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Editorial

Semiconductor Quantum Dots: Synthesis, Properties and
Applications

Donghai Feng 1,*, Guofeng Zhang 2,* and Yang Li 3,*

1 State Key Laboratory of Precision Spectroscopy, East China Normal University, Shanghai 200241, China
2 State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Laser Spectroscopy,

Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China
3 Hangzhou Institute for Advanced Study, University of Chinese Academy of Sciences,

Hangzhou 310024, China
* Correspondence: dhfeng@phy.ecnu.edu.cn (D.F.); guofeng.zhang@sxu.edu.cn (G.Z.); ly@ucas.ac.cn (Y.L.)

Semiconductor nanoparticles of sizes smaller than exciton Bohr diameters undergo
quantum confinement and are called quantum dots (QDs), which exhibit size-dependent
physicochemical properties. For the discovery and synthesis of QDs, three pioneers—
Moungi G. Bawendi, Louis E. Brus, and Alexei I. Ekimov—have been awarded the 2023
Nobel Prize in Chemistry [1]. Since the discovery of QDs in the early 1980s [2], the
synthesis, properties, and applications of QDs have been extensively investigated [3,4].
Various strategies, including physical, chemical, and biological approaches, have been
developed to develop QDs with controllable sizes, compositions, and structures [5–8].
QDs have superior optoelectronic properties, including wide tunability, narrow emission
bandwidth, high brightness, and high efficiency, and offer a wide range of potential device
applications in solar energy harvesting [9], lighting [10], displays [11], detectors [12],
biomedical imaging [13], and quantum information technology [14].

This Special Issue includes eight contributions, comprising seven research articles and
one review article, dedicated to the synthesis, properties, and applications of QDs with
diverse components and structures. These studies involve the investigation of the size uni-
formity in CsPbBr3 perovskite QDs via appropriate manganese doping [15], cost-effective
magnetic carbon QDs/FeOx photocatalytic composites [16], the effects of surface plasmon
coupling on the color conversion from quantum wells into QDs [17], temperature- and
size-dependent photoluminescence spectroscopy study on CuInS2 QDs [18], methods for
obtaining one single Larmor frequency in the coherent spin dynamics of colloidal CdSe and
CdS QDs [19], room temperature coherent spin dynamics in CsPbBr3 perovskite QDs [20],
high-quality CdSe/CdS/ZnS QD-based aptasensors for the simultaneous detection of two
different Alzheimer’s disease core biomarkers [21], and a review on advances in solution-
processed blue QD light-emitting diodes [22]. Research on the synthesis, properties, and
applications of QDs will continue to be rigorous and of high interest. Closely following
the prominent event of the 2023 Nobel Prize in Chemistry, our Special Issue highlights the
development of QDs and will be of interest to general readers of Nanomaterials.
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Size Uniformity of CsPbBr3 Perovskite Quantum Dots via
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Abstract: The achievement of size uniformity and monodispersity in perovskite quantum dots (QDs)
requires the implementation of precise temperature control and the establishment of optimal reaction
conditions. Nevertheless, the accurate control of a range of reaction variables represents a considerable
challenge. This study addresses the aforementioned challenge by employing manganese (Mn) doping
to achieve size uniformity in CsPbBr3 perovskite QDs without the necessity for the precise control of
the reaction conditions. By optimizing the Mn:Pb ratio, it is possible to successfully dope CsPbBr3

QDs with the appropriate concentrations of Mn²+ and achieve a uniform size distribution. The
spectroscopic measurements on single QDs indicate that the appropriate Mn²+ concentrations can
result in a narrower spectral linewidth, a longer photoluminescence (PL) lifetime, and a reduced
biexciton Auger recombination rate, thus positively affecting the PL properties. This study not
only simplifies the size control of perovskite QDs but also demonstrates the potential of Mn-doped
CsPbBr3 QDs for narrow-linewidth light-emitting diode applications.

Keywords: CsPbBr3 perovskite quantum dots; manganese-doping; size uniformity; single quantum-dot
spectroscopy; narrow-linewidth

1. Introduction

Cesium lead halide (CsPbX3, where X = Cl, Br, or I) perovskite quantum dots (QDs) dis-
play a range of advantageous properties, including high photoluminescence (PL) quantum
yields, tunable PL spectra, high defect tolerance, and large carrier diffusion lengths [1–4].
These excellent properties have led to CsPbX3 perovskite QDs having considerable poten-
tial in a wide range of applications, including light-emitting diodes (LEDs) [5,6], photo-
voltaics [7], lasers [8,9], photodetectors [10,11], and quantum light sources [12]. Neverthe-
less, the properties and applications of nanoscale perovskite QDs are strongly dependent
on their size uniformity and monodispersity. As the sizes of the QDs are smaller than their
Bohr diameters, the energy levels are quantized due to quantum confinement effects. As
the size of the QD decreases, the confinement of the carriers becomes stronger, leading to
an increase in the energy spacing between the discrete energy levels [13,14]. Consequently,
the optical and electronic properties of QDs are highly sensitive to their sizes. The non-
uniformity of the size of QDs typically leads to the broadening of the PL spectra, which in
turn affects the performance of QD-based devices [15–18]. Consequently, size uniformity
is of paramount importance in determining the performance, stability, and controllability
of QD-based applications. This ensures consistency in optical, electronic, and assembly
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properties, thereby improving the functionality and reliability of devices in a range of fields.
Nevertheless, the production of perovskite QDs with high size uniformity using colloidal
methods remains a significant challenge.

A variety of synthesis methods and strategies have been employed to achieve size
uniformity and monodispersity in perovskite QDs. For example, precursor stoichiometry
control has been used to precisely tune precursor ratios to influence nucleation and growth
kinetics, resulting in uniform perovskite QD sizes [19,20]. The precise control of tempera-
ture and reaction time has been employed to regulate synthesis conditions, resulting in the
formation of smaller, more uniform perovskite QDs [21,22]. Furthermore, solvent engineer-
ing has been utilized to optimize solubility and growth kinetics, thereby improving size
control [23,24]. The use of ligands such as oleic acid or oleylamine in surfactant engineering
has been employed to stabilize the perovskite QDs and enhance size uniformity [25,26].
However, maintaining precise temperature control and appropriate reaction conditions can
be challenging, resulting in variations in perovskite QD size and uniformity.

In this study, we demonstrate the successful achievement of the size uniformity and
monodispersity of CsPbBr3 perovskite QDs through the incorporation of manganese (Mn)
doping. This method does not necessitate the precise control of various reaction conditions
for the synthesis of CsPbBr3 perovskite QDs. It has been demonstrated that Mn doping in
perovskite QDs can stabilize the crystal structure, effectively reduce the defect density, and
improve the lattice ordering [26]. By optimizing the Mn:Pb ratio in the precursor, it was
possible to successfully introduce appropriate concentrations of Mn2+ into the CsPbBr3
perovskite QDs. The introduction of Mn2+ greatly optimizes the size distribution of CsPbBr3
perovskite QDs. Single QD spectroscopy measurements demonstrate that the incorporation
of Mn2+ at appropriate concentrations has a positive effect on the PL properties of CsPbBr3
perovskite QDs.

2. Materials and Methods

All materials were purchased from Aladdin and used as received without further
purification. The materials used in the experiments include cesium carbonate (Cs2CO3,
99.9%, metals basis), lead bromide (PbBr2, 99.0%), zinc bromide (ZnBr2, 99.9%, metals
basis), manganese (II) bromide (MnBr2, 98.0%), oleylamine (OAm, C18:80–90%), oleic acid
(OA, AR), 1-octadecene (ODE, >90.0%(GC)), and hexane (>99%(GC)).

In this study, CsPbBr3 perovskite QDs were synthesized by suitably modifying the
previously reported hot injection synthesis method [19]. Stoichiometric mixtures of different
ratios of PbBr2 and MnBr2 were used for the synthesis of Mn-doped CsPbBr3 perovskite
QDs with different doping concentrations. The Cs precursor solution was prepared by
reacting 0.25 g of Cs2CO3 powder with 0.9 mL of OA and 9 mL of ODE in a 50 mL three-
necked flask. This reaction was conducted at 150 ◦C under a nitrogen (N2) atmosphere. A
separate solution was then prepared by mixing 75 mg of PbBr2, together with ZnBr2 (acting
as a Br− supplementation source) and MnBr2 (acting as a dopant) with 5 mL of ODE, 2
mL of OA, and 2 mL of OAm in a separate 50 mL round-bottomed three-necked flask;
the mass and molar ratios of PbBr2, MnBr2 and ZnBr2 at different doping concentrations
are given in Table S1. The aforementioned mixture was maintained at 120 ◦C under
an N2 atmosphere for one hour to ensure thorough mixing and solubilization. Once the
requisite temperature was reached, 0.4 mL of the previously prepared Cs precursor solution
was rapidly injected into the flask containing the PbBr2 mixture. This injection initiated
the nucleation and subsequent growth of the CsPbBr3 perovskite QDs. To promptly
terminate the reaction, the flask was immersed in an ice bath after 5 s. After the reaction,
the CsPbBr3 perovskite QDs were separated from the reaction mixture by high-speed
centrifugation. Methyl acetate was used as an antisolvent to precipitate the perovskite QDs,
which were then redispersed in hexane. Unreacted salts and impurities were removed
as precipitates through centrifugation at 4000 rpm, and the supernatant, containing the
dispersed perovskite QDs, was collected for further use. During the synthesis of the Mn-
doped QDs, ZnBr2 was used to maintain a constant total amount of Br− to ensure that
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the sizes of the QDs were not affected by the amount of Mn doping. ICP-MS analyses
showed that the concentration of Zn2+ was extremely low, which indicated that Zn2+ was
not effectively doped into the QDs [19].

For single QD measurements, the hexane solution of perovskite QDs was mixed with
1 wt.% polystyrene solution. The mixture was then spin-coated onto clean glass coverslips
at 3000 rpm for one minute to form a polystyrene film to protect the perovskite QDs. The
size of the perovskite QDs was measured from the TEM image using a JEM-2100 microscope
(JEOL, Tokyo, Japan). The absorption, excitation, and PL emission spectra of the perovskite
QDs in hexane were measured using a PerkinElmer Lambda 950 UV–VISNIR spectrometer
(PerkinElmer, Hopkinton, MA, USA) and a Cary Eclipse Fluorescence Spectrophotometer
(Agilent, Santa Clara, CA, USA), respectively. X-ray diffraction (XRD) patterns of the
perovskite QDs were obtained using a D2 PHASER diffractometer (Bruker, Billerica, MA,
USA). The elemental concentrations of Mn-doped perovskite QDs were determined using a
NexION350 series inductively coupled plasma mass spectrometer (ICP-MS) (PerkinElmer,
MA, USA).

A confocal fluorescence microscopy system was home-built to collect the PL photons
emitted from single QDs [27,28]. A pulsed laser emitting at 439 nm (EXW-12, NKT) with
a pulse duration of 50 to 100 ps and a repetition rate of 5 MHz was used for excitation.
The system incorporated an Olympus oil immersion objective with a high magnification of
100× and a numerical aperture (NA) of 1.3, which not only facilitated the precise focusing
of the laser beam onto the QD samples but also efficiently collects the emitted PL photons.
The collected PL photons were initially filtered through a dichroic mirror (Semrock, IDEX,
Northbrook, IL, USA) and a long-pass filter (Semrock, IDEX, IL, USA) to eliminate any
background noise that might otherwise interfere with the analysis. Subsequently, a spatial
filtering step using a 100 μm pinhole was employed to reject out-of-focus photons, thereby
ensuring that only the desired PL photons were processed. A 50/50 beam-splitter cube
was then used to divide the filtered PL photons into two equal beams. Each beam was then
detected by a highly sensitive single-photon avalanche diode detector (SPCM-AQR-15,
PerkinElmer, MA, USA), which is capable of rapidly responding to individual photons.
The detected signals were accurately recorded by a time-tagged, time-resolved (TTTR),
time-correlated single-photon counting (TCSPC) data acquisition card (HydraHarp 400,
PicoQuant, Berlin, Germany), which provides a temporal resolution of 1 ps. Of note, all
measurements were conducted at room temperature in order to ensure reproducibility
and comparability with other experiments. The described setup and procedures adhere to
standard practices in fluorescence microscopy and single-photon detection, thus ensuring
the reliability and accuracy of the data obtained for the investigation of the PL properties
of perovskite QDs.

3. Results and Discussion

The synthesis of the Mn-doped CsPbBr3 perovskite QDs was successfully accom-
plished using MnBr2 as a dopant. The doping concentrations of the QDs were 4.7%, 20.4%,
and 42.9%, with the undoped QDs serving as a control. The Mn2+ concentration was accu-
rately determined by inductively coupled plasma mass spectrometry (ICP-MS) analysis, as
shown in Table S2. Taking the undoped and the 4.7% Mn-doped CsPbBr3 perovskite QDs
as examples, the solution PL quantum yield (QY) of the undoped QDs is about 80%, and the
PLQY of the 4.7% doped QDs is about 70%. The transmission electron microscopy (TEM)
images presented in Figure 1a,b illustrate the distinct morphological discrepancies between
the undoped and the 4.7% Mn-doped perovskite QDs. Following the incorporation of 4.7%
Mn doping, notable improvements in both the size distribution and morphology of the
perovskite QDs were observed. In particular, these QDs exhibit a strikingly uniform size
distribution, with a significant reduction in the full width at half maximum (FWHM) of
the size distribution from 2 nm to 1.2 nm (Figure 1c,d), which highlights the high level
of control over the size uniformity obtained by Mn doping. Furthermore, the original
cubic morphology becomes more distinct and well-defined, indicating an improvement in
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crystallinity. The size narrowing can be attributed to the effective modulation of QD surface
defects by Mn doping [26,29]. Mn doping has the effect of reducing surface defects by
increasing the defect formation energy while avoiding the introduction of deep traps into
the band gap. The reduction in surface defects not only improves the short-range ordering
of the lattice but also brings the local structural ordering closer to the ideal homogeneous
state. At the same time, this optimization is reflected in the emission spectrum of the
perovskite QDs, where the FWHM of the emission spectrum is significantly narrowed from
34.5 nm to 24.1 nm (Figure 1e), representing a 30.3% reduction as compared to the original
width. This indicates a more homogeneous energy distribution and the improved optical
properties of the doped perovskite QDs, which can be attributed to the profound effect of
Mn doping in regulating and reducing surface defects on the QD surfaces. Conventionally,
during the growth process of perovskite QDs, the presence of unpaired chemical bonds
leads to the formation of surface defects with high free energy, acting as non-radiative re-
combination centers that deteriorate the optical performance. However, the introduction of
Mn2+ as a dopant effectively mitigates this issue by increasing the defect formation energy
barrier, thereby suppressing the formation of such defects and avoiding the introduction
of deep traps within the band gap. This mechanism not only enhances the short-range
order of the crystal lattice but also brings the local structural order closer to an ideal state
of uniformity, as evidenced by the improved optical properties [26,29]. Furthermore, the
substitution of Pb2+, which possesses a larger ionic radius, by the equivalent but smaller
Mn2+, lead to a contraction of the lattice. This lattice contraction not only contributes to the
observed reduction in the average edge length of the perovskite QDs from 6.41 nm to 6.08
nm (Figure 1c,d), but also affects the electronic structure. Specifically, the enhancement of
the coordination field around Mn2+ due to lattice contraction results in a narrowing of the
band gap between the 4T1 and 6A1 energy levels of Mn2+, leading to a slight redshift in
the position of the PL excitation and emission peaks (Figures 1e and S1) [30]. This effect,
coupled with the reduced surface defects, underscores the beneficial role of Mn doping
in enhancing the optical properties of the perovskite QDs. Additionally, the monotonic
shift of the peaks in the X-ray diffraction (XRD) patterns by 0.18◦ toward higher angles
(Figure 1f,g) provides further evidence of the lattice contraction induced by Mn doping. The
XRD plots of perovskite QDs with different doping concentrations, along with comparisons
to the standard phase, are provided in Supplementary Materials Figure S2. The observed
improvements in energy distribution, optical properties, and structural order of the doped
perovskite QDs provide compelling evidence that Mn doping effectively regulates and
reduces surface defects, leading to enhanced performance. These findings not only validate
the successful doping of the perovskite QDs but also highlight the potential of Mn2+ as a
powerful dopant for improving the properties of semiconductor nanomaterials.

