by the PS fibers,
which corresponds to XRD, PL, and PLQY measurements.

As we knew, moisture is harmful to PQDs [38,42,43]. In
this work, we used hydrophobic PS for PQD packaging.
Our work shows that the PQD-PS fibers show an increase
in PL intensity in the moisture stability test, as shown in
Fig. 7(d). In fact, studies have shown that water in certain sit-
uations can improve the performance of CsPbX3 QDs
[44–46]. As the XRD patterns show in Fig. 8(a), except for
the peaks of CsPbBr3, the PQD-PS fibers show extra peaks
at 22.58°, 25.55°, 27.75°, and 28.81°. These peaks correspond
to Cs4PbBr6 (JCPDS 54-0750). Considering the notable ab-
sorption peak at 314 nm of the PQD-PS fiber absorption spec-
tra and XRD patterns, we can confirm the existence of
Cs4PbBr6 [47]. We believe Cs4PbBr4 is at the outside of the
PQD-PS fibers. The Cs4PbBr6 formation might occur on
the surface of the fibers during rapid solvent evaporation be-
cause the small amount of residual nonvolatile oleylamine
would trigger the process [48]. After immersion in water,
the characteristic peaks of Cs4PbBr6 disappeared or weakened,
as shown by the blue XRD pattern in Fig. 8(a), while the char-
acteristic peaks of CsPbBr3 strengthened. This can be explained
by the Cs4PbBr6 transformation into CsPbBr3 and CsBr on the
surface of the fibers while contacting the water [47].
Furthermore, PQDs obtained by this water-triggered transfor-
mation present excellent stability against moisture, which
might be attributed to surface passivation.

After discussing the above, we conclude that the increase in
emission intensity is the combined effect of the transformation

Fig. 7. Emission spectra of PQD-PS fibers after (a) exposure to air
and (b) immersion in water for one week. (c) Emission spectra of
PQD-PS fibers after immersion in water for 11 months (inset: fibers
soaking in water for 11 months under UV light). (d) PL intensity of
fibers after stability test. (e) PL peak wavelength trend of PQD-PS
fibers during water immersion. (f ) PL decay curves of PQD-PS fibers
after immersion in water and exposure to air.

Fig. 8. XRD patterns of PQD-PS fibers after (a) immersion in
water, (b) exposure to air, and (c) exposure to UV light.

Fig. 9. PQD-PS fibers soaking in hexane under (a) visible light and
(b) UV light. PQD-PS fibers after soaking in hexane and ultrasonic
treatment under (c) visible light and (d) UV light. Hexane (right) and
hexane after ultrasonic treatment (left) under (e) visible light and
(f ) UV light.
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from Cs4PbBr6 to CsPbBr3 and surface defect dissolution.
Because Cs4PbBr6 is nonluminous, the transformation from
Cs4PbBr6 to luminous CsPbBr3 and the water-assented surface
passivation of the CsPbBr3 PQDs on the fiber surface contrib-
ute to the PL increase in the fibers during the first two days after
immersion in water. As the surface perovskite continues to dis-
solve in water, the decrease in the PL intensity corresponding to
the decrease in the PL intensity of the water group after a short
time increases, as shown in Fig. 7(d). Nevertheless, there was
notable PL intensity increase after long-term water immersion,
which could be explained by the enhancement in the light-out
efficiency. During the centrifugal spinning process, part of the
CsPbBr3 PQDs are absorbed on the surface of the fibers. These
PQDs are directly exposed to air and light, and some of them
are destroyed, forming nonluminous decomposition products.
These nonluminous ingredients and Cs4PbBr6 are absorbed on
the surface of the fibers as defect layers, which directly reduces
the light emission efficiency of the fibers in the first PL mea-
surement. As shown in Fig. 7(f ), the double exponential PL
decay of the PQD-PS fibers can be explained by the longer
recombination time of the quantum dots caused by the surface
defects that formed during spinning. After immersion in water
for one week, the fluorescence lifetime of the PQD-PS fibers
decreased, and the PL decay curve was closer to a single-
exponential fitting. The PL decay decline is attributed to
the dissolution of the defects and corresponds to a previous
study [48].

