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ABSTRACT: AgIn5S8/ZnS (AIS/ZS) core/shell quantum dots (QDs) have been
synthesized using a hot injection method at relatively low temperature without any
protection using inert gas. The QDs were characterized with UV visible electronic
absorption spectroscopy, PL spectroscopy, Fourier transform infrared (FT-IR)
spectroscopy, transmission electron microscopy (TEM), and temperature-dependent
time-resolved PL (TRPL). The average size of the QDs was determined to be 1.73 ±
0.29 nm. The QDs exhibit a major excitonic absorption band peaked at 479−573 nm
and emission bands peaked from 548 to 666 nm with excitation at 410 nm with the peak
position dependent on the synthesis temperature that affects the QD size. Upon the
addition of trioctylphosphine (TOP) as a ligand, the PL quantum yield (PLQY)
increased to 74.1% compared to 56.7% without TOP. The QDs show high stability after
hours of ultraviolet (UV) light exposure or repetitive treatment with a significant amount of polar solvents, which is attributed to
surface passivation by the ligands and ZnS shell. The luminescence mechanism of the core/shell AIS/ZS QDs is ascribed to donor−
acceptor pair (DAP) recombination. TRPL results suggest that the binding energy of DAP increases and the DAP recombination
probability is enhanced after passivation with TOP, leading to the high PLQY. Furthermore, prototype highly pure white light-
emitting diodes (LEDs) based on these AIS/ZS QDs have been successfully demonstrated, yielding ideal 1931 CIE coordinates of
(0.327, 0.335).
KEYWORDS: AIS/ZS quantum dots, PLQY, high stability, white LED, DAP recombination

1. INTRODUCTION
Semiconductor nanocrystals, also known as quantum dots
(QDs), have garnered significant attention due to their unique
optical, magnetic, and electrical properties arising from
quantum confinement. They hold great promise for various
applications such as light-emitting devices (LEDs), solar cells,
and sensors.1−7 Notably, QDs containing Cd and Pb elements
have been comprehensively studied and extensively developed
due to their high photoluminescence quantum yield (PLQY)
and tunable emission ranging from ultraviolet (UV) to near-
infrared (NIR) regions. Nevertheless, the inherent toxicity of
heavy metals Cd and Pb raises concerns about health and
environmental risks, which sternly restricts their practical
application.8−10 Therefore, the development and implementa-
tion of environmentally friendly QDs are highly desired.

Ternary I−III−VI QDs especially Ag−In−S (AIS) QDs
have been studied as promising alternatives of traditional Cd-
containing QDs due to their intrinsic low toxicity, large Stokes
shift, wide excitation spectrum, and long fluorescence life-
time.11−15 These unique optoelectronic properties of AIS QDs
show promise for applications in LEDs, biomarkers, photo-
voltaics, and photocatalysis.16−25 Different approaches have
been developed to synthesize AIS QDs, including thermal
decomposition methods,26,27 high-temperature hot injection
methods,28 hydrothermal methods,29 and microwave meth-

ods.30 Dai et al. obtained AIS/ZS QDs with an enhanced
PLQY of 70%27 under 180 °C using the thermal decom-
position method. Ma et al. prepared AgInS2 QDs with a size
between 3.5 and 4.4 nm and a PLQY of 8.8% by using
microwave method.30 Since the QDs tends to reactive and
unstable to photon-irradiation,31 a larger-band-gap (Eg)
material, such as ZnS, is often used to create a shell around
the AIS core for stabilization. Kwon et al. synthesized
AgInZnS/CdS/ZnS QDs with a PLQY of 85.7% at 180
°C.32 Chen et al. prepared AIS/ZS QDs with a PLQY of 45.7%
by a hydrothermal method.29 Current experimental processes
necessitate high temperatures and long reaction times.
Additionally, for LED and biological applications, QDs
demand high photostability and surface stability. Hence, the
design of a simpler synthesis process for producing efficient
and highly stable AIS/ZS QDs is particularly crucial.

In this study, we synthesized AIS/ZS QDs by using a hot-
injection method under low-temperature conditions without
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the need for inert gas protection. The average particle size of
the QDs is 1.73 ± 0.29 nm. The QDs exhibit tunable
absorption from 479 to 573 nm and PL emission from 548 to
666 nm. By systematically optimizing the reaction temperature
and ligand (TOP), the maximum PLQY of these QDs was
increased to 74.1%. Most importantly, the prepared AIS/ZS
QDs possess excellent stability, including photostability, which
is attributed to the surface passivation by the ligands.
Furthermore, a pure white light-emitting diode based on
these QDs was demonstrated.