As the doping concentration is increased from 4.7% to 20.4%, a slight blue shift in the
absorption edge can be observed, accompanied by a corresponding shift in the PL peak from
496.6 nm to 486.6 nm. When the doping concentration exceeds 42.9%, the size distribution
and morphology of the perovskite QDs deteriorate, resulting in a reverse redshift of the
characteristic spectra (Figure S3g,h and Table S3). Furthermore, it was observed that the
Mn-doped perovskite QDs did not exhibit Mn-related PL in the visible spectral region at
room temperature due to the low energy of the excitonic transition [30–32].

In order to investigate the impact of doping on CsPbBr3 perovskite QDs, we conducted
single-dot PL spectroscopy on undoped and 4.7% Mn-doped CsPbBr3 perovskite QDs
under identical excitation conditions. The excitation condition 〈N〉 represents the average
number of photons absorbed per QD per pulse. 〈N〉 = σ·jexc, where jexc is the per-pulse
photon fluence, and σ is the QD absorption cross section [4,33]. The estimation of 〈N〉
and the calculation of the absorption cross section σ can be found in the Supplementary
Materials. The average values of σ for the undoped CsPbBr3 perovskite QDs and the
4.7% Mn-doped CsPbBr3 perovskite QDs are 3.52 × 10−14 cm2 and 2.97 × 10−14 cm2,
respectively (Figure S4), which is consistent with the findings of previous research [4].
Figure 2a,b illustrate the typical PL intensity trajectories for single undoped and 4.7% Mn-
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doped perovskite QDs under low excitation (〈N〉 = 0.2). The corresponding PL intensity
histograms are shown in the right panels. From the figures, it can be observed that the
PL intensity trajectory of the single 4.7% Mn-doped QD remains essentially unchanged as
compared to that of the undoped QD. However, as the doping concentration increases, the
PL trajectories of the perovskite QDs deteriorate, exhibiting a decrease in intensity and an
increase in blinking (Figure S5). By applying a single exponential fit to each 10 ms time
bin of the PL trajectories, fluorescence lifetime-intensity distribution (FLID) maps can be
derived, which provide valuable insights into the PL properties of the QDs [34,35]. Prior
to and following doping, the PL intensity of single CsPbBr3 perovskite QDs exhibits a
linear correlation with their lifetimes, indicating that PL blinking in both the undoped and
Mn-doped QDs is primarily dominated by band-edge carrier (BC) blinking (Figure 2c,d).
This implies that the moderate amount of Mn doping did not alter the blinking mechanism
of the perovskite QDs.

Figure 1. Morphological, spectral, and structural characterization of undoped and 4.7% Mn-doped
CsPbBr3 perovskite quantum dots (QDs). (a,b) Transmission electron microscopy (TEM) images of
undoped and Mn-doped CsPbBr3 perovskite QDs. (c,d) Histograms depicting the distribution of
edge lengths for undoped and Mn-doped perovskite QDs. (e) Absorption and PL emission spectra of
undoped and Mn-doped perovskite QDs, demonstrating that Mn-doped perovskite QDs exhibit a
narrower linewidth. (f) X-ray diffraction (XRD) patterns of perovskite QDs with different Mn doping
concentrations, demonstrating the preservation of the cubic phase upon Mn doping. (g) A magnified
view shows a subtle but monotonic shift in the XRD peak toward higher 2θ angles, indicating a
progressive contraction of the lattice with Mn doping.

The corresponding PL decay trajectories, extracted from the bright- and dim-state
PL regions, are presented in Figure 2e,f, respectively. The decay curves can be fitted by
mono-exponential functions to obtain the bright- and dim-state lifetimes. The radiative
lifetime scaling can be calculated based on the bright- and dim-state lifetimes and the
corresponding PL intensities of the bright- and dim-state. The radiative lifetime scaling
for both the undoped and 4.7% Mn-doped CsPbBr3 perovskite QDs is approximately 1.0
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(details of the scaling calculations can be found in the Supplementary Materials), which
further confirms that both undoped and Mn-doped perovskite QDs adhere to the BC
blinking mechanism [36,37]. This BC blinking behavior indicates that the blinking of the
undoped and Mn-doped perovskite QDs is primarily attributed to the surface-shallow
trap states. Given the analogous energy level structure of the Mn and CsPbBr3 perovskite
QDs, doping Mn²+ does not introduce deep trap states and thus does not alter the carrier
trapping and de-trapping rates. The corresponding second-order correlation function
(g(2)) curves depicted in Figure 2g,h show very low values of g(2)(0), well below 0.5. This
observation suggests that the investigated perovskite QDs are single QDs [38] and also
indicates that Mn doping does not appear to alter the photon statistical properties of the
QDs.

Figure 2. (a,b) Typical PL intensity time trajectories for single undoped and 4.7% Mn-doped CsPbBr3

perovskite QDs. The corresponding PL intensity histograms are presented in the right panels.
(c,d) Corresponding fluorescence lifetime–intensity distribution (FLID) maps. The color change from
blue to red indicates an increase in the probability of occurrence of a given state in the intensity–
lifetime space. (e,f) Corresponding PL decay trajectories obtained from the bright- and dim-state
PL regions marked in respective colors on the PL intensity trajectories of (a,b). The solid red and
blue lines represent mono-exponential fits, and the solid yellow lines in the figures represent the
instrument response function (IRF) of the system. (g,h) Corresponding second-order correlation
function (g(2)) curves of the bright-state PL regions for single undoped and 4.7% Mn-doped CsPbBr3

perovskite QDs.

In order to gain further insight into the impact of Mn doping on CsPbBr3 perovskite
QDs, a statistical analysis was conducted on the single-exciton lifetimes of both single
undoped and Mn-doped CsPbBr3 perovskite QDs. The single-exciton lifetime can be
determined by fitting the bright state of the PL intensity trajectory. The histograms of
single-exciton lifetimes are presented in Figure 3a,b, and the results were obtained from
approximately 100 QDs in each case. The average lifetime value of 4.7% Mn-doped CsPbBr3
perovskite QDs is 5.37 ns, which is larger than the average lifetime value of undoped
CsPbBr3 perovskite QDs (4.93 ns). This increase in the lifetime value indicates that the
doping of Mn²+ favors the suppression of defect recombination [29].
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Figure 3. (a,b) Histograms of single-exciton lifetimes for single undoped and 4.7% Mn-doped CsPbBr3

perovskite QDs. (c,d) Histograms of biexciton quantum yields (QYs) for single undoped and Mn-
doped CsPbBr3 perovskite QDs. (e,f) Histograms of biexciton Auger recombination rates (kAR,BX)
for single undoped and Mn-doped CsPbBr3 perovskite QDs.

Furthermore, we conducted a detailed investigation into the impact of doping on
the biexciton quantum yields (QYs) and biexciton Auger recombination rates (kAR,BX) in
perovskite QDs. In the case of weak excitation conditions with 〈N〉 = 0.2, the biexciton QYs
can be calculated using the Equation (1) [39,40]:

QYBX = g(2)(0)× QYX (1)

where QYBX and QYX are the biexciton QY and the single-exciton QY, respectively. It is
assumed that the single-exciton QY of the on-state PL intensity trajectory is unity for single
QDs [39]. According to the values of g(2)(0), the biexciton QYs of single undoped and
Mn-doped CsPbBr3 perovskite QDs can be obtained by Equation (1). The histograms of the
biexciton QYs in the two cases are presented in Figure 3c,d, respectively, and the average
values are calculated to be 0.06 and 0.06, respectively. This suggests that Mn doping has a
minimal impact on the biexciton QYs of perovskite QDs.

When the excitation condition 〈N〉 � 1, the relationship of g(2)(0) to the biexciton and
single-exciton lifetimes of a single perovskite QD can be expressed by Equation (2) [16,40,41]:

g(2)(0) = 4
τBX
τX

(2)

where τBX and τX are the biexciton and single-exciton lifetimes, respectively. The biexciton
QY can be expressed by Equation (3) [40]:

QYBX =
kr,BX

kr,BX + kAR,BX
=

kr,BX

1/τBX
(3)

where kr,BX and kAR,BX represent the biexciton radiative rate and the biexciton Auger
recombination rate, respectively. According to Equations (2) and (3), kAR,BX can be ob-
tained. Histograms of kAR,BX for single undoped and Mn-doped CsPbBr3 perovskite
QDs are shown in Figure 3e,f. The kAR,BX values for undoped perovskite QDs exhibit a
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relatively wide distribution, reflecting the non-uniform size distribution of the undoped
QDs (Figure 3e). The mean value of kAR,BX is 21.65 ns−1. In contrast, the distribution of
kAR,BX of the Mn-doped perovskite QDs is more concentrated (Figure 3f). This is primar-
ily attributed to the enhancement of their size uniformity and the significant reduction
in size dispersion achieved by Mn doping. The average value of kAR,BX is 15.81 ns−1

for the Mn-doped QDs, which is smaller than that of the undoped QDs. This evidence
demonstrates that the incorporation of Mn effectively mitigates the discreteness of the
kAR,BX . The reduction in the kAR,BX achieved by minimizing non-radiative recombination
processes leads to an increase in the radiative recombination fraction. At the same time,
the reduced kAR,BX indicates that the quantum confinement on the carriers is reduced,
creating favorable conditions for the overall enhancement of the LED device performance.
A summary table of photophysical parameters for the Mn-doped QDs obtained in this
work is presented in Table S3, and results from the other literature used for comparison are
also included in Table S3. In addition, the 4.7% Mn-doped QDs met our expectations, so
we did not attempt to prepare QDs with small changes in the Mn concentration.

One of the key challenges in the advancement of QD LED (QLED) technology is the
relatively wide emission spectra, which affects the color purity of the emitted light from
LEDs [42,43]. To further validate the feasibility of Mn-doped CsPbBr3 perovskite QDs for
LED applications, we employed undoped and 4.7% Mn-doped CsPbBr3 perovskite QDs as
down-conversion phosphors. The CsPbBr3 perovskite QDs were thoroughly mixed with a
1wt% polystyrene (PS)-toluene solution to improve the stability. The resulting mixture was
then applied to a 395 nm UV chip and allowed to dry in air for one hour, resulting in the
fabrication of the QLED device. As illustrated in Figure 4a,b, at a driving voltage of 3 V, the
FWHM of the light emission of the QLED based on Mn-doped CsPbBr3 perovskite QDs is
24.3 nm, which is smaller than that of the undoped QDs (31.5 nm). The green light purity
of the two QLEDs is expressed in CIE coordinates as (0.26, 0.54) for the undoped perovskite
QDs and (0.18, 0.62) for the 4.7% Mn-doped perovskite QDs, as shown in Figure 4c. Notably,
the QLED based on the Mn-doped QDs exhibit color coordinates that are closer to the
ideal green LED coordinates in the 1931 color space (0.170, 0.797) [44] and exhibit a higher
degree of color purity, which highlights the great potential of doped perovskite QDs for
LED fabrication.

Figure 4. (a,b) Light-emitting diode (LED) emission spectra of the undoped and 4.7% Mn-doped
CsPbBr3 perovskite QDs. Insets: Optical images corresponding to the LED. (c) Chromaticity coordinates.

4. Conclusions

Mn-doped CsPbBr3 perovskite QDs were successfully prepared by introducing an
appropriate amount of Mn²+ into the QDs. The study demonstrates that Mn doping
significantly increases the defect formation energy, which promotes the formation of nearly
uniform local structural order in the perovskite QDs, leading to improved size uniformity
and monodispersity. The FWHM of the size distribution of the perovskite QDs was reduced
from 2 nm to 1.2 nm, with a 30.3% reduction in the PL emission linewidth as compared
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to the undoped QDs, indicating a more homogeneous energy distribution and improved
optical properties. The study reveals that the optimal doping effect is achieved when the
Mn doping concentration of perovskite QDs is set at 4.7% among four different doping
concentrations. This doping process does not result in the introduction of deep trap
states within the band gap and instead improves the size uniformity. Furthermore, the
improvement in PL properties is evidenced by the narrowing of the spectral linewidths, the
increase in PL lifetime, and the reduction in the Auger recombination rate. Additionally,
a 23% reduction in linewidth was observed for the 4.7% doped QLEDs, with a CIE color
coordinate of (0.18, 0.62) that is closer to the ideal coordinates for green LEDs, further
demonstrating their potential for LED applications. This work offers an effective strategy
for enhancing the color purity of perovskite QD-based LEDs.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/nano14151284/s1: Estimation of 〈N〉 and calculation of the absorption
cross section; BC blinking determined by radiative lifetime scaling; Figure S1: excitation spectra of
PL for undoped and 4.7% Mn-doped perovskite CsPbBr3 QDs; Figure S2: X-ray diffraction (XRD)
patterns of perovskite QDs with different Mn doping concentrations; Figure S3: morphological and
structural characterizations of undoped and Mn-doped CsPbBr3 perovskite QDs with various doping
concentrations; Figure S4: histograms of the absorption cross sections (σ) of undoped and 4.7%
Mn-doped CsPbBr3 perovskite QDs; Figure S5: typical PL intensity time trajectory for single CsPbBr3
perovskite QDs with different doping concentrations; Table S1: mass and molar ratios of PbBr2, MnBr2
and ZnBr2 at different doping concentrations; Table S2: quantitative elemental scanning ICP-OES
analysis of Mn-doped CsPbBr3 QDs under different doping concentrations; and Table S3: a summary
table of photophysical parameters for the Mn-doped QDs obtained in this work and results from
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Abstract: To provide an economical magnetic photocatalyst and introduce an innovative approach
for efficiently utilizing discarded waste rice noodle (WRN) and iron oxide scale (IOS), we initially
converted WRN into carbon quantum dots (CQDs) using a hydrothermal method, simultaneously
calcining IOS to obtain iron oxide (FeOx). Subsequently, we successfully synthesized a cost-effective,
magnetic CQDs/FeOx photocatalytic composite for the first time by combining the resulting CQDs
and FeOx. Our findings demonstrated that calcining IOS in an air atmosphere enhanced the content
of photocatalytically active α-Fe2O3, while incorporating WRN-based CQDs into FeOx improved
the electron-hole pair separation, resulting in increased O2 reduction and H2O oxidation. Under
optimized conditions (IOS calcination temperature: 300 ◦C; carbon loading: 11 wt%), the CQDs/FeOx

composite, utilizing WRN and IOS as its foundation, exhibited exceptional and reusable capabilities
in photodegrading methylene blue and tetracycline. Remarkably, for methylene blue, it achieved
an impressive degradation rate of 99.30% within 480 min, accompanied by a high degradation rate
constant of 5.26 × 10−3 min−1. This composite demonstrated reusability potential for up to ten
photocatalytic cycles without a significant reduction in the degradation efficiency, surpassing the
performance of IOS and FeOx without CQDs. Notably, the composite exhibited strong magnetism
with a saturation magnetization strength of 34.7 emu/g, which enables efficient and convenient
recovery in photocatalytic applications. This characteristic is highly advantageous for the large-scale
industrial utilization of photocatalytic water purification.