The PL intensity peak of the PQD-PS fibers redshifted from
517 to 530 nm, accounting for a total redshift of 13 nm, as
shown in Fig. 7(e). As the PL measurement in Fig. 7(a) shows,
the redshift only occurred in the water-immersion group.
Moisture-assisted crystal growth has previously been confirmed
in various crystal systems, including CsPbBr3 [44,45,49]. We
believe that moisture is the main cause of the redshift in the
PQD-PS fibers. As the PL measurement shows in Fig. 7(b),
the PQD-PS fibers are absolutely contained in the PS fibers
because there is no notable perovskite hydrolysis during water
immersion. The immersion of PQD-PS fibers in water might
result in a small amount of moisture permeation within grain
boundaries, inducing grain boundary creep and subsequently
merging adjacent grains together [45]. The XRD pattern of
the PQD-PS fibers in Fig. 8(a) shows the sharper diffraction
peaks (the main peaks of JCPDS 18-0364) of CsPbBr3, which
confirms the improved crystallinity of the perovskite structure
in PQD-PS fibers after water immersion and corresponds to
Refs. [44,45].

The PL peak wavelength trend of the PQD-PS fibers is
shown in Fig. 7(e). Through the PL peak wavelength trend,
we can further understand the moisture erosion process.
The PL peak shows a slight redshift during the first 10 h, which
means that crystal growth did not start at this point. One rea-
sonable explanation for this is that the transformation from
Cs4PbBr6 to CsPbBr3 and the surface defect dissolution on
the fiber surface slow moisture erosion. From 10 to 24 h,
the PQD-PS fibers exhibit a notable redshift and then tend
to be stable after 48 h, suggesting that the crystal growth of
the PQDs continues for 10 to 20 h. The above trend suggests
that the growth of CsPbBr3 was not completed, even in the PS

colloid, and could be triggered in certain conditions, such as
moisture. There might be small account of moisture in the
PQD-PS fibers due to some gaps, which would facilitate
the crystal growth of PQDs and lead to a redshift. However, the
immersed moisture did not destroy the PQDs, suggesting the
effectiveness of the centrifugal spinning strategy and ability to
protect PQDs from water, even after 11 months of water im-
mersion. This growth of CsPbBr3 crystals directly caused the
redshift, and we are doing further research on the mechanism of
crystal growth. We believe this growth will be suppressed or
eliminated by adopting a better method of CsPbBr3 crystal
synthesis.

As discussed, inhibiting the formation of Cs4PbBr6 on the
surface of PQD-PS fibers can fundamentally reduce the change
of PL intensity on the fiber surface. The CsPbBr3 to Cs4PbBr6
transformation depends on the concentration of bromide ion
and oleylamine [47,48]. Thus, the transformation process can
be suppressed by optimizing the concentration of the original
compound of PQDs synthesis. In addition, the CsPbBr3 QDs
inevitably remaining at the fiber surface during centrifugal spin-
ning can be removed by water or hexane washing before appli-
cation, which can further guarantee their stability.

To further reveal the luminescent characterization of the
PQD-PS fibers, the PLQY measurements of fibers in different
stability tests are conducted as shown in Table 1. Please note
that the five-month stability test is conducted by the same
bunch of PQD-PS fibers and the 17 months stability test is
conducted by another bunch of PQD-PS fibers.