2. RESULTS AND DISCUSSION
2.1. Optimization of Synthesis of AIS/ZS QDs by

Varying Temperatures. Scheme 1 shows the schematic
diagram of the synthesis process by using the hot-injection
method. We injected ligand 1-dodecanethiol (DDT) in the
mixture of Ag and In elements at 60 °C then injected a S
source and raised it to the specified temperature. Finally, we
introduced the shell material. The entire process does not
require argon protection.

In the hot-injection method, the temperature is expected to
play a pivotal role and significantly influences the size
distribution, ligand attachment state, and luminescence
properties of QDs. We systematically varied the temperature

of the S source injection to optimize AIS/ZS QDs. Their UV−
vis electronic absorption and PL spectra are shown in Figure
S1. As the temperature increases, the excitonic absorption peak
red shifts from 479.6 to 543.5 nm (Figure S2). Figure 1a shows
the PL peak position and the full width at half-maximum
(fwhm) with excitation at 410 nm as the reaction temperature
increases from 60 to 210 °C; the PL emission peak red shifts
from 548 to 666 nm accompanied by a broadening of the
fwhm from 87 to 142 nm. The band gap Eg can be calculated
using the relationship

= h E( )h g
1/2

(1)

where α is the absorption coefficient and hυ is the photon
energy. The calculated Eg values are plotted in Figure 1b. As
the reaction temperature rises, the band gap undergoes a
gradual decrease from 2.81 to 2.48 eV. Figure S3 shows the
size distribution of QDs corresponding to different temper-
atures. With the increase of the temperature, the average size of
QDs increases from 3.83 to 13.03 nm. We suggest that this is
due to the nucleation process being temperature-sensitive. As
the temperature increases, particles gradually grow larger,
leading to larger QDs with redder absorption and emission as
well as a broader PL band.33

Scheme 1. Thermal Injection Process

Figure 1. (a) PL emission peak and fwhm of AIS/ZS QDs with fluorescence photographs under UV irradiation (inset). (b) Optical band gap and
(c) PLQY as a function of the synthesis temperature and (d) nonradiative recombination rate knr and radiative recombination rate kr of AIS/ZS
QDs as a function of S injection temperatures of 60, 90, 120, 150, 180, and 210 °C.
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As shown in Figure 1c, the PLQY of AIS/ZS QDs increased
from 14.1 to 56.7% as the temperature increased from 60 to 90
°C. However, further increasing the temperature to 120, 150,
180, and 210 °C resulted in a dramatic decrease in the PLQY,
that is, only 0.5% at 210 °C. Based on the PLQY and observed
fluorescence lifetime τ (Figure S4 and Table S1), we can
calculate the nonradiative recombination rate knr and the
radiative recombination rate kr

=
+
k

k k
PLQY r

r nr (2)

=
+k k
1

r nr (3)

then knr and kr can be expressed as

=k
1 PLQY

nr (4)

=k
PLQY

r (5)

The knr and kr are shown in Table S2 and Figure 1d. As the
temperature rises, kr increases from 5.26 × 105 s−1 at 60 °C to
1.84 × 106 s−1 at 90 °C and decreases to 2.37 × 104 s−1 at 210
°C. The significantly increased radiative recombination rate
and PLQY at 90 °C indicate that non-radiative recombination
processes caused by processes such as surface defects are
greatly suppressed at this temperature.34 Meanwhile, too high
of a temperature such as 210 °C here may cause the ligands to
detach from the QD surface, leading to more surface defects,
an increased knr, and a decreased PLQY.35 Therefore, 90 °C
was selected as the reaction temperature in this experiment.