Keywords: waste rice noodle; iron oxide scale; carbon quantum dots/iron oxide composite; photocatalytic
capability; magnetic

1. Introduction

In recent years, there has been growing interest in using semiconductor materials [1–3]
as photocatalysts [4,5] for degrading low concentrations of organic and inorganic molecules
in freshwater treatment [6], environmental remediation [7,8], industrial [9], and health
applications [10,11]. Various types of semiconductors, such as TiO2 [12], ZnO [13], ZnS [14],
CdS [15], and others, have been reported for photocatalytic decontamination over the
past two decades. However, one major challenge encountered with most photocatalysts
in powder form is their non-magnetic nature, making them difficult to separate from
the purified solution. To address this issue, coupling [16–19] magnetic particles with
non-magnetic semiconductor photocatalysts appears to be the most logical solution. By
incorporating magnetic particles into the hybrid photocatalysts, an external magnetic field
can be used to easily separate them after the photocatalytic process, ensuring reusability
and offering a promising approach for environmental pollution control. Among the various
magnetic particles, iron oxides—such as Fe3O4 [16,20], α-Fe2O3 [21], β-Fe2O3 [22], γ-
Fe2O3 [23], FeO [24], and spinel ferrites (MFe2O4 [25])—have garnered significant attention
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in the field of photocatalysis due to their low cost, strong magnetism, environmental
friendliness, and stability. However, in comparison to classical photocatalysts like TiO2 and
ZnO, iron oxides do not demonstrate outstanding photocatalytic efficiency. Consequently,
it has become essential to explore certain degrees of doping or composite modification to
enhance their performance [26–28]. Among these, the composition of carbon quantum dots
(CQDs) has proven to be an effective means of enhancing the photocatalytic performance of
iron oxide materials [29–34]. There have been reports demonstrating that carbon quantum
dots/iron oxide photocatalytic materials can efficiently degrade water-soluble organic
pollutants such as methylene blue. For instance, Sun et al. prepared quantum dots using
glucose as a carbon source and combined them with commercially-available magnetic
Fe3O4 nanoparticles to create CQDs/Fe3O4 composite material. This composite achieved an
83% degradation rate of alkaline methylene blue solution within 30 min [29]. Additionally,
Zhang et al. reported the synthesis of CQDs/MIL-101(Fe)/g-C3N4 composite photocatalytic
material, using FeCl3 as the iron source and citric acid and ethylenediamine as carbon
sources. This composite achieved a photocatalytic rate of 99.3% for methylene blue within
120 min [34]. However, it is worth noting that the CQDs/iron oxide photocatalytic materials
reported to date have typically used commercially available iron and carbon sources,
resulting in relatively high synthesis costs, which may pose challenges for large-scale
commercialization.

The improper disposal of cooking waste has the potential to introduce pollutants into
the soil and water ecosystems, posing a considerable urban governance dilemma [35]. The
contemporary methods employed for the management of cooking waste in commercial
settings [36,37] predominantly encompass techniques like anaerobic digestion [38], aerobic
composting [39], landfill deposition [40], incineration [41], and the creation of forage [42].
Despite enabling the large-scale industrial treatment of cooking waste, these strategies are
accompanied by notable limitations [43], including substantial land utilization, substantial
capital investment in equipment, diminished product profit margins, and the potential for
generating secondary pollutants like greenhouse gas emissions and leachates. In order to
address these issues, our previous investigation proposed a novel approach to utilizing
cooking waste, specifically waste rice noodle (WRN), with starch as the main component.
This approach involved first hydrothermal carbonizing the WRN to create a solution of
CQDs, which was then combined with specific inorganic nano powders like TiO2 or ZnO to
produce CQDs/TiO2 [44] or CQDs/ZnO [45] photocatalytic composites for water pollution
control. The CQDs/inorganic oxide composites derived from WRN displayed remarkable
photocatalytic degradation efficiency, outperforming commercial TiO2 or ZnO, particularly
under visible light illumination, for a range of water-soluble dyes. This conversion strategy
of WRN to CQDs/TiO2 [44] or CQDs/ZnO [45] composites added significant value and
offered promising prospects for industrialization, potentially providing a new method
for cooking waste recycling. However, although both catalysts could be recycled and
reused multiple times without significantly reducing their photocatalytic degradation
capacity, each recycling step requires careful centrifugation, washing, and drying. This
process posed significant challenges when applied to large-scale wastewater treatment in
practical settings.

On the other hand, iron oxide scale (IOS [46]) is formed on the surface of steel during
the steel rolling process when the steel is rapidly cooled with water, resulting in iron-
containing oxides. If not properly treated, significant amounts of IOS may be released
into the environment, potentially causing severe pollution to water bodies, soil, and other
natural surroundings [47]. At present, the primary method for handling waste IOS is to
reintroduce it into the metallurgical industry, where it is used in the smelting of steel [48].
This well-established approach is suitable for large-scale production, but it requires signifi-
cant investments in terms of funds, equipment, land, and labor. Furthermore, there is the
possibility that waste IOS may contain Ca, Mg, P, and Si, providing an alternative pathway
for reusing it as fertilizer [49]. However, such fertilizers can only utilize a small fraction of
the effective components present in the IOS, leading to generally low fertilizer efficiency.
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Considering these limitations, it is essential to explore novel approaches that utilize waste
IOS as a raw material to produce high-tech, high-value functional materials.

Based on previous research, our goal is to design and synthesize a new functional
material derived from waste that boasts lower production costs and enhanced recyclability.
We proposed integrating two types of waste materials, namely rice noodle waste (WRN) and
iron oxide scale (IOS), as the raw materials. Firstly, the WRN underwent a hydrothermal
process to convert it into CQDs, while the IOS was calcined to obtain iron oxides (FeOx).
Subsequently, we combined the CQDs from WRN with the FeOx from IOS, achieving the
pioneering synthesis of a cost-effective magnetic CQDs/FeOx photocatalytic composite
material without the need for additional synthetic agents (see Figure 1). This material
exhibited a good photocatalytic performance and could be effectively separated using
magnets, showcasing its commendable recyclability and reusability. Our research delves
into the material’s structure, photocatalytic performance, and photocatalytic mechanism,
as well as thoroughly analyzing the effects of IOS calcination and CQDs combination on
the material’s properties.

Figure 1. Formation process of CQDs/FeOx composite using WRN and IOS as raw materials.

2. Experiment Section

2.1. Materials

The waste rice noodle (WRN) was obtained from the canteen located at the Guilin
University of Technology in Guilin, China, with its primary organic components including
starch (21.36 g/100 g), protein (1.91 g/100 g), and fat (0.4 g/100 g). The waste iron oxide
scale (IOS, 200 mesh, main element content: Fe 71.09 wt%, O 27.41 wt%, Si 0.47 wt%, Ca
0.42 wt%, Mn 0.38 wt%, Al 0.23 wt%) was obtained from Valin Lianyuan Iron and Steel
Co. Ltd. in Hunan, China. The tetracycline hydrochloride (98% purity), methylene blue
(98.5% purity), nano ZnO (99% purity), nano TiO2 (99% purity), 1,4-benzoquinone (BQ,
98% purity), 2-propanol (IPA, 99% purity), ethylenediaminetetraacetic acid disodium salt
(EDTA–2Na, 98% purity), as well as dimethyl pyridine N-oxide (DMPO, 99% purity), were
procured from Macklin Reagent (Shanghai, China) and were used as received, without
undergoing additional purification steps.
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2.2. Synthesis

To initiate the process, the formulation of the CQDs solution commenced via a hy-
drothermal treatment applied to the WRN, adhering to the methodology outlined in our
earlier research [44,45]. In the standard synthesis protocol, 100 g of WRN underwent
thorough grinding to yield a consistent paste using a mortar. Subsequently, this paste
was combined with 200 g of deionized water. The ensuing mixture underwent heating
within a 500 mL Teflon-lined autoclave, where it was subjected to a temperature of 200 ◦C
for a duration of 10 h. A brown CQDs solution, accompanied by black-gray sediment,
was successfully acquired. Employing vacuum filtration, the brown CQDs solution was
isolated, intended for subsequent fabrication of CQDs/FeOx photocatalytic composites,
while the solid portion was separated to yield hydrothermal carbon (HTC) powder, which
could be further treated to produce activated carbon [44]. Simultaneously, the IOS powder
underwent calcination at various temperatures (100 ◦C, 200 ◦C, 300 ◦C, 400 ◦C, 500 ◦C)
in an air atmosphere using a SGM6812CK tube furnace (Sigma, Luoyang, China) for 4 h,
producing FeOx as a brown powder.

Next, a volume of 40 mL from the CQDs solution was skillfully combined with
an appropriate quantity of FeOx, choosing from three different amounts (0.25 g, 0.5 g,
1 g), in precisely measured proportions. Through meticulous magnetic stirring at room
temperature for a duration of 0.5 h, a consistent and homogenous suspension was created.
Subsequently, this well-mixed composition was placed into a 50 mL Teflon-lined autoclave,
undergoing heating at a temperature of 85 ◦C for a span of 3 h to facilitate the formation
of the composite structure. Following this process, the composite material was retrieved
and subjected to centrifugation, followed by thorough triple washing with distilled water.
Upon being subjected to vacuum drying at 60 ◦C, the resulting product emerged as the
CQDs/FeOx photocatalytic composite material, taking the form of a deep brown powder.
The samples were labeled as CQDs/FeOx–1 to CQDs/FeOx–7 based on the calcination
temperature of the IOS and the amount of FeOx used. The relevant formulation design and
elemental composition are presented in Table 1.

Table 1. Formulation design of CQDs/FeOx composites.

Serial Number
Calcination Temperature

of IOS (°C)

Dosage of
FeOx (g)

Elemental Composition (wt%)

Fe O C Mn Al Si Ca

CQDs/FeOx–1 100 0.5 63.17 24.36 11.23 0.19 0.41 0.35 0.29
CQDs/FeOx–2 200 0.5 62.75 24.66 11.34 0.2 0.42 0.36 0.27
CQDs/FeOx–3 300 0.5 62.6 24.94 11.14 0.21 0.44 0.35 0.32
CQDs/FeOx–4 400 0.5 62.91 24.87 10.89 0.23 0.44 0.34 0.32
CQDs/FeOx–5 500 0.5 62.95 24.58 11.24 0.22 0.39 0.33 0.29
CQDs/FeOx–6 300 0.25 56.24 22.38 20.21 0.19 0.4 0.32 0.26
CQDs/FeOx–7 300 1 65.88 26.2 6.56 0.22 0.46 0.35 0.33

2.3. General Characterization and Measurement of Photocatalytic Performance

The characterizations and photocatalytic degradation experiments of the CQDs/FeOx
composite material were conducted following the methods outlined in our previous re-
ports [44,45]. For in-depth details, please refer to Supplementary Materials S1 and S2 in
the ESI.

3. Result and Discussion

3.1. Structural Characterization

The PXRD analysis of the CQDs/FeOx composite (CQDs/FeOx–3 sample), FeOx
powder (achieved through the calcination of IOS at 300 ◦C), and IOS (raw material) is
depicted in Figure 2. Evidently, the waste IOS contained two main phases. Among them, the
characteristic peaks at 30.0◦, 35.4◦, 37.0◦, 43.1◦, 56.9◦, and 62.5◦ corresponded to the (220),
(311), (222), (400), (511), and (440) crystal planes, respectively, which could be attributed to
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magnetite (Fe3O4, JCPDS card no. 19-0629). Additionally, the characteristic peaks at 33.1◦
and 35.6◦ could be attributed to the (104) and (110) crystal planes of hematite (α-Fe2O3,
JCPDS card no. 33-0664). This indicated that the IOS mainly contained Fe3O4 and α-Fe2O3,
with Fe3O4 being dominant. Combining this with the results of the elemental composition
analysis (See Table 2), the Fe/O mass ratio in the IOS was 2.59, and it could be calculated
that there was only about 10.8% of α-Fe2O3 in the mixed phase of iron oxide. Typically, the
band gap of magnetite (Fe3O4) was too small to exhibit an effective photocatalytic ability.
As a result, the iron oxide photocatalytic component was mainly α-Fe2O3. Therefore, it
was foreseeable that the waste IOS could not be directly used as a photocatalytic material
or directly combined with CQDs due to the low content of α-Fe2O3, making calcination
treatment necessary to enhance its photocatalytic potential.

Figure 2. PXRD pattern of IOS (a), FeOx (b) and CQDs/FeOx composite (c). The red square and blue
triangle represent the diffraction peaks of Fe3O4 and α-Fe2O3, respectively.

Table 2. Comparison of composition element content of CQDs/FeOx composite, FeOx and IOS.

Serial Number
Elemental Composition (wt%)

Fe O C Al Si Ca Mn

IOS 71.09 27.41 - 0.23 0.47 0.42 0.38
FeOx

a 70.46 28.05 - 0.21 0.49 0.4 0.39
CQDs/FeOx composite b 62.6 24.94 11.14 0.21 0.44 0.35 0.32

a calcining IOS at 300 ◦C in an air atmosphere for 4 h; b CQDs/FeOx–3 sample.

Comparing the PXRD pattern of the FeOx powders obtained through the calcination
of IOS at 300 °C with that of IOS, it was evident that the diffraction peaks of the α-Fe2O3
were significantly enhanced after calcination. The characteristic peaks at 24.1◦, 33.1◦, 35.6◦,
40.9◦, 49.5◦, and 54.1◦ corresponded to the (012), (104), (110), (113), (024), and (116) crystal
planes of α-Fe2O3, respectively. Additionally, based on compositional analysis, the Fe/O
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mass ratio decreased to 2.51, indicating that the FeOx powder contained 43.3% of α-Fe2O3.
This transformation implied that calcination in air could convert a portion of the initially
non-photocatalytic Fe3O4 into photocatalytically active α-Fe2O3, which laid the foundation
for obtaining practical photocatalytic materials after the composite with CQDs. The PXRD
patterns of the CQDs/FeOx composite and FeOx exhibited resemblances; however, the
diffraction peaks corresponding to the CQDs within the composite were not prominently
discernible due to their relatively modest concentration.