The PLQYs of the fresh fibers and the fibers after exposure
to air and immersion in water for one week were 53.7%,
45.1%, and 54.9%, respectively. The increasing PLQY of
PQD-PS fibers after water immersion corresponds to the sur-
face change discussed above. The PLQYs of the PQD-PS fibers
after immersion in water and exposure to air for two weeks are
43.5% and 44.4%, respectively. After immersion in water and
exposure to air for five months, the PLQY declined to 15.6%
and 44.4%, respectively. We reviewed the PLQY stability of
CsPbBr3 with different composites in other works, as shown
in Table 2. According to the stability performance of the
CsPbBr3 at composites in Table 2, the centrifugal spinning
PQD-PS fibers maintain 81% and 83% relative PLQY after
exposure to air for two weeks and immersion in water for
five months, respectively, suggesting considerable stability per-
formance both in air and water. Moreover, the first bunch of
PQD-PS fibers still holds 44% of PLQY after 17 months
water immersion, which shows remarkable stability in hostile
environments.

Still, there is a notable PL increasement after 11 months
water immersion, which might be explained by the enhance-
ment of light-out efficiency of the fibers. During the centrifugal
spinning process, part of the CsPbBr3 PQDs are absorbed at
the fiber surface. These PQDs are directly exposed to the air

Table 1. PLQY Stability of PQD-PS Fibers

Stability Test 7 Days 2 Weeks 5 Months

Exposure to air 45.1% 43.5% 15.6%
Immersion in water 54.9% 44.4% 44.4%
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and light, and part of them are destroyed into nonluminous
decomposition products. These nonluminous ingredients
and the Cs4PbBr6 are absorbed on the fiber surface as defect
layers, which directly reduce the light emission efficiency of the
fibers in the first PL measurement. Therefore, the PL intensity
of the PQD-PS fibers obtained in the first measurement is
extremely likely to be underestimated. Furthermore, the
PLQY of the PQD-PS fibers can better describe the fluores-
cence characteristic change during the water stability test.
The original PLQY of the PQD-PS fibers is 53.7%. After
one week water immersion, the PLQY increases to 54.9%,
which corresponds to the surface change of the fibers, as dis-
cussed in the paper. After two weeks’ water immersion, the
PLQY declines to 44.4% and maintains a high level after
five months’ water immersion, which corresponds to the com-
pleted dissolution of the fluorescent substance at the fiber sur-
face. We can conclude that the 44.4% PLQY is derived entirely
from the CsPbBr3 quantum dots within the fibers. Moreover,
the first bunch of PQD-PS fibers still holds 44% of PLQY after
17 months water immersion, which also confirms the above
discussion about the surface dissolution.

Inorganic CsPbBr3 PQDs are favored in display and illumi-
nation applications due to their remarkable optoelectronic per-
formance. Here, we prepared a QD-based white LED (WLED)
with PQD-PS fibers. A CdSe/ZnS QD polydimethylsiloxane
(PDMS) film and a commercial blue LED were used to gen-
erate white light, as shown in the inset in Fig. 10(a). The
electroluminescence (EL) spectrum and the CIE color gamut
of the QD-based WLED are shown in Figs. 10(a) and
10(b). The white light EL spectrum generated by the QD-
based WLED consists of three emission peaks located at
450, 520, and 625 nm, corresponding to a blue LED,
PQD-PS fibers, and the CdSe/ZnS QD PDMS film, respec-
tively. The fabricated QD-based WLED showed a correlated
color temperature (CCT) of 6897 K and CIE coordinates of
(0.33,0.32) at a driving current of 350 mA. Compared with
the common standard, the QD-based WLED has a wide color
gamut, with 128% of the NTSC and 95% of Rec. 2020.
Considering their environmental stability, the PQD-PS fibers
show great outdoor display application potential.