2.2. Effect of the TOP ligand on AIS/ZS QDs. The XRD
patterns of AIS/ZS QDs before and after treatment with TOP
are shown in Figure 2a. We observed three broad peaks at 2θ =
27.3, 45.8, and 53.5°, which can be assigned to the (311),
(203), and (620) planes of the cubic spinel AgIn5S8 (c-
AgIn5S8) crystal, respectively.36 Comparing the spectra, the
position of the three broad peaks does not change, but the
peak intensity increases after TOP treatment. This can be
attributed to the increased crystallinity of AIS/ZS after the
TOP treatment. TEM images in Figure 2b shows that the
average particle size is 1.73 ± 0.29 nm (illustrated in Figure
2b) with a relative narrow distribution. The EDS energy
spectrum of optimal AIS/ZS QDs is shown in Figure 2c, and
the element ratio is shown in Table S3 in the Supporting
Information. We find the molar ratio of Ag:In:S:Zn is
1:4.8:17.8:8.4, which basically matches the reaction feeding
ratio Ag:In:S:Zn = 1:5:16:8. The content of S is slightly higher
than the original ratio, which likely originates from the S
provided by DDT after binding to the QD surface. Since EDS
cannot accurately determine the P content, infrared spectros-
copy was used to identify whether the TOP ligand was
successfully attached to the surface of the AIS/ZS QDs.

Figure 2d shows the Fourier transform infrared (FT-IR)
spectra of the original AIS/ZS QDs, QDs after TOP treatment,
and TOP ligand. In the original preparation of AIS/ZS QDs,
OLA and DDT ligands were added. The strong bands at 2921
and 2854 cm−1 are attributed to methyl-stretching patterns in
DDT and OLA. Ligand amines bind to metal ion sites on the
surface of QDs via lone pairs of electrons, and the peak at 1581
cm−1 can be attributed to the NH2 shear pattern. Peaks in the
frequency range below 1500 cm−1 are assigned to the C−H
stretch vibration, C−C stretch vibration, and C−S stretch
vibration.37 These results confirm that the DDT and the OLA

Figure 2. (a) XRD patterns of AIS/ZS QDs before and after the treatment with TOP. (b) TEM diagram of AIS/ZS QDs with the inset showing a
particle size distribution and average size of 1.73 nm. (c) EDS spectrum of AIS/ZS QDs. (d) FT-IR spectra of original AIS/ZS QDs, QDs after
TOP treatment, and the TOP ligand.
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ligands are bound to the surface of AIS/ZS QDs successfully.
In addition, the S−H characteristic peak of 2557 cm−1 of DDT
did not appear, which suggests that the S−H bond in DDT was
cut off, and DDT was connected to the surface of QDs through
the chemical bond formed between S and QDs. The AIS/ZS
spectra show the characteristic features of TOP, including
peaks in the 1000−1200 cm−1 region associated with C−P
stretching vibration.37 This indicates that TOP is bound to the
surface of the AIS/ZS QDs. TOP is well-known to coordinate
with chalcogens. In this work, we believe that TOP can
effectively passivate the S-vacancy on the surface of QDs,
forming a more stable tri-n-octylphosphine sulfide. It
cooperates with DDT and the ligands of the OLA group to
wrap the surface of quantum dots to form a stable dispersed
system.

Figure 3a shows the UV−vis electronic absorption and
emission spectra with or without the TOP ligand. After adding
the TOP ligand, the excitonic absorption peak blue-shifts from
458 to 438 nm, while the PL peak shifts from 577 to 557 nm
with a 410 nm excitation. The PLQY, as shown in Figure 3b,
increased from 56.7 to 74.1% with TOP added, which is

attributed to an effective passivation of surface defect sites
related to S by TOP.36

Figure 4a,b and Figure S5a,b show the PL decay profiles and
PL intensity of AIS/ZS QDs. Low energy lasers are
represented in blue, and high energy lasers are represented
in pink. With the energy of the excitation light increasing, the
PL decays faster. After fitting the PL decay curve, the average
lifetime τ* is calculated

* = +
+

A A
A A

1 1 2 2

1 2 (6)

where parameters A1, τ1, A2, and τ2 were determined by fitting
analysis; specific values are listed in Table S4. The τ1 and τ2
both show a decreasing trend with the increase of the
excitation light energy. Moreover, the relative contribution rate
of A1/A2 increases from 2.08 to 3.03 (without TOP) and from
1.48 to 1.72 (with TOP), respectively. Simultaneously, the τ*
decreases with the augmentation of excitation light energy
from 2.04 to 1.68 μs (without TOP) and from 2.75 to 2.34 μs
(with TOP). The photoluminescence mechanism of AIS/ZS
QDs can be divided into a donor−acceptor pair (DAP)

Figure 3. (a) UV−vis electronic absorption and PL spectra and (b) PLQY of AIS/ZS QDs without and with the TOP ligand.