The results of the particle size distribution testing indicated that the obtained CQDs/FeOx
composite (CQDs/FeOx–3 sample) exhibited a Z-average particle size value of 127.8 ± 63.26 nm
(refer to Figure S1 in ESI). The outcomes of the TEM analysis for the CQDs/FeOx composite
(CQDs/FeOx–3 sample) are visually depicted in Figure 3a. It could be observed that
the CQDs/FeOx composites exhibited an irregular lamellar structure, with uniformly
dispersed spherical CQDs particles on the FeOx surface. In Figure 3b, the HRTEM image
vividly revealed the intricate lattice arrangement of the FeOx and CQDs. The lattice stripes,
exhibiting spacings of 0.185 nm, 0.198 nm, and 0.271 nm, corresponded, respectively,
to the (104), (110), and (024) crystal planes of α-Fe2O3. Furthermore, discernible lattice
stripes with spacings of 0.103 nm and 0.168 nm aligned with the (111) and (220) crystal
planes of Fe3O4. These observations indicated that the obtained FeOx was primarily a
mixture of magnetite (Fe3O4) and hematite (α-Fe2O3), which aligned with the PXRD results.
Moreover, crystalline planes with a lattice spacing of about 0.283 nm, corresponding to
the (020) crystalline planes of CQDs [50,51], were also observed, confirming the successful
combination of the WRN-based CQDs and FeOx in the resulting composite.

 

Figure 3. The TEM image (a) and HRTEM image (b) of CQDs/FeOx composite based on WRN
and IOS.

The XPS spectra of both the CQDs/FeOx composite and FeOx powders are displayed
in Figure 4 and summarized in Table 3. Figure 4a highlights the elemental presence of Fe,
O, and C within the CQDs/FeOx composite. Notably, Figure 4b and Table 2 elucidate that
the Fe 2p spectra disclosed characteristic peaks at 724.67 and 710.49 eV, corresponding to
the Fe(2p1/2) and Fe(2p3/2) signals, respectively. A noteworthy separation of divalent and
trivalent iron signals was discernible within the Fe(2p3/2) signal, indicative of the presence
of both Fe2+ and Fe3+ ions in the resulting CQDs/FeOx composite. In the high-resolution
spectrum of O 1s, the CQDs/FeOx complex displayed distinct Fe–O and C–O bonds,
hosting characteristic signals positioned at 530.71 and 528.29 eV, respectively. In contrast,
the O 1s spectrum of the FeOx calcined at 300 ◦C displayed two distinct peaks at 530.5 and
529.38 eV, attributing them to the Fe–O bond and the hydroxyl group present on the FeOx
surface, respectively. This led to the inference that the interaction between CQDs and FeOx
involved the carboxyl group within the CQDs and the Fe–OH group on the surface of the
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FeOx, leading to the vanishing of the surface hydroxyl signal and the emergence of the C–O
bond signal, as indicated in Figure 4c and Table 3. Additionally, in the high-resolution C 1s
spectrum of the CQDs/FeOx composite, the peak at 283.69 eV could be attributed to the
C–C bond within the CQDs. Simultaneously, the signals centered at 285.03 and 287.51 eV
corresponded to the C–O and C=C bonds of CQDs, respectively, confirming the successful
integration of the CQDs and FeOx within the resultant composites.

Figure 4. The full XPS (a), as well as Fe 2p ((b), black: original data, blue: overall fitting curve, green:
Fe3+ curve at Fe 2p1/2, purple: Fe2+ curve at Fe 2p1/2, red: Fe3+ curve at Fe 2p3/2, navy blue: Fe2+

curve at Fe 2p3/2, orange curve: bottom line), O 1s ((c), black: original data, purple: overall fitting
curve, red and blue: peak fitting, green: bottom line) and C 1s ((d), CQDs/FeOx composite only,
black: original data, blue: overall fitting curve, red and green: peak fitting, purple: bottom line)
high-resolution spectrum of FeOx powder and CQDs/FeOx composite.

Table 3. XPS peak distribution of FeOx powder and CQDs/ FeOx composite based on waste rice noodle.

Photocatalyst Element Peak (eV) Surface Group Assignment

CQDs/FeOx composite a

C 1s
283.69 C Graphitic carbon
285.03 C–O Alcoholic or etheric structure in CQDs
287.51 C=C Aromatic ring of CQDs

O 1s
530.71 Fe–O Oxygen bonded to iron
528.29 C–O Oxygen singly bonded to CQDs

Fe 2p 710.49 Fe Fe (2p3/2)
724.67 Fe Fe (2p1/2)

FeOx
b

O 1s
530.5 Fe–O Oxygen bonded to iron

529.38 Fe–OH Surface hydroxyl group of FeOx

Fe 2p 710.35 Fe Fe (2p3/2)
724.71 Fe Fe (2p1/2)

a CQDs/FeOx–3 sample; b calcining IOS at 300 ◦C in an air atmosphere for 4 h.
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As shown in Figure 5a, without the combination of CQDs, the IOS and FeOx exhib-
ited an obvious Fe–OH stretching vibration peak at around 880 cm−1 in their IR spectra.
However, this peak disappeared after the composite of FeOx with CQDs. Paired with the
XPS findings, it is conceivable that the intricate interplay between the CQDs and FeOx
constituted a response involving the carboxyl group within the CQDs and the hydroxyl
group located on the FeOx surface. Furthermore, characteristic absorption peaks of CQDs
were observed in the IR spectra of the CQDs/FeOx composites, including the stretching
vibration (3422 cm−1) and bending vibration (1620 cm−1) of the O–H bond on the CQDs,
and the stretching vibration (1063 cm−1) of the C–O bond, etc. In addition, due to the
presence of organic groups such as hydroxyl and carboxyl groups in the CQDs, the PZC
value of the CQDs/FeOx composites (8.46) was higher than that of the non-composite
FeOx powder (7.98) (See Figure 5b). In addition, due to larger feedstock particles, the
CQDs/FeOx composite exhibited a relatively low specific surface area (2.28 m2 g−1) com-
pared with the CQDs/TiO2 [44] and CQDs/ZnO [45] photocatalytic composites in our
previous report; however, it was still slightly higher than that of the non-composite FeOx
powder (1.57 m2 g−1) (See Figure 5c).

Figure 5. (a) IR spectra of IOS, FeOx powder and CQDs/FeOx composite; (b,c) The PZC value (b) and
BET (c) of FeOx powder and CQDs/FeOx composite.

3.2. Photocatalytic Performance of CQDs/FeOx Composites

The resulting CQDs/FeOx composite exhibited excellent photocatalytic degradation
efficiency towards various organic pollutants. Figure 6a underscores the formidable chal-
lenge of degrading methylene blue, a prevalent and highly toxic pollutant in dyeing
wastewater, using 405 nm visible purple light. In the absence of a catalyst, its degradation
rate remained at a mere 2.3%, even after an extended duration of 8 h (480 min). Due to its
non-photocatalytic Fe3O4 component, the IOS itself lacked the ability for photocatalytic
degradation to methylene blue, as its degradation rate was only 4.9% after 480 min of
light irradiation, which was almost indistinguishable from the degradation without the
catalyst. However, after calcination at 300 ◦C, a portion of the Fe3O4 in the IOS was con-
verted into α-Fe2O3, resulting in the FeOx with a certain photocatalytic degradation ability.
The degradation rate of the FeOx towards methylene blue reached 41.8% after 480 min
of light irradiation, with an apparent degradation rate constant of 1.03 × 10−3 min−1.
However, complete degradation could not be achieved under these conditions. In contrast,
the catalytic effect of the CQDs/FeOx composite (CQDs/FeOx–3 sample) on methylene
blue significantly improved after incorporating the WRN-based CQDs into the FeOx. The
composite demonstrated a good photocatalytic degradation rate (up to 99.30% within
480 min) and a relatively high degradation rate constant (5.26 × 10−3 min−1), enabling the
complete degradation of methylene blue (See Figure S2 in ESI).
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Figure 6. (a) Photocatalytic degradation rates of IOS, FeOx powder and CQDs/FeOx composites
(CQDs/FeOx–3 sample) at 405 nm purple light for methylene blue at different irradiation times;
(b) Photocatalytic degradation rates of CQDs/FeOx composites prepared at different calcination
temperatures for methylene blue at 405 nm purple light at different irradiation times; (c) Apparent
degradation rate constants (Kapp) of CQDs/FeOx composites and FeOx powder prepared at different
calcination temperatures; (d) Photocatalytic degradation performance of CQDs/FeOx composites
across varying photocatalytic cycles employing a 500-min operational cycle; (e,f) The photocatalytic
degradation rates (e) and apparent degradation rate constant (Kapp, (f)) of CQDs/FeOx–3 sample,
commercial TiO2 and ZnO; (g,h) Photocatalytic degradation rates (g) and apparent degradation rate
constant (Kapp, (h)) of CQDs/FeOx composites with different carbon contents.

It was found that achieving a good photocatalytic performance for the CQDs/FeOx
composite required the appropriate calcination of the IOS in an air atmosphere to enhance
the content of α-Fe2O3. The degradation rates of methylene blue for CQDs/FeOx com-
posite materials obtained at different calcination temperatures (samples CQDs/FeOx–1
to CQDs/FeOx–5) are shown in Figure 6b,c. Combined with the results of the phase and
elemental composition, it was observed that without proper high-temperature calcination
to increase the content of α-Fe2O3, even with the incorporation of CQDs, the catalytic effect
could hardly be improved. For instance, the CQDs/FeOx–1 sample obtained by heating the
IOS at 100 ◦C had a Fe/O mass ratio of 2.59 due to the relatively low calcination tempera-
ture. It was found that only about 10.9% of α-Fe2O3 was present in the mixed FeOx phase,
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similar to the IOS as a raw material. Consequently, despite containing CQDs, the photocat-
alytic degradation of CQDs/FeOx–1 remained poor. After 480 min of light exposure, its
degradation rate to methylene blue was only 35.79%, and the degradation rate constant was
merely 7.04 × 10−4 min−1, which is even worse than the FeOx sample without CQDs but
calcined at 300 ◦C. There are reports indicating that, when heated in air at an appropriate
temperature (around 300 ◦C), Fe3O4 exhibits a tendency to transform into α-Fe2O3 [52–54].
As shown in Table 1, with enhancing the calcination temperature, the Fe/O mass ratio of
the composite FeOx material showed a trend of initially decreasing and then increasing,
indicating that the content of α-Fe2O3 first increased and then decreased. Among them, the
CQDs/FeOx–3 sample prepared with IOS calcined at 300 ◦C had the smallest Fe/O mass ra-
tio (2.51), which corresponded to the highest α-Fe2O3 content (44%). Therefore, it exhibited
the best photocatalytic performance and achieved the complete degradation of methylene
blue within 480 min, with a degradation rate constant of 5.26 × 10−3 min−1. Furthermore,
the material demonstrated excellent recyclability, and its degradation rate remained above
98% even after ten cycles of photocatalysis (See Figure 6d). However, when compared to
commercially available nanoscale TiO2 or ZnO, the photocatalytic degradation efficiency
of the obtained CQDs/FeOx photocatalytic material was relatively low (See Figure 6e,f).
Nevertheless, due to its complete reliance on waste materials as feedstock, the cost of the
CQDs/FeOx photocatalytic material is significantly lower. Additionally, it possesses strong
magnetism, unlike commercial TiO2 or ZnO, enabling convenient recovery. Therefore, it
may present a more competitive option for large-scale water purification.

Additionally, the loading amount of CQDs also affects the photocatalytic degradation
capability of the CQDs/FeOx composite material. As shown in Figure 6g,h, at lower carbon
contents, the photocatalytic degradation efficiency of the CQDs/FeOx composite material
improved with the increasing carbon content. The CQDs/FeOx composite material with
a carbon content of approximately 11 wt% (CQDs/FeOx–3 sample) exhibited the best
photocatalytic performance, with a degradation rate constant of 5.26 × 10−3 min−1 for
methylene blue. However, it was found that further increasing the loading amount of
CQDs may have an adverse effect on the photocatalytic performance. For example, in the
case of the CQDs/FeOx–7 sample featuring a carbon content of 20.2 wt%, a comparatively
reduced degradation rate constant of 3.73 × 10−3 min−1 was observed for methylene blue
degradation. This phenomenon could be attributed to the potential shielding influence
stemming from the presence of carbon-based constituents [55].

The obtained CQDs/FeOx composite material could also be utilized for controlling
antibiotic residues, as shown in Figure 7. Under 405 nm purple light, the CQDs/FeOx
composite (CQDs/FeOx–3 sample) could degrade 98.21% of tetracycline within 320 min,
with an apparent degradation rate constant of 3.73 × 10−3 min−1. In comparison, under the
same conditions, the FeOx powder without CQDs could only degrade 40.45% of tetracycline,
with an apparent degradation rate constant of 1.29 × 10−3 min−1.

Compared with other CQDs/iron oxide composites using different iron and carbon
sources (Table 4), the CQDs/FeOx composite reported in this paper demonstrated a com-
parably good photocatalytic performance. Moreover, due to the complete utilization of
waste materials (IOS and WRN) as raw sources, the synthesis cost of this material was
significantly reduced compared to other CQDs/iron oxide composites [29–34]. This com-
plete conversion of waste to treasure makes it more environmentally friendly and exhibits
outstanding sustainability, making it more suitable for large-scale, industrial applications
in water purification projects. In comparison to our previous reports on CQDs/TiO2 and
CQDs/ZnO composites based on WRN, the CQDs/FeOx composite exhibited a weaker
photocatalytic performance (See Table 5). However, due to the presence of magnetic Fe3O4
components, it offers the advantage of simplified recovery procedures while ensuring
high recyclability. Additionally, as the oxide component is derived from waste IOS, it
eliminates the need for commercial reagents, further reducing the costs and promoting
environmental friendliness.
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Figure 7. (a) Photocatalytic degradation rates of IOS, FeOx powder and CQDs/FeOx composite
(CQDs/FeOx–3 sample) at 405 nm purple light for tetracycline hydrochloride at different irradiation
times; (b) Apparent degradation rate constants (Kapp) of CQDs/FeOx composite (CQDs/FeOx–3
sample) and FeOx powder.

3.3. Magnetic Properties of CQDs/FeOx Composites

In addition to exhibiting efficient photocatalytic degradation to various organic pol-
lutants, the resulting CQDs/FeOx composite also demonstrated outstanding magnetic
properties. The magnetization curves of the CQDs/FeOx composite and the raw IOS were
tested and are shown in Figure 8a. The IOS powder exhibited remarkable soft ferromag-
netism at room temperature, characterized by a low coercivity of 97.4 Oe, a low residual
magnetization intensity of 5.2 emu/g, and a high saturation magnetization intensity of
5.8 emu/g, primarily attributed to the abundance of Fe3O4 particles in the material.