Compared with the conventional white light system, the
PQDs have a much shorter PL lifetime (nanosecond) than
the YAG phosphor (microsecond). The −3 dB bandwidth of
the PQD-PS fibers can be estimated by Eq. (3) [59]:

f �−3 dB� � 1∕�2πτ�: (3)

According to the PL lifetime obtained above, the bandwidth
estimation of the PQD-PS fibers is 11 MHz. A simplified white
light/visible light communication system was built to evaluate
the communication performance of PQD-PS fibers. As shown
in Fig. 10(c), the bandwidths of LD, LD + CdSe/ZnS,
LD + PQD-PS fibers, and LD + CdSe/ZnS + PQD-PS fibers
are 13.5� 0.3 MHz,11.5� 0.3 MHz, 10.6� 0.3 MHz, and
11.2� 0.3 MHz, respectively. The bandwidth of the LD +
CdSe/ZnS PDMS film is 11.5� 0.3 MHz, corresponding
to the previous study [37]. The bandwidth of the LD +
PQD-PS fibers is 10.6� 0.3 MHz, which is similar to the es-
timated bandwidth of 11 MHz. The bandwidth of the LD +
CdSe/ZnS + PQD-PS fibers is 11.2� 0.3 MHz and is located
at the middle of the bandwidths of two components, suggesting
the bandwidth is contributed by the CdSe/ZnS and PQD-PS
fibers. The measurement of the PQD-PS fibers corresponds to
the estimation. Figure 10(d) shows the time-dependent −3 dB
bandwidth measurement of the PQD-PS fibers. The −3 dB
bandwidth of the PQD-PS fibers exhibited little attenuation
after exposure to the natural environment, showing promising
stability in communication applications.

4. CONCLUSIONS

In this work, we used a facile centrifugal spinning method
to fabricate CsPbBr3 perovskite quantum-dot fibers. The
fabricated PQD-PS fibers maintained 44% and 43.5%
PLQY after immersion in water for 17 months and exposure

Fig. 10. (a) EL spectrum of QD-based white LEDs. (b) Color co-
ordinates and color gamut of QD-based white LEDs plotted on the
CIE1931 chromaticity diagram. (c) Frequency response of the LD,
LD + YAG white light, LD + PQD-PS fibers, LD + CdSe/ZnS
PDMS film, and LD + PQD-PS + CdSe/ZnS white light. (d) The
−3 dB bandwidth of PQD-PS fibers after exposure to air.

Table 2. PLQY Stability of CsPbBr3 with Different
Composites

CsPbBr3 at
Composites Original PLQY Relative PLQY Refs.

POSS 62% 98% (water, 2.5 months) [50]
TDPA 68% [51]
PMMA 45% 75% (humidity, 3 days) [52]
EC 37.2% 87% (air, 6 days) [53]
SBS 23% [54]
PS 48% 70% (water, 8 days) [27]
EVA 40.5% [55]
PS 44% 82% (water, 24 h) [56]
PS 23.3% 83% (water, 3 months) [57]
S-AIM 75.6% 51% (water, 3.5 months) [21]
SR/PVP 24% 85% (moist air, 5 days) [58]
This work 53.7% 81% (air, 2 weeks)

83% (water, 5 months)
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to air for two weeks, respectively, exhibiting considerable envi-
ronmental stability. The water-stability mechanism of the fibers
can be explained by the changing defect density, crystal growth
of PQDs, and the molecular transformation at the fiber surface.
Considering the remarkable photoelectric performance of
CsPbBr3 PQDs, a WLED was manufactured by the PQD-
PS fibers. The WLED shows satisfying performance, with a
wide color gamut (128% of NTSC and 95% of Rec. 2020),
a CCT of 6897 K, and CIE coordinates of (0.33,0.32).
Furthermore, a white light/visible light communication system
was built based on the PQD-PS fibers. The PQD-PS fibers
with the CdSe/ZnS QD white light system present a −3 dB
bandwidth of 11.2 MHz, which is much higher than that
of the conventional YAG white light system. After exposure
to air for one week, the bandwidth of the PQD-PS fibers ex-
hibited no attenuation. The environmental stability and con-
siderable performance of PQD-PS fibers show great potential in
dual display and communication applications.
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