Figure 4. PL decay profiles of AIS/ZS QDs (a) without TOP and (b) with the TOP ligand measured at different excitation light energies. The laser
light is transmitted through a filter with a transmittance of 10% or without a filter. Under a constant excitation light intensity, PL intensities of (c)
without TOP and (d) with TOP ligand at temperatures ranging from 30 to 300 K. R2 is the coefficient of determination.

ACS Applied Nano Materials www.acsanm.org Article

https://doi.org/10.1021/acsanm.3c04490
ACS Appl. Nano Mater. 2023, 6, 22311−22319

22314

https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c04490/suppl_file/an3c04490_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.3c04490/suppl_file/an3c04490_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04490?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04490?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04490?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04490?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04490?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04490?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04490?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.3c04490?fig=fig4&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.3c04490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


recombination and free-to-bond (FTB) recombination. For
DAP recombination, with the increase of the excitation light
energy, the DAP recombination probability increased and the
PL decay time becomes shorter.38 In this study, the average
decay time decreases with an increase in the excitation energy,
which is consistent with the DAP recombination mechanism.
In the DAP recombination mechanism, the distant pairs have

lower transition energies, while the closer pairs have higher
transition energies. When the donor−acceptor on the surface
of the QDs is passivated by TOP, the donor−acceptor is left
behind. The average distance between the donor and acceptor
in each QD decreases, causing the DAP emission peak to shift
to the side with a higher energy.39 We believe that this is the

Figure 5. (a) PLQY histogram corresponding to treatment with polar solvent for 0−7 times. (b) FT-IR spectra of the AIS/ZS QDs for treatment
with polar solvent 0 or 7 times. Under constant excitation light intensity, PL intensity of AIS/ZS QDs (c) without treatment with polar solvent and
(d) treated with polar solvent 7 times at temperatures ranging from 30 to 300 K. R2 is the coefficient of determination.

Figure 6. (a) Normalized electronic absorption and PL emission spectra of AIS/ZS QDs. (b) PLQY histogram corresponding to continuous laser
irradiation for 5 h. (c) Normalized absorption and emission spectra. (d) PLQY histogram corresponding to storage for 100 days.
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reason for the blue shift in the PL peak position of QDs after
TOP treatment.

The Arrhenius equation can be used to fit the integral
strength of the variable-temperature PL peak

=
+

I T
I

Ae
( )

1 E k T
0

/b B

where I0 and kB are the PL intensity at 0 K and Boltzmann’s
constant, respectively. Figure S5c,d shows the PL intensity of
the two types of samples measured under a constant excitation
intensity within the temperature range of 30−300 K. With the
increase of the temperature, the PL intensity gradually
decreases and red-shifts, which can be attributed to the
thermal quenching of DAP recombination pairs. Using the
Arrhenius equation, we can know that, after adding the TOP
ligand, the Eb was increased from 0.11 to 0.12 eV (Figure
4c,d). In the DAP recombination mechanism, the Eb of DAP is
related to the Coulombic force of the donor−acceptor pair,
and the Coulombic force is related to the distance between the
donor and acceptor pair. The closer pairs have higher
transition energies. The pairs with high transition energy
have higher recombination probability and greater PLQY.38

The TOP ligand can effectively increase Eb, increase the
binding probability of DAP donor−acceptor recombination
pairs, and ultimately lead to a higher PLQY.
2.3. Stability Analysis. Figure S6 shows the diluent AIS/

ZS QDs in the sunlight corresponding to treatment with polar
solvent for 0−7 times, the QDs repeatedly dissolved in n-
hexane without any occurrence of aggregation. Comparing the
normalized absorption and emission spectra (Figure S7), the
spectra coincide perfectly. The PLQY fluctuates slightly
(Figure 5a), maintaining between 70 and 74%. The FT-IR
spectra of AIS/ZS QDs before and after treatment with polar
solvent seven times are shown in Figure 5b. The two spectra

are almost identical, and all maintain the characteristic peaks of
TOP, which show that, after repeated treatment with polar
solvent, the ligands are still on the surface of AIS/ZS QDs.