As mentioned earlier, after the process of calcination and compounding, the magnetic
properties of the CQDs/FeOx composites slightly weakened due to the reduced Fe3O4
content. Nevertheless, its saturation magnetization intensity remained at approximately
54.6 emu/g, along with low coercivity (117.1 Oe) and residual magnetization intensity
(5.8 emu/g). Therefore, the CQDs/FeOx composite still exhibits exceptional soft magnetic
characteristics, making it a promising candidate for various magnetic applications.
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Figure 8. (a) Magnetization curves of IOS and CQDs/FeOx composite (CQDs/FeOx–3 sample);
(b) Mass recovery rate of CQDs/FeOx composite (CQDs/FeOx–3 sample) across varying photo-
catalytic cycles; (c) Schematic illustration of the recycle and reuse of CQDs/FeOx composite using
magnetic separation.

As depicted in Figure 8b,c, the magnetic properties of the CQDs/FeOx composite ma-
terial enable efficient and convenient recyclability in photocatalytic applications. Following
the photocatalytic process, the CQDs/FeOx composite can be effortlessly separated using
a magnetic field, achieving a mass recovery rate of 99.62% after the initial photocatalytic
cycle and 98.45% after ten cycles of photocatalysis. Additionally, iron oxide photocatalysts
have demonstrated excellent environmental compatibility, with minimal toxicity to fish
and algae [56–58]. Consequently, the resulting CQDs/FeOx photocatalyst holds significant
promise for large-scale industrial water purification.

3.4. Photocatalytic Mechanism of CQDs/FeOx Composites

To delve deeper into the photocatalytic mechanism of the resulting CQDs/FeOx com-
posite, the UV-VIS diffuse reflectance spectra of both the FeOx and the CQDs/FeOx compos-
ite are illustrated in Figure 9a. Evidently, even after calcination at 300 ◦C, the main energy
absorption region of the FeOx inorganic phase was in the ultraviolet region, with almost
no absorption in the visible wavelength range above 380 nm. In contrast, the CQDs/FeOx
composite material exhibited strong absorption throughout the entire visible light region,
indicating that the introduction of CQDs enabled the composite material to utilize the
energy in the visible light region more effectively, thereby generating more electron-hole
pairs. Moreover, the determination of band gaps for the FeOx and CQDs/FeOx samples was
performed through the application of the Tauc plot method [59,60], as depicted in Figure 9b.
The band gap of the FeOx was 2.17 eV, but after introducing CQDs, the band gap of the
CQDs/FeOx composite material was further reduced to 1.40 eV. This narrower band gap
allowed for more the effective utilization of energy in the visible light region, significantly
promoting electron transitions and enhancing the photocatalytic degradation performance.
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Figure 9. The UV-vis absorption spectra (a), Tauc plot curves (b), VB XPS spectra (c), PL spectra (d),
PCR (e) and EIS (f) of the CQDs/FeOx composite and FeOx.

The valence band (VB) potentials of the CQDs/FeOx composite and FeOx powder
are determined using XPS valence spectra. As shown in Figure 9c, due to the presence
of Fe2O3, the VB potential of the FeOx powder was 2.59 eV, which was more positive
than E0(·OH, H+/H2O) (2.38 eV vs. NHE). This suggested that the FeOx powder could
oxidize water to generate hydroxyl radical (·OH). However, the conduction band (CB)
potential (ECB = EVB − Eg) of the FeOx was determined to be 0.42 eV, which was more
positive than the standard electrode potential E0(O2, H+/·O2H) for superoxide radicals
(−0.046 eV vs. NHE). This indicated that the FeOx powder could not reduce oxygen in
water to produce superoxide radical (O2

·–). On the other hand, the introduction of CQDs
raised the VB potential of the CQDs/FeOx composite material to 2.83 eV, enabling better
oxidation of water to form photocatalytically active hydroxyl radical. Combining its own
band gap (1.40 eV) and the band gap of CQDs (2.14 eV), the CB potential was calculated to
be −0.08 eV, which was lower than E0(O2, H+/·O2H) for superoxide radicals (−0.046 eV
vs. NHE). This indicated that the CQDs/FeOx composite material could reduce oxygen in
water to generate photocatalytically active superoxide radical.

The photoluminescence emission profiles of both the CQDs/FeOx composite material
and FeOx are presented in Figure 9d. The fluorescence emission intensity exhibited by
the CQDs/FeOx composite material was notably subdued in comparison to that of the
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FeOx. This observation implies that the incorporation of CQDs could proficiently curtail
the recombination of photogenerated electron-hole pairs, thereby significantly contributing
to the enhancement of the photocatalytic degradation efficacy. The enhanced mechanism
of the CQDs/FeOx composite material on the catalytic performance of the FeOx was
also demonstrated through transient photocurrent response (PCR) under visible light
irradiation and electrochemical impedance spectra (EIS). As shown in Figure 9e, under
purple light illumination, the photocurrent intensity of the CQDs/FeOx composite material
was approximately 11 times that of the FeOx without CQDs, indicating that the CQDs/FeOx
composite could achieve a more efficient interface charge transfer and more effective
electron-hole pair separation. The lower probability of photogenerated electron-hole
recombination resulted in a significant improvement in the photocatalytic degradation
performance. Additionally, the Nyquist plot of the CQDs/FeOx composite displayed a
smaller semicircle diameter than that of the FeOx powder, indicating that the resulting
CQDs/FeOx composite exhibited lower charge transfer resistance than the FeOx powder.
This ensured a more efficient interface charge transfer and more effective electron-hole pair
separation, consistent with the photocurrent analysis results (see Figure 9f).

The impacts of distinct quenching agents (EDTA–2Na, BQ and IPA) on the photodegra-
dation process of methylene blue are elucidated in Figure 10a,b. Notably, the introduction of
EDTA–2Na marginally curtailed the photocatalytic degradation efficacy of the CQDs/FeOx
composite material, yielding a photocatalytic efficiency of 93.44% in comparison to the
absence of quenching agents. This observation underscores that photogenerated holes (h+)
played a minor role and were not the primary drivers of the photocatalytic activity. In
contrast, the incorporation of BQ or IPA substantially impeded the degradation efficiency,
yielding photocatalytic efficiencies of 40.75% and 60.15%, respectively, as opposed to the
scenario without quenching agents. This phenomenon implies that both superoxide rad-
icals (O2

·–) and hydroxyl radicals (·OH) stood as the predominant active species in the
photocatalytic degradation mechanism, with O2

·– playing a more pronounced role. Fur-
thermore, using DMPO as a radical trapping agent, electron spin resonance spectroscopy
(ESR) was carried out to study the active oxygen species generated by the CQDs/FeOx
composite and FeOx. As shown in Figure 10c–f, the addition of the CQDs/FeOx composite
resulted in strong characteristic peaks of both superoxide radical (O2

·–) and hydroxyl radi-
cal (·OH). This indicates that the CQDs/FeOx composite material could reduce adsorbed
O2 to form superoxide radical (O2

·–) and oxidize adsorbed H2O to form hydroxyl radical
(·OH) under light irradiation. In contrast, under the same test conditions, the FeOx powder
could not generate superoxide radical (O2

·–) effectively, while its signal of hydroxyl radicals
was weak.

As shown in Figure 10g, the possible photocatalytic mechanism of the CQDs/FeOx
composite material was similar to that of the CQDs/TiO2 [44] and CQDs/ZnO [45] com-
posites in our previous report. Upon exposure to visible light, the CQDs/FeOx composite
undergoes a dynamic process: the CQDs become readily excited by photogenerated elec-
trons situated in the conduction band (CB), leaving behind holes in the valence band
(VB). This excitation triggers rapid spatial electron transfer between the CQDs and FeOx
particles, effectively suppressing recombination and yielding the enhanced separation of
electron-hole pairs. As a result, photogenerated electrons amass in the CB of the CQDs,
while the holes populate the VB of FeOx, with each entity primed for their distinct roles
in photocatalytic reactions. Photogenerated holes engage with H2O to yield a profusion
of ·OH radicals, while photogenerated electrons react with O2, leading to an abundant
production of O2

·– radicals. These generated O2
·– and ·OH radicals collectively orchestrate

the degradation of diverse organic pollutants, thereby showcasing exceptional prowess in
the realm of photocatalytic degradation activity.
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Figure 10. (a,b) Impact of various quenching agents (EDTA–2Na, BQ or IBA) on the photodegradation
of methylene blue under 405 nm purple light. (c,d) ESR spectra of the CQDs/FeOx composite in
methanol (c) and water (d) using DMPO as a radical trapping agent. (e,f) ESR spectra of FeOx in
methanol (e) and water (f) using DMPO as a radical trapping agent. (g) Diagram illustrating the
photocatalytic mechanism of the CQDs/FeOx composite.

4. Conclusions

In this study, we successfully synthesized low-cost CQDs/FeOx composites by com-
bining waste rice noodle (WRN) and iron oxide scale (IOS) and assessed their photocatalytic
performance. The key steps in our synthesis strategy were identified: first, calcining IOS in
an air atmosphere to enhance the photocatalytically active α-Fe2O3 content; second, incor-
porating WRN-based CQDs into FeOx to enhance the electron-hole pair separation, leading
to increased O2 reduction and H2O oxidation. This significantly improved the photocat-
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alytic performance. The resulting CQDs/FeOx composites efficiently degraded various
organic pollutants under purple light irradiation and had superior magnetic properties,
allowing for easy separation and reuse.

Our CQDs/FeOx composite achieved the 100% conversion of WRN and IOS waste
into high-value functional materials without additional synthetic additives. Compared to
other reported photocatalytic composites, such as the CQDs/TiO2 and CQDs/ZnO from
our previous work and other CQDs/iron oxide composites using synthetic reagents, our
CQDs/FeOx composite is more cost-effective, environmentally friendly, and sustainable.
Its magnetic properties enable rapid separation and efficient reuse, making it a promising
candidate for large-scale, low-cost photocatalytic water purification with commercial poten-
tial. Furthermore, our approach to transform WRN and IOS into a CQDs/FeOx composite
opens new possibilities for the combined utilization of waste.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13182506/s1. S1: General characterization; S2: Measurement
of photocatalytic performance; Figure S1: The particle size distribution; Figure S2 Comparative images
of photocatalytic degradation of methylene blue; Figures S3–S6: The kinetic fitting of photocatalytic
degradation; Figure S7: The emission spectrum of the 405 nm purple light lamp; Tables S1 to S2: The
kinetic parameters of photocatalytic degradation.
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temperatures (x = 1, 2, 3, 4, 5) and different carbon contents (x = 3, 6, 7)
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Abstract: To further enhance the color conversion from a quantum-well (QW) structure into a
color-converting colloidal quantum dot (QD) through Förster resonance energy transfer (FRET), we
designed and implemented a device structure with QDs inserted into a GaN nano-porous structure
near the QWs to gain the advantageous nanoscale-cavity effect. Additionally, surface Ag nanoparti-
cles were deposited for inducing surface plasmon (SP) coupling with the QW structure. Based on
the measurements of time-resolved and continuous-wave photoluminescence spectroscopies, the
FRET efficiency from QW into QD is enhanced through the SP coupling. In particular, performance
in the polarization perpendicular to the essentially extended direction of the fabricated pores in
the nano-porous structure is more strongly enhanced when compared with the other linear polar-
ization. A numerical simulation study was undertaken, and showed consistent results with the
experimental observations.

Keywords: surface plasmon coupling; color conversion; colloidal quantum dot; Förster resonance
energy transfer; porous structure; nanoscale-cavity effect

1. Introduction

Photon color conversion is a useful process for color display application. The per-
formance of such a process relies on the efficiencies of two mechanisms, including the
energy transfer from the energy donor into the acceptor and the acceptor emission. If
the distance between the donor and acceptor is smaller than several tens nm, the Förster
resonance energy transfer (FRET) can lead to a high efficiency of energy transfer [1]. Based
on the electromagnetic theory, FRET can be regarded as a process of the acceptor absorption
of the near-field energy produced by the donor [2,3]. In other words, donor energy is
effectively transferred into the acceptor without the far-field process of photon emission-
absorption. The near field distribution produced by the donor is affected by its surrounding
structure. When the donor is placed near a nanoscale cavity, the near field distribution
in a certain portion of the cavity can be enhanced [4]. Therefore, by placing the acceptor
inside the nanoscale cavity, the energy absorbed by the acceptor or FRET efficiency can
be enhanced [4,5]. In such a structure, the emission efficiency of the acceptor can also
be increased through the nanoscale-cavity effect. The increased emission efficiency of
a light emitter inside a nanoscale cavity is caused by the modification of the near field
distribution through the Purcell effect [6], which can enhance the far-field radiated power.
Hence, through the nanoscale-cavity effect, either the energy transfer from the donor into
acceptor or the acceptor emission efficiency can be enhanced, leading to an improved color
conversion process.
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A surface plasmon (SP) resonance on a metal nanostructure can couple with a light
emitter to enhance its emission efficiency and to produce strong electromagnetic field
distributions around the metal nanostructure and light emitter [7,8]. If the acceptor in
a FRET process is placed within such a field distribution produced by the SP-coupled
donor, the energy absorbed by the acceptor or the FRET efficiency can be increased [9,10].
However, the SP coupling can also enhance donor emission that reduces the available
energy for transferring into the acceptor. Therefore, whether SP coupling can enhance the
efficiency of an FRET process depends on the SP coupling condition [11]. If the SP coupling
condition can be properly designed, both FRET efficiency and acceptor emission efficiency
can be enhanced through SP coupling, leading to an effective color conversion process. In
particular, by applying SP coupling to a color conversion system with a nanoscale cavity,
the color conversion efficiency can be further enhanced.

In this paper, we studied the behaviors of the color conversion from a blue-emitting In-
GaN/GaN quantum-well (QW) structure into the emission of a colloidal quantum dot (QD),
which is inserted into a GaN porous structure (PS) near the QW structure [12–14], under
the condition of SP coupling. Both green-emitting QD (GQD) and red-emitting QDs (RQD)
were used in this study. The SP coupling is induced by depositing Ag nanoparticles (NPs)
onto the top surface of a sample. The color conversion behaviors were investigated with
the measurements of continuous-wave (CW) and time-resolved (TR) photoluminescence
(PL) spectroscopies. The results of a simulation study well support the experimentally
observed enhancement of color conversion through the SP coupling. In Section 2 of this
paper, the sample structures, their fabrication procedures, and the optical measurement
methods are described. The optical measurement results are presented in Section 3. The
simulation study is reported in Section 4. Further discussions about the results are made in
Section 5. Finally, conclusions are drawn in Section 6.

2. Sample Structures, Fabrication Procedures, and Measurement Methods

Figure 1a schematically illustrates the sample structure under study, in which a PS
layer of 200 nm in thickness was fabricated in the grown highly Si-doped GaN (n+-GaN)
layer. On the top surface, Ag NPs are deposited for inducing the SP coupling with the QW
structure. To prepare such a QW template, first a 200-nm n+-GaN layer with the Si doping
concentration at ~2 × 1019 cm−3 was grown on a ~3-μm un-doped GaN (u-GaN) layer,
followed by the deposition of a ~50 nm n-GaN layer with the Si doping concentration at
~5 × 1018 cm−3. The growth temperatures for the n+-GaN, n-GaN, and u-GaN layers
are the same at 1040 ◦C. Then, a 5-period InGaN/GaN QW structure was grown at the
temperatures of 695 and 793 ◦C for the InGaN well layers and GaN barrier layers, respec-
tively. The QW structure was capped by a u-GaN layer of ~30 nm in thickness. At room
temperature, the emission peak wavelength of the QW structure lies between 450 and 460
nm. To blue-shift the localized surface plasmon (LSP) resonance feature of the surface
Ag NPs such that it is close to the QW emission peak wavelength, a ~5-nm SiO2 layer
was coated onto the top surface before Ag NP deposition [15,16]. GQDs and RQDs were
inserted into the nanoscale cavities of the PS layer for studying their emission behaviors.
CdZnSeS/ZnS GQDs and RQDs were purchased from Taiwan Nanocrystals Inc. Hsinchu,
Taiwan. They are capped with an amphiphilic polymer, i.e., poly(isobutylene-alt-maleic
anhydride), and hence are negatively charged with zeta potentials between −40 and −50
mV [17]. Including the capped amphiphilic polymer, the size of a GQD or RQD ranges
from 8 through 10 nm. The emission wavelengths of GQD and RQD are ~530 and ~625 nm,
respectively.
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Figure 1. (a) Schematic illustration for the sample structure. The PS was fabricated in the grown
n+-GaN layer for accommodating GQD and/or RQD. Surface Ag NPs were deposited to induce
the SP coupling with the QW structure. (b) Cross-sectional SEM image showing the PS in sample P.
The directions of the two polarizations are defined in this figure. (c) Cross-sectional TEM image of
sample R. (d) EDX mapping result in a TEM image of sample R showing the distributions of the four
composition elements of RQD.

Five samples were prepared for comparing their emission performances, including
samples A and P without QD, and samples G, R, and G+R with designated QDs. Without a
PS in sample A, surface Ag NPs were deposited for observing the SP coupling effect on
QW emission. With a PS and surface Ag NPs in sample P, the results show the SP coupling
effect on the QW emission when a nearby PS exists. In samples G, R, and G+R, GQD only,
RQD only, and GQD plus RQD, respectively, were inserted into the individual PSs for
studying the SP coupling effects of surface Ag NPs on the FRETs from QW into QD and
QD emission. The electrochemical etching conditions for fabricating a PS include 15 V in
applied voltage, 5 wt% for the HNO3 electrolyte concentration, and 5.5 min for the etching
duration. In the etching process, the sample was electrically connected with an indium ball
as the anode and a Pt plate was used as the cathode. Figure 1b shows the cross-sectional
scanning electron microscopy (SEM) image of the PS in sample P. We can see that the whole
n+-GaN layer has been etched to become a PS. The cross-sectional facet in this image is
perpendicular to the direction of current injection in the electrochemical process. On the
sample top surface, the direction along (perpendicular to) this facet is designated as the
perpendicular, i.e., ⊥, (parallel, i.e., //,) polarization in optical measurements because the
fabricated nano-pores essentially extend along the direction perpendicular to this facet.
Basically, the electrochemical etching path follows the flow direction of injected electric
current. Therefore, the pore extension essentially follows the injected current direction.
However, because it is difficult to well control the current flow path inside a sample, the PS
anisotropy in the lateral dimension is quite weak. Nevertheless, as shown in the following
discussions, we can still clearly observe the anisotropic optical properties in a sample
with QDs inserted into a PS and/or Ag NPs on the top surface due to the anisotropic
nanoscale-cavity effect. It is noted that although the LSP resonance of surface Ag NPs is
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polarization-independent, the SP coupling is polarization-dependent due to the anisotropic
PS in a sample, which results in a polarization-dependent nanoscale-cavity effect.

To insert QDs into a PS, we fabricated a linear array of surface hole of 300 μm in
diameter and ~450 nm in depth. After a droplet of the ethanol solution of QD was applied
to the sample surface, the solution could flow into the PS through the surface holes. For
spreading the QD solution laterally in the PS, the sample was spun at 300 rpm in speed
for 30 min. To focus the study on the emission behaviors of the QDs inserted into the
subsurface PS, we cleaned the sample’s surface with wet cotton swabs to remove the QDs
remained on the surface. The sample’s surface was then examined with SEM to make
sure that it was indeed clean. Figure 1c shows the cross-sectional dark-field transmission
electron microscopy (TEM) image of sample R. In this image, above the PS, we can see
five bright stripes, which correspond to the five QWs. On the top surface, Ag NPs can be
observed. In the PS, the foggy regions correspond to the distributions of QD. Due to the
surface coating of the amphiphilic polymer, the particle-like image of a QD becomes blurred
in the TEM image. However, the scanning image of energy-dispersive X-ray spectroscopy
(EDX) in Figure 1d can prove the distribution of QD in the PS. In this image, the yellow,
green, red, and pink dots show the distributions of elements Zn, Cd, Se, and S, respectively.

The surface Ag NPs were fabricated by depositing Ag of 1.8 nm in thickness onto the
SiO2-coated sample surface at room temperature. Without a thermal annealing process, the
deposited Ag naturally formed an NP distribution on the sample surface, as illustrated with
the SEM image (sample P) in the inset of Figure 2. The three surface nano-holes in this SEM
image were formed during the electrochemical etching process. These surface nano-holes
help in directing the electrolyte into the n+-GaN layer and letting out the gases (N2 and O2)
produced during the electrochemical etching process. The main body of Figure 2 shows the
normalized transmission spectra of the five samples under study. They were obtained by
using the individual transmission spectra before Ag NP deposition as the normalization
baselines. Here, the transmission depressions correspond to the LSP resonance features
of the surface Ag NPs with the resonance peaks all around 465 nm. In Figure 2, the three
vertical dashed lines indicate the emission peak wavelengths of the QW structure, GQD,
and RQD. We can see that the LSP resonance peaks are close to the QW emission peak
wavelength for producing strong SP coupling with the QW structure. At the GQD emission
wavelength, the LSP resonance is still quite strong. However, because the distance between
the surface Ag NPs and the GQD distribution in the PS is quite large (>160 nm), their SP
coupling is expected to be weak. The fabrication of samples G, R, or G+R followed the
procedure of PS fabrication, QD insertion, and then Ag NP deposition.

Figure 2. Normalized transmission spectra of the five samples under study after surface Ag NPs were
deposited. The three vertical dashed lines indicate the emission peak wavelengths of the QW structure,
GQD, and RQD. The inset shows the SEM image of sample P after surface Ag NPs were deposited.
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3. Optical Characterization Results

The CWPL measurement was excited by an InGaN laser diode of 405 nm in wavelength
and 6 mW in output power. The TRPL measurement was excited by the second-harmonic
(390 nm in wavelength and ~1.5 mW in power) of a femtosecond Ti:sapphire laser (MIRA
900, pumped by VERDI-8W, Coherent, USA) with the pulse repetition rate at 76 MHz.
The signals were monitored with a photon-counting system (the time-correlated single
photon-counting solution delivered by Becker & Hickl). The temporal resolution of this
system was higher than 0.1 ns. The method for calibrating the decay time of a PL decay
profile has been reported in a previous publication [18]. Figure 3a shows the normalized
CWPL spectra of sample A at 10 and 300 K before (labeled by “intrinsic” or “I”) and after
(labeled by “Ag NP” or “NP”) surface Ag NP deposition. The internal quantum efficiency
(IQE) of a QW structure is defined as the ratio of the integrated intensity at 300 K over that
at a low temperature, i.e., 10 K in this study. The IQEs for sample A before and after Ag
NP deposition are also shown in Figure 3a. The IQE is increased from the intrinsic value
of 57.8% to 63.8% after Ag NP deposition. The SP coupling indeed enhances the IQE by
a significant amount. Figure 3b shows that the results of sample P are similar to those
in Figure 3a for sample A. However, one more set of data obtained at the stage after PS
fabrication but before Ag NP deposition (labeled by “PS”) was added. Here, we can see that
after PS fabrication, the PL spectral peaks are blue-shifted at either temperature. As also
shown in the figure, the IQE of this sample increases from the intrinsic value of 57.4% to
67.2% after PS fabrication, and then to 69.4% after Ag NP deposition. The IQE increase after
PS fabrication is caused by the strain relaxation and hence the weakening of the quantum-
confined Stark effect (QCSE) in the QW structure [19]. The weakened QCSE leads to the
increase of radiative recombination or IQE and the blue-shift of the emission spectrum.
Figure 3c,d show the results of samples G and R, respectively, similar to Figure 3a,b. We
can again see that after PS fabrication, the IQE is increased and the emission spectrum is
blue-shifted. It is noted that the evaluation for QW IQE based on the PL measurements
at 10 and 300 K becomes unreliable after QDs are inserted into the PS of a sample. This
is because the inserted QDs absorb the QW emission and distort the measurement of its
intensity. The behaviors of the normalized CWPL spectra in sample G+R are similar to
those in either sample G or R and are not shown in this paper. Nevertheless, the variation
of its IQE will be given later.

Figure 4 shows the normalized blue-light PL decay profiles of samples A and P at
different fabrication stages. After PS fabrication in sample P, the PL decay rate significantly
increased, which is consistent with the increase of IQE. After Ag NP deposition (labeled
by “SP”) in sample A, the PL decay rate is also increased that is again consistent with the
increase of IQE after SP coupling was introduced. In sample P, after Ag NP deposition, the
PL decay rate in either polarization is also enhanced. Although the decay profiles in the two
polarizations are close to each other, the decay rate in the ⊥-polarization is slightly higher.
Figure 5 shows the normalized blue-light PL decay profiles of sample G+R at different
fabrication stages. Here, we can see that after PS fabrication, the decay rate is increased.
After QD insertion but before Ag NP deposition (w/o SP), the QW PL decay rate is further
increased in either polarization due to the FRET from QW into QD. The PL decay profiles
in the two polarizations almost coincide with each other. Then, after Ag NP deposition
(SP), the PL decay rate is further increased in either polarization due to SP coupling. With
SP coupling, the PL decay profiles in the two polarizations become clearly separated. The
decay rate in the ⊥-polarization is higher.
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Figure 3. (a–d): Normalized QW CWPL spectra in different fabrication stages at 10 and 300 K for
samples A, P, G, and R, respectively. I: intrinsic condition; PS: after PS fabrication; NP: after surface
Ag NP deposition.

Figure 4. Normalized blue-light PL decay profiles of samples A and P at different fabrication stages.
PS: after PS fabrication; SP: after surface Ag NP deposition for inducing SP coupling.
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Figure 5. Normalized blue-light PL decay profiles of sample G+R at different fabrication stages in the
two polarizations. PS: after PS fabrication; w/o SP: after QD insertion but before Ag NP deposition;
SP: after QD insertion and Ag NP deposition.

Figures 6 and 7 show the normalized green- (red-) light PL decay profiles of samples
G (R) and G+R in the cases with and without SP coupling for the two polarizations. For
comparison, that of GQD (RQD) placed on the top surface of a GaN template, which
does not contain a QW structure, is also shown, as labeled by “GQD (intrinsic)” (“RQD
(intrinsic)”). Compared with the intrinsic GQD decay profile, the green-light decay rate
in either polarization is decreased when GQD is inserted into the PS of sample G. This
decrease of decay rate is caused by the FRET from QW into GQD. After SP coupling is
introduced, the green-light decay rate is further decreased in sample G, indicating that the
SP coupling can enhance the FRET from QW into GQD. Although the decay profiles for
the two polarizations are close to each other in either case with or without SP coupling,
we can still see the higher decay rate in the ⊥-polarization. In sample G+R, generally the
green-light decay rates are significantly increased, when compared with those in sample G,
due to the FRET from GQD into RQD in the PS. In this sample, SP coupling can also enhance
the FRET from QW into GQD such that the green-light decay rate is slightly reduced. Here,
the green-light decay profiles in the two polarizations are clearly separated. As shown in
Figure 7, the red-light decay rates in sample R are also reduced, when compared with the
intrinsic case, due to the FRET from QW into RQD. In this sample, the SP coupling effect
for enhancing the FRET from QW into RQD is weak. Additionally, the difference between
the two polarizations is small. Then, in sample G+R, the red-light decay rate is further
reduced because RQD receives energy from GQD through the FRET from GQD into RQD.
In this sample, the SP coupling can further reduce the red-light decay rate. In either case,
with or without SP coupling, again, the difference between the two polarizations is small.

In Table 1, we show the decay times of the QW structure at different fabrication
stages in the five samples under study. The numbers inside the curly brackets show the
corresponding IQE values. The numbers inside the parentheses show the FRET efficiencies
in the corresponding FRET processes. The FRET efficiency, η, is defined as η = 1-τDA/τD,
where τDA (τD) is the PL decay time of the energy donor when the acceptor is present
(absent) [11]. Here, in each sample, the QW PL decay time decreases after PS fabrication,
after QD insertion, or after Ag NP deposition. The decay time in the ⊥-polarization is
always shorter than that in the //-polarization. A shorter decay time always corresponds
to a higher IQE. In sample G, the FRET efficiency increases from 11.92 (12.91%) at the
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stage after QD insertion, but before Ag NP deposition, to 19.70 (23.51%) after Ag NP
deposition in the //-(⊥-) polarization. In sample R, the FRET efficiency increases from
17.89 (19.06%) at the stage after QD insertion but before Ag NP deposition to 22.41 (24.92%)
after Ag NP deposition in the //- (⊥-) polarization. Then, in sample G+R, the FRET
efficiency increases from 37.50 (37.67%) at the stage after QD insertion but before Ag NP
deposition to 60.33 (64.67%) after Ag NP deposition in the //-(⊥-) polarization. We can
see that SP coupling can indeed enhance FRET efficiency. In particular, the FRET efficiency
enhancement through SP coupling is stronger in the ⊥-polarization. The FRET efficiencies
in sample R are generally higher than those in sample G. However, the SP coupling effect
for enhancing FRET efficiency is weaker in sample R, when compared with sample G. With
both FRETs from QW into GQD and RQD, the overall FRET efficiencies in sample G+R are
higher than those in the other two QD samples.

 

Figure 6. Normalized green-light PL decay profiles of samples G and G+R at different fabrication
stages in the two polarizations.

 

Figure 7. Normalized red-light PL decay profiles of samples R and G+R at different fabrication stages
in the two polarizations.
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Table 1. Blue-light PL decay times (in ns) in the five samples under study at different fabrication
stages. The numbers inside the curly brackets show the corresponding IQEs. The numbers inside the
parentheses show the corresponding FRET efficiencies.