Figure 5c,d shows the PL intensity of AIS/ZS QDs at
temperatures ranging from 30 to 300 k under a constant
excitation light energy. After treatment for 0 or 7 times, both
the values of Eb are equal to 0.14 eV. This means that, after
repeated treatment with polar solvents, the surface ligands
remain intact to protect the QDs, the DAP recombination
pairs of AIS/ZS QDs are almost not reduced, and the radiation
recombination probability remains at a high level. AIS/ZS QDs
prepared by this method have excellent surface stability.

Figure 6a,b shows the electronic absorption and PL emission
spectra and PLQY after 5 h of continuous UV laser irradiation
(410 nm, 150 W); the spectra are normalized for different
samples for comparison. The PL and absorption spectra
remain unchanged with only a slight fluctuation for the PLQY
between 73 and 74%, revealing excellent photostability.
Moreover, the optical properties and PLQY are rather stable
for the prepared QDs even storing for 100 days in a glass vial
in air (Figure 6c,d). AIS/ZS QDs synthesized by this method
still maintain the same PLQY and excellent dispersion after
various conditions, which proves that the ligands binding in
this preparation method are firmly bound to the surface of the
QDs.
2.4. White LED Application. Due to the advantages of a

high PLQY, tunable emission, a large Stokes shift, and being
heavy metal-free, AIS/ZS QDs are ideal luminescent materials
to prepare white LEDs.40,41 At present, white LEDs are mainly
prepared by mixing phosphors with QDs. Owing to the large
particle size and poor dispersion of phosphor, it is more
susceptible to scattering, reflection, and refraction. Here, we
directly integrate AIS/ZS QDs with 460 nm blue chips and
realize a white LED with a nearly pure white light emission.

Figure 7. (a) emission spectrum of AIS/ZS QD-based white LED of 2022.08.31 and 2023.10.25 with the inset showing a photograph of the LED.
(b) CIE coordinates of the white LED based on AIS/ZS QDs (red), the white LED reported (green42 and blue43), and the white LED stored for
420 days (black). (c) Attenuation curve of the light efficiency over time.
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The emission spectrum of the white LED driven at the current
of 50 mA is shown in Figure 7a, and the inset of which shows
the luminous photograph of the white LED. The luminous
efficiency of the LED is 41.3 lm/W with a color temperature of
5734 K. As shown in Figure 7b, compared with the previously
reported white LEDs based on AIS QDs,42,43 the white LED
prepared in this work shows the CIE coordinate of (0.327,
0.335), which is the closest one to pure white light of
(0.33,0.33). We further investigated the stability of the
prepared white LED. After 420 days of storage in the air, the
EL spectrum of the unpackaged LED still maintained excellent
stability, and its CIE coordinate changed from only (0.327,
0.335) to (0.325, 0.347) (Figure 7b). In order to accelerate
device aging, we continuously drive the LED at a current of 10
mA. Figure 7c shows the attenuation curve of the light
efficiency over time. Notably, after 56 min of continuous
driving, the light efficiency of the LED can still maintain 52.5%
of its initial value, indicating that the white LEDs prepared by
our experimental method have great potential as a candidate
for practical white light sources.

4. CONCLUSIONS
To summarize, we synthesized small-sized highly stable AIS/
ZS QDs under low-temperature conditions without the need
for inert gas protection with an average particle size of 1.73 ±
0.29 nm. As the reaction temperature increases from 60 to 210
°C, the first exciton absorption peak red shifts from 479 to 573
nm, while the emission peak red shifts from 548 to 666 nm
with excitation at 410 nm. Surface passivation with the TOP
increases the PLQY of the QDs to 74.1%. The AIS/ZS QDs
exhibited outstanding stability under repeated treatment with
polar solvents or prolonged laser irradiation, the QDs retained
a high PLQY and good dispersion, which is attributed to
strong passivation of the QDs by ligands. A DAP
recombination mechanism is proposed for PL emission.
Finally, integrating the AIS/ZS QDs onto a 460 nm LED
chip resulted in an ideal white LED with a high luminous
efficiency of 41.3 lm/W and CIE coordinates of (0.327, 0.335).
This study demonstrates a facile preparation process for
synthesizing highly stable AIS/ZS QDs with the potential for
large-scale LEDs and biological applications.