Sample A P G R G+R

Intrinsic 6.48
{57.8%}

6.36
{57.4%}

6.65
{57.9%}

6.67
{56.5%}

6.46
{57.7%}

After PS fabrication — 5.89
{67.2%}

6.04
{68.6%}

5.98
{67.7%}

6.00
{68.1%}

After QD
insertion

// — — 5.32
(11.92%)

4.91
(17.89%)

3.75
(37.50%)

⊥ — — 5.26
(12.91%)

4.84
(19.06%)

3.74
(37.67%)

After Ag NP
deposition

//
5.71

{63.8%}

5.33
{69.4%}

4.85
(19.70%)

4.64
(22.41%)

2.38
(60.33%)

⊥ 5.23 4.62
(23.51%)

4.49
(24.92%)

2.12
(64.67%)

In Rows 3 and 4 of Table 2, we show the green- and red-light decay times, respectively,
in the two polarizations under the conditions with and without SP coupling for the three
QD samples. For comparison, the intrinsic PL decay times of GQD and RQD, i.e., 5.78 and
8.95 ns, respectively, are shown inside the curly brackets in Row 1. For the green light in
the //-(⊥-) polarization, through the FRET from QW into GQD, the decay time increases
from the intrinsic value of 5.78 ns to 6.26 (6.22) ns in the case without SP coupling, and
then to 6.57 (6.48) ns under the condition of SP coupling in sample G. For the red light in
the //-(⊥-) polarization, through the FRET from QW into RQD, the decay time increases
from the intrinsic value of 8.95 ns to 9.27 (9.23) ns in the case without SP coupling, and
then to 9.43 (9.39) ns under the condition of SP coupling in sample R. In sample G+R, for
the green light in the //-(⊥-) polarization, the decay time decreases to 3.73 (3.69) ns in the
case without SP coupling through the FRET from GQD into RQD, but returns to 3.98 (3.80)
ns under the condition of SP coupling. On the other hand, for the red light in the //-(⊥-)
polarization in this sample, the decay time increases to 11.15 (11.09) ns in the case without
SP coupling, and further increases to 11.87 (11.84) ns under the condition of SP coupling.

Table 2. Green- and red-light PL decay times for samples G, R, and G+R in the two polarizations
before (w/o SP) and after (SP) Ag NP deposition. The intrinsic PL decay times of GQD and RQD are
shown inside the curly brackets in row 1. Also shown in this table are the color ratios, i.e., G/B and
R/B ratios, and the polarization ratios (PRs) for the three color components.

Sample G (//, ⊥) {5.78 ns} R (//, ⊥) {8.95 ns} G+R (//, ⊥)

SP condition w/o SP SP w/o SP SP w/o SP SP

Green decay time
(ns) 6.26, 6.22 6.57, 6.48 — — 3.73, 3.69 3.98, 3.80

Red decay time (ns) — — 9.27, 9.23 9.43, 9.39 11.15,
11.09

11.87,
11.84

G/B ratio 0.107,
0.137

0.172,
0.225 — — 0.114,

0.146
0.174,
0.213

R/B ratio — — 0.365,
0.412

0.371,
0.447

0.530,
0.694

0.696,
0.850

Blue PR 0.948 0.901 0.933 0.897 0.914 0.902

Green PR 1.217 1.179 — — 1.169 1.103

Red PR — — 1.084 1.090 1.197 1.102
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Figure 8a–c show the normalized CWPL spectra in the two polarizations under the
conditions with and without SP coupling for samples G, R, and G+R, respectively. In
each sample, under either condition with or without SP coupling, the spectra of the two
polarizations are normalized with respect to the blue intensity peak in the //-polarization.
Here, one can see that in either the green- or red-light component, the intensity in the
⊥-polarization is always higher than that in the //-polarization. However, the blue-light
intensity in the ⊥-polarization is always lower than that in the //-polarization. These
results clearly indicate that the FRET from QW into QD in the ⊥-polarization is stronger.
The results in Figure 8 also show that the SP coupling can indeed enhance the green-
and red-light intensity ratios with respect to the blue-light intensity. In Rows 5 and 6 of
Table 2, we show the ratios of the integrated intensities of green and red lights over those
of the corresponding blue lights, i.e., the G/B and R/B ratios, respectively, in the two
polarizations under the conditions with and without SP coupling. The blue-, green-, and
red-light components in a spectrum are separated by dividing the spectrum at 510 and
580 nm in wavelength. Under either condition with or without SP coupling, either the G/B
or R/B ratio in the ⊥-polarization is always larger than the corresponding value in the
//-polarization for each sample. By introducing SP coupling to a sample, either the G/B or
R/B ratio in each polarization is increased. In the last three rows of Table 2, we show the
polarization ratios of the three samples under the conditions with and without SP coupling.
A polarization ratio is defined as the ratio of the integrated intensity in the ⊥-polarization
over that in the //-polarization. We can see that all the green- and red-light (blue-light)
polarization ratios are larger (smaller) than unity. In each sample, the SP coupling can
reduce the blue-light polarization ratio because it enhances the FRET more effectively
from QW into QD in the ⊥-polarization, when compared with the //-polarization. The
SP-coupling effect also reduces the polarization ratios of either green or red light in samples
G and G+R.

Figure 8. (a–c): Normalized CWPL spectra before (w/o SP) and after (SP) Ag NP deposition in the
two polarizations for samples G, R, and G+R, respectively.
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4. Simulation Study

To further understand the mechanism of color conversion enhancement in the sample
structure, a numerical simulation study was undertaken. The simulation structures are
schematically illustrated in Figure 9a–c. In Figure 9a for structure S with SP coupling, an
infinitely-long empty nano-tube with the radius at r0 = 30 nm was horizontally embedded
in a QW template. The QW is represented by a dipole, denoted by the blue arrow, which
serves as the donor in the FRET to be studied. A QD was placed inside the nano-tube and
serves as the acceptor of the FRET from QW into QD. A 5-nm SiO2 layer (refractive index
at 1.5) was placed between the surface Ag NP and the QW template. It is assumed that the
center of the Ag NP, the QW-dipole donor, and the QD-acceptor are vertically aligned. All
of them lie in a vertical plane passing the axis of the embedded nano-tube. The distance
between the QW-dipole donor and the top surface of the QW template (the upper boundary
of the nano-tube) is d = 60 nm (s = 60 nm). The distance between the QD-acceptor and the
upper boundary of the nano-tube is t = 10 nm. As illustrated in Figure 9b, the surface Ag NP
is a truncated ellipsoid in geometry with the horizontal semi-axis of b = 21.8 nm, the height
of h = 30 nm, and the radius of the circular contact interface of 18.9 nm. For comparison, in
the reference structure (structure SR), as illustrated in Figure 9c, the Ag NP and SiO2 layer
are removed to show the results without SP coupling. The numerical simulation method
has been described in a few earlier publications [7,16]. In numerical computations, the
refractive index of GaN is set at 2.399. Additionally, the experimental data were used for the
wavelength-dependent dielectric constant of Ag [20]. To evaluate the radiation behavior
of a dipole, we first computed its radiated electromagnetic field when it was placed in a
homogeneous spherical background space. Then, the total field was evaluated in the real
structure for simulation based on the commercial software of COMSOL. By subtracting
the radiated field of the dipole from the total field, we obtained the scattered field, which
was used for evaluating the feedback effect on the dipole radiation behavior from the
surrounding structure. With the obtained scattered field, the optical Bloch equations were
solved to give the strength and orientation of the dipole modified by the feedback effect.
Based on the modified dipole, the final electromagnetic field distribution and the total
radiated power can be computed. With the feedback process, the effect of the scattered
field caused by the nano-tube on the radiation behavior of the dipole was included. In
other words, the Purcell effect was practically taken into account [6].

 

Figure 9. (a): Illustration of structure S used in the simulation, including a surface Ag NP for
inducing the SP coupling with the QW-dipole donor and a QD-acceptor inside an embedded nano-
tube. (b) Geometry illustration of the surface Ag NP. (c): Illustration of the reference structure SR for
simulation.
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Based on the simulation study, Figure 10a,b show the y-z-plane distributions of electric
field strength (norm) at 455 nm in structures S and SR, respectively, produced by an x-
oriented donor dipole. This radiating dipole is located at the center (marked by “x”) of
the white circular region, in which no field distribution is shown because of the extremely
strong field there. Here, we can see that inside the nano-tube, the electromagnetic field
is significantly stronger in structure S, when compared with structure SR, even though
Figure 10a,b is plotted in the log scale, indicating the SP-coupling effect induced by the
surface Ag NP.

 

Figure 10. (a,b): y-z-plane distributions of electric field strength (norm) at 455 nm in structures S and
SR, respectively, produced by an x-oriented donor dipole.

Figure 11a shows the normalized field intensity produced by the QW-dipole donor
at the position of the QD acceptor under the conditions with (structure S) and without
(structure SR) SP coupling in the cases of x- and y-dipole. The results here are normalized
with respect to the corresponding field intensities in a structure without the Ag NP, SiO2
layer, and the embedded nano-tube, i.e., an air/GaN half-space structure. For either the x-
or y-dipole in structure S, we can see an intensity peak around 460 nm, which is caused by
the SP-coupling effect, confirming that the SP coupling can indeed enhance the donor field
intensity inside the nano-tube. Without SP coupling in structure SR, the donor intensity
inside the nano-tube can also be enhanced due to the nanoscale-cavity effect for the x-dipole,
which corresponds to the ⊥-polarization in the experimental study reported earlier in this
paper. The vertical dashed line in Figure 11a indicates the experimental QW emission
peak wavelength at 455 nm. Figure 11b shows the normalized radiated powers of the
QD-acceptor in structures S and SR for the x- and y-dipole. The results are normalized
with respect to the radiated power in a homogeneous space of air. Here, except for the
depressions around 460 nm, the results in structures S and SR are close to each other for
either dipole orientation. The depressions are caused by the SP coupling between the
QD-acceptor and the LSP resonance of the surface Ag NP. In other words, based on our
simulation model, with the distance between the QD-acceptor and the bottom face of
the Ag NP at 135 nm, the SP coupling leads to an emission suppression around the LSP
resonance peak wavelength of the surface Ag NP. However, this behavior is unimportant
in our numerical study because we are mainly concerned with the acceptor emissions
in the green and red spectral ranges, particularly at 530 and 625 nm in wavelength, as
indicated by the vertical dashed lines in Figure 11b. The larger-than-unity results shown
in Figure 11b indicate that the emission efficiency of a QD inside a nanoscale cavity can
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indeed be enhanced, particularly in the polarization perpendicular to the nano-tube axis
(the x-dipole). Rows 2 and 3 of Table 3 show the normalized donor intensities at the
position of the acceptor in structures S and SR, respectively, for the x- and y-dipole at the
wavelength of 455 nm. The donor intensities are stronger for the x-dipole. Rows 4 and 5
(6 and 7) of Table 3 show the normalized radiated powers of the acceptor in structures S
and SR, respectively, for the x- and y-dipole at the wavelength of 540 (625) nm. The dipole
polarization dependencies can also be observed.

Figure 11. (a): Normalized intensity spectra produced by the QW-dipole donor at the position of the
QD-acceptor in structures S and SR for the two dipole orientations. (b): Normalized radiated power
spectra of the QD-acceptor in structures S and SR for the two dipole orientations.

Table 3. Simulation results obtained from Figures 11 and 12 at 455, 530, and 625 nm in wavelength
for the two dipole orientations, including the results of donor intensity, acceptor radiated power, and
color conversion enhancement factor.

x-Dipole y-Dipole

Normalized donor intensity at 455 nm (S) 3.872 2.016

Normalized donor intensity at 455 nm (SR) 2.132 1.027

Normalized acceptor radiated power at 530 nm (S) 4.435 1.970

Normalized acceptor radiated power at 530 nm (SR) 4.331 1.922

Normalized acceptor radiated power at 625 nm (S) 4.309 1.847

Normalized acceptor radiated power at 625 nm (SR) 4.222 1.811

Donor intensity ratio at 455 nm (S/SR) 1.816 1.963

Acceptor radiative power ratio at 530 nm (S/SR) 1.024 1.025

Acceptor radiative power ratio at 625 nm (S/SR) 1.021 1.020

Color conversion enhancement factor from 455 into 530 nm (S/SR) 1.860 2.012

Color conversion enhancement factor from 455 into 625 nm (S/SR) 1.854 2.002

Figure 12 shows the ratios of the intensity produced by the donor at the position of
the acceptor and the radiated power of the acceptor in structure S over the corresponding
values in structure SR. These ratios show the enhancements of those two parameters
through SP coupling. We can see that although the SP coupling produces weak effects on
the emissions of GQD and RQD because their emission wavelengths are far away from
the LSP resonance peak, it can effectively increase the donor field intensity inside the
nano-tube. In Rows 8–10 of Table 3, we show the donor intensity ratios at 455 nm and the
acceptor radiated power ratios at 530 and 625 nm, respectively, for the x- and y-dipole. The
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multiplication of the donor intensity ratio at 455 nm by the acceptor radiated power ratio at
530 (625) nm corresponds to the enhancement ratio of the color conversion efficiency from
QW into GQD (RQD), as shown in Row 11 (12) of Table 3. Although the SP coupling does
not produce a significant change of the emission efficiency of a QD inside the nanoscale
cavity, it does enhance the donor intensity at the position of the QD, i.e., the FRET from
QW into QD, resulting in a significant enhancement of the color conversion efficiency.

Figure 12. Ratios of the donor intensity and acceptor radiated power in structure S over the corre-
sponding values in structure SR for the two dipole orientations.

5. Discussions

As shown in Row 7 of Table 2, the SP coupling leads to the decrease of blue-light
polarization ratio in each sample due to the stronger SP-coupling enhancement of the
FRET from QW into QD in the ⊥-polarization. In this situation, we may expect the larger
polarization ratios for green and red lights because the GQD and RQD receive more energy
from the QW structure through FRET in the ⊥-polarization. However, as shown in Rows
8 and 9 of Table 2, after the SP coupling effect is introduced, the green- and red-light
polarization ratios are decreased except for that in sample R, even though they are still
larger than unity. This result may have two attributions. First, in the CWPL measurement,
the obtained PL intensities include the contribution of the far-field process of photon
emission–absorption–reemission, besides that of the near-field process of FRET. The far-
field process is more weakly polarization-dependent, when compared with the near-field
process. Second, the non-resonant scattering of the surface Ag NP distribution can also
weaken the polarization dependence of the measured CWPL intensity for green or red light.
It is noted that in our simulation model we did not really evaluate the transferred power
from the donor into the acceptor and hence we could not observe such an experimental
result in the simulation study.

In Figure 8, we can see that certain spectral peaks are shifted after the SP coupling
effects are introduced to the samples. Those of blue light in all the three samples are blue-
shifted after the SP coupling effects are included. This is because the SP coupling and hence
the FRET from QW into QD are stronger on the long-wavelength side of the QW emission
spectrum, as shown in Figure 2, such that the QW emission on the long-wavelength side
becomes weaker. Therefore, the QW emission peak is effectively blue-shifted. The reason
for the noticeable red-shift of the green-light peak in sample G is complicated. It can be
caused by the non-uniform GQD emission wavelength. It can also be attributed to the
wavelength-dependent nanoscale-cavity and SP-coupling effects.
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6. Conclusions

In summary, we have designed and implemented a device structure for improving
the color conversion performance from a QW structure into QDs inserted into a nearby
subsurface GaN PS by introducing the SP coupling between the QW structure and the
LSP resonance on surface Ag NPs to the device. Based on TRPL and CWPL measure-
ments, we observed the enhanced FRET efficiencies from QW into QD through SP coupling.
The SP-coupling induced enhancement was stronger in the polarization perpendicular
to the essentially extended direction of the pores in the fabricated PS. The results of a
numerical simulation study well supported the experimental observations. The encour-
aging results in this paper can help us in improving the color conversion efficiency in a
light-emitting device.
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Abstract: We present the results of a temperature-dependent photoluminescence (PL) spectroscopy
study on CuInS2 quantum dots (QDs). In order to elucidate the influence of QD size on PL tem-
perature dependence, size-selective precipitation was used to obtain several nanoparticle fractions.
Additionally, the nanoparticles’ morphology and chemical composition were studied using transmis-
sion electron microscopy, X-ray diffraction, and X-ray photoelectron spectroscopy. The obtained QDs
showed luminescence in the visible–near infrared range. The PL energy, linewidth, and intensity
were studied within an 11–300 K interval. For all fractions, a temperature decrease led to a shift in the
emission maximum to higher energies and pronounced growth of the PL intensity down to 75–100 K.
It was found that for large particle fractions, the PL intensity started to decrease, with temperature
decreasing below 75 K, while the PL intensity of small nanoparticles remained stable.

Keywords: quantum dots; CuInS2; temperature-dependent photoluminescence

1. Introduction

Quantum dots (QDs) are nanocrystals composed of semiconductor materials that
exhibit photoluminescent properties, making them increasingly popular in research and
development. Their unique optoelectronic properties make them highly attractive for
numerous applications. QDs come in various sizes, shapes, and chemical compositions,
and can be employed in a number of different spheres, from solid-state lighting and
photovoltaics to life science applications, such as imaging, sensing, medical diagnostics,
and photodynamic therapy. With current research focusing on the use of nanocrystals
with dimensions of less than 10 nm, these materials offer size-dependent absorption and
emission energy tunability that is beneficial for development of bio-labeling reagents, as
well as photonic devices such as liquid-crystal displays, QD-solar cells, light-emitting
diodes (LEDs), and photodetectors [1–5].

QDs composed of group II–VI elements, e.g., cadmium and lead chalcogenides, have
become the most popular choice due to their tunable absorption onset and strong fluo-
rescence. However, the obvious toxicity of these materials has limited their use in some
areas [6,7]. Thus, binary compound semiconductors (e.g., InP and ZnS) [8], elemental
semiconductors (e.g., Si, C) [9], and ternary chalcogenides [10], which offer comparable
optical features and tunable emission and absorption wavelengths, without the same level
of toxicity, have been explored. The search for safer and earth-abundant QD materials is
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a current research topic. This includes ternary nanocrystals such as the CuInS(Se)2 and
AgInS(Se)2, as well as the quaternary nanocrystals Zn-Cu-In-S(Se) and Zn-Ag-In-S(Se).

CuInS2 is a ternary I–III–VI semiconductor with direct transition bandgap energy of
1.53 eV. CuInS2 and AgInS2 nanocrystals have broad photoluminescence (PL) spectra with
a full width at half maximum (FWHM) of around 0.4 eV. Their PL quantum yields (PLQY)
can be enhanced through composition control, while their absorption and emission spectra
show a blue shift with decreasing particle size [11]. Recent advancements have demon-
strated potential for ternary and quaternary nanocrystals based on I–III–VI semiconductors
in novel applications such as photovoltaics and photocatalysis, as well as biomedicine (e.g.,
multimodal imaging, drug delivery, theranostics, etc.) [12–14].

While the most common approach to QD preparation is synthesis in organic solvents,
yielding hydrophobic QDs with nonpolar surface ligands, ternary and quaternary QDs can
be synthesized in water. Rendering QDs synthesized in nonpolar medium dispersible in
water could be performed via a ligand exchange process; however, this can have detrimental
effects on the photophysical properties of nanocrystals, inducing the formation of new trap
states that promote the nonradiative recombination of charge carriers, and thus, leading to
photoluminescence quenching. Aqueous techniques become even more relevant in the case
of I–III–VI nanocrystals, which are typically synthesized in nonpolar media employing
aliphatic thiols as coordinating ligands, resulting in the strong coordination of surface
groups and hindering ligand exchange. The synthesis of ternary and quaternary QDs
in aqueous medium can be achieved using a various types of capping ligands such as
thiols [15,16], amino-acids [17–19], polymers [20,21], etc., providing excellent long-term
colloidal stability.

Luminescence thermometry is a flexible optical method that measures local temper-
atures, where temperature-dependent changes function as indicators or probes. Rare-
earth ion-doped luminescent compounds have become a popular alternative for making
temperature-dependent sensors [22,23]. The single emission center that the phosphor-based
optical temperature detector relies on makes it unstable and inaccurate due to variations
in excitation power [24]. Compared to rare-earth ion-doped phosphors, QDs demonstrate
high sensitivity and photostability, although the potential application of QDs in optical
temperature sensing, as well as the underlying mechanisms, require further investigation.

Several studies discuss the impact of particle size and low temperatures on the optical
characteristics of QDs [25–27]. However, the correlation between particle size and tempera-
ture dependence remains inconclusive. In this study, CuInS2 QDs were synthesized and
separated according to size, and temperature curves were obtained within the range of
room temperature to 11 K.

2. Materials and Methods

2.1. Chemicals

Indium(III) chloride (InCl3, 99.999%) and 3-Mercaptopropionic acid (C3H6O2S, 99%)
were purchased from Sigma Aldrich (St. Louis, MO, USA). Copper(II) acetate (Cu(CH2COO)2,
99%), sodium sulfide (Na2S·9H2O, 98%), and sodium hydroxide (NaOH) were provided by
Vekton (St. Petersburg, Russia). All chemicals were used without additional purification.

2.2. Synthesis of CuInS2 QDs

In the presented work, MPA was used as a stabilizer. A distinctive feature of MPA is its
relatively small molecule size compared to known surfactants used in the synthesis of I–III–
VI QDs (L-Glutathione, polymers, etc.). The use of short-chain molecules makes it possible
to reduce the distance between QDs, which leads to an increase in charge transfer efficiency.

The photoluminescent quantum yield and photostability of ternary QDs can be ad-
justed through composition variation. Generally, the highest PL quantum yield and photo-
stability observed in I–III–VI QDs are achieved at a molar ratio of [I]:[III] = 1:4 [28,29].

CuInS2 QDs were synthesized in an aqueous solution. Under magnetic stirring,
0.1 mmol of Cu(CH2COO)2, 0.4 mmol of InCl3, and 2 mmol of MPA were dissolved in 5 mL
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of deionized water. The pH of the solution was adjusted to 7.00 using 0.1 M NaOH; then,
a freshly prepared aqueous solution containing 0.5 mmol of Na2S·9H2O was added. The
solution was heated to 95 ◦C for 300 min.

QDs of different sizes were obtained via n steps of size-selective precipitation, where
n represents the fraction number. Precipitation was achieved through the addition of
isopropanol, and separation was performed via centrifugation.

2.3. Methods

Transmission electron microscopy (TEM) studies were performed using a JEOL JEM-
2100F microscope, JEOL, Akishima, Japan (accelerating voltage 200 kV, point resolution
0.19 nm). Specimens for the TEM were prepared via wetting of a conventional copper TEM
grid covered with a carbon lacey film in suspension and its subsequent drying in air.

X-ray diffraction measurements of the samples were carried out using a Rigaku
SmartLab diffractometer (Rigaku Corporation, Tokyo, Japan) in a 2θ angle range of 15 to
60◦ with a scanning rate of 1◦ per minute using CuKα radiation at 40.0 kV and 30.0 mA.
Qualitative X-ray phase analysis of the QDs was performed by comparing the experimental
diffraction patterns with the cards of the International Centre for Diffraction Data’s PDF
databases using the Crystallographica Search-Match program. The average size of the
coherent scattering regions was calculated through the broadening of X-ray diffraction
lines using the Rigaku SmartLab Studio II software package version 2.0.

X-ray photoelectron spectroscopy (XPS) spectra were recorded using a “K-Alpha”
Thermo Scientific system (Waltham, MA, USA) equipped with an Al-Kα (1486.6 eV) X-ray
source. The sample was outgassed to less than 4.5 × 10−9 mbar. The background subtrac-
tion of secondary electrons was performed using the Shirley method. The spectrometer
energy scale was calibrated with Au 4f7/2, Cu 2p3/2, and Ag 3d5/2 lines at 84.2, 367.9, and
932.4 eV, respectively.

The infrared transmission measurements were performed using a Vertex 80 Fourier
transform infrared (FTIR) spectrometer (Bruker Optics, Ettlingen, Germany) equipped with
a SiC globar as the IR radiation source, a KBr beamsplitter, and a pyroelectric deuterated L-
alanine-doped triglycine sulphate (DLaTGS) photodetector. A PL measurement setup [30]
based on the same FTIR spectrometer (equipped instead with a CaF2 beamsplitter and a
Si diode photodetector) was employed to obtain the temperature dependences of the PL
spectra. The samples were placed into a Janis CCS-150 closed-cycle helium cryostat, and a
405 nm semiconductor laser diode was used as an excitation source. Nanoparticle samples
were dried, powdered, and made into transparent films by mixing them with KBr. The QD
solutions were poured into quartz cuvettes and measurements were performed using the
same PL spectra measurement setup without cryostat implementation.

Absorption spectra of QD solutions were acquired using a PE-5400UV UV-vis spec-
trophotometer (“Ekohim” LLC, St. Petersburg, Russia) in quartz cuvettes.

3. Results and Discussion

3.1. Structure Characterization

In order to establish the morphology and structure of the CuInS2 QDs, TEM and XRD
studies were performed.

The X-ray diffraction pattern (Figure 1a) contains at least three broad peaks in the 2θ
angle ranges of 23–34◦, 42–50◦, and 52–58◦, which indicates the presence of a crystalline
structure in the sample. The observed Bragg peaks are in good agreement with the (112),
(200), (204), (220), and (312) planes of CuInS2 (JCPDS 65-2732) with the chalcopyrite
structure, which indicates that the resulting QDs are nuclei of the tetragonal crystalline
phase CuInS2 (Figure 1a). In this case, characteristic reflections of the hexagonal Cu2S
phase (JCPDS 84-0208) are not observed in the sample. The average size of the coherent
scattering regions (D) of CuInS2, calculated using the Rigaku SmartLab Studio II program
through the broadening of X-ray maxima, is approximately 1.5 nm. The average QD size
of 2 nm, estimated via XRD, is in an agreement with the TEM results. According to TEM
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results (Figure 1b), chalcopyrite planes corresponding to (112) with a period of 0.32 nm
are observed, and the QDs have an average diameter of 2 ± 0.5 nm. The average size of
the obtained QDs is less than the Bohr radius of exciton in CuInS2, which means that the
nanoparticles are in a strong confinement regime.

Figure 1. (a) XRD patterns and (b) TEM image of obtained samples. In (b), several quantum dots are
encircled in yellow, while the interplanar spacing is indicated by the arrows.

Figure 2 shows the XPS spectra of the CuInS2 QDs.

Figure 2. Cont.
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Figure 2. XPS spectra of CuInS2 QDs: survey (a), Cu 2p (b), In 3d (c), S 2p (d).

From Figure 2, it can be seen that Cu 2p peaks are found at 931.7 eV (Cu 2p3/2) and
951.5 eV (Cu 2p1/2), In 3d peaks are found at 444.8 eV (In 3d5/2) and 452.4 eV (In 3d3/2),
and an S 2p peak is found at 161.7 eV. C and O elements comprising MPA ligands are
detected, as well (Figure 2a). In Figure 2b, the Cu 2p line is split into Cu 2p3/2 and Cu 2p1/2
(splitting value is 19.8 eV), with no distinguishable Cu2+ peak at about 942 eV. In Figure 3a,
the kinetic energy of the Cu LMM Auger transition (916.6 eV), corresponding to Cu2O,
suggests that the copper is in the Cu+ state in this sample. The In 3d line is split into In
3d5/2 and In 3d3/2, with splitting energy of 7.6 eV (Figure 3b). Two peaks, In 3d5/2 and In
3d3/2, and the kinetic energy of the In M4N45N45 Auger transition of 407.2 eV (Figure 3b)
are assigned to In3+ in the CuInS2 QDs. Two distinct peaks at binding energies of 161.7
and 162.8 eV are assigned to S 2p3/2 and S 2p1/2, which is consistent with the values for
S2− [31].

Figure 3. XPS signal corresponding to Cu LMM (a) and In LMM (b) Auger transitions of CuInS2 QDs.

3.2. Absorption and PL Spectra

Figure 4 shows the PL spectrum of the obtained CuInS2 QD aqueous solution at
room temperature and its deconvolution result, as well as the absorption spectrum of the
same solution.
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Figure 4. PL (solid line) and absorption spectra (dash line) of the CuInS2 QD stock solution (a) and
PL spectrum deconvolution result (b).

The obtained sample shows features common to I-III-VI QDs, such as the absence of
an absorption exciton peak and a broad PL band with a large Stokes shift. The PL curve,
represented by a peak with a maximum at about 676 nm and an FWHM parameter at about
115 nm, can be qualitatively decomposed as the sum of three Gaussian functions with
maxima at about 667, 736, and 831 nm. It can be assumed that the radiative recombination
in the studied sample is due to three mechanisms. The large Stokes shift, which is about
290 meV, indicates the emission mechanism associated with defects, and the absence of
the interband radiative recombination component. There are several main theories under
consideration for the observed characteristic of PL in Cu-In-S nanocrystals. In the first
model, emission is associated with the trapping of photoexcited charge carriers on donor
and acceptor defects, followed by radiative recombination (a mechanism involving donor–
acceptor pairs) [32]. The transition energy in this case also depends on the Coulomb
interaction of ionized defects, and hence, on their relative spatial localization, which is a
source of additional broadening of the PL spectrum. The acceptor levels can be represented
by point defects (e.g., VCu) and even group I atom centers in their regular lattice positions
(Cu+, Cu2+), and the donor levels of InCu, VS, Ini. According to this approach, the two
emission channels can correspond to the donor–acceptor pairs VCu–InCu (relatively short
wavelength band) and VCu–VS (long wavelength band). Another approach to explaining
the optical properties of Cu-In-S nanocrystals involves photoexcited hole trapping at Cu+

sites followed by recombination with a delocalized photoexcited electron [33]. In this
case, the Stokes shift is governed by the strong electron–phonon interaction, and the
dependence