5. EXPERIMENT
5.1. Materials. Indium triacetate (In(C2H3O2)3, 99.99%),

oleylamine (OLA, 80−90%), 1-octadecene (ODE, 90%), 1-
dodecanethiol (DDT, 98%), trioctylphosphine (TOP, 90%),
and n-hexane (95%) were purchased from Aladdin. Silver
acetate (Ag(C2H3O2)3, 99.5%), zinc acetate (Zn(C2H3O2)2,
99%), and ethanol (99.7%) were purchased from Macklin, and
S (99.5%) was purchased from Tianjin Huadong Reagent.
Glass glue, 460 nm chips, was purchased from Eucrystal
Optoelectronics. All the materials were used without further
purification.
5.2. Synthesis of AIS/ZS QDs. A thermal injection

method was adopted to synthesize the AIS/ZS QDs. Using
Ag:In = 1:5 as an example, S (0.200 mmol) and Zn(C2H3O2)2
(0.200 mmol) were dissolved in OLA (2.275 mM) as ZnS
solution. First, raw materials, including In(C2H3O2)3 (0.125
mmol), Ag(C2H3O2)3 (0.025 mmol), OLA (0.91 mM), TOP
(0.09 mM), and ODE (18.8 mM), were loaded into a three-
neck flask and then DDT (2.00 mM) was injected in the
solution under intense stirring at the temperature of 60 °C.

After stirring for 10 min, the S source prepared by dissolving
0.200 mmol of S in 1.03 mM of OLA was injected into the
above solution, and the temperature was rapidly raised to 90
°C. After stirring and reacting for another 10 min, the ZnS
solution was gradually added to the flask, and another 10 min
reaction was needed to complete the synthesis of AIS/ZS QDs.
The final solution was cooled with ice water to reduce the
temperature. We mixed the final solution with ethanol solution
(5.14 mol) and centrifuged twice for 10 min at a speed of 8800
rpm/s. Finally, the precipitate of AIS/ZS QDs was dissolved in
n-hexane (23 mM) for further study. A volume of 20 μL/mL
TOP was added into the n-hexane to further enhance the
stability of the final products.
5.3. Treatment with Polar Solvent. The AIS/ZS QDs

were treated with ethanol. The ratio of ethanol/QD solution
was 1:30. After being mixed thoroughly and allowed to stand
briefly, the mixture was centrifuged. The resulting solid sample
was left to stand for 1 h. It was then fully dissolved using 3.00
mL of n-hexane. Subsequently, the process was continued by
treating the sample with ethanol in a 30-fold volume. This
entire procedure was repeated for a total of 7 cycles. The
surface modification of organic ligands can passivate the
surface defects of semiconductor NPs and improve the
luminescence performance. However, the ligand is not bound
to the surface of the NPs firmly. The binding ability of surface
ligands to QDs can be obtained using polar solvents for
multiple treatments.
5.4. Preparation of White LEDs with AIS/ZS QDs. AIS/

ZS QDs solution (0.0500 mL) with a concentration of 40 mg/
mL was fully mixed with 0.2 g of glass glue. Then, the above
mixture (0.0500 g) was evenly coated on the chip with a light
wavelength of 460 nm. After natural drying in air, the white
LEDs were obtained.
5.5. Characterization. A UV-3101 spectrophotometer and

HitachiF-7000 fluorescence spectrometer were employed to
measure the electronic absorption (Abs) and photolumines-
cence (PL) spectra of QDs, respectively. An FEI Tecnai F20
transmission electron microscope (TEM) was used to analyze
the sample morphology and size. Malvern Zetasizer NanoZS
was used to measure the dynamic spectral scattering data and
analyze the particle size. Genesis 2000 energy-dispersive X-ray
spectroscopy (EDXA) was used to analyze the elemental
composition of samples. The fluorescence lifetime was
measured with an Edinburgh FLS920 fluorescence spectrom-
eter. In the measurement of temperature-dependent time-
resolved PL (TPRL), the 400 nm pulse laser with a 10 ns
duration of a Surelite II-10 pumped Horizon OPO was used as
the excitation source, and the signal was detected using an
R9110 PMT TCSPC (Hamamatsu, Japan) and recorded by a
TDS3052B Oscilloscope. Fourier transform infrared (FT-IR)
spectra were measured using a VERTEX 70 V spectrometer.
The PLQY was obtained by a comparison method with the
reference sample of rhodamine 6G. The emission spectrum of
the white LED was measured by an integrating sphere (HAAS-
2000). The photos under UV light were taken by a mobile
phone.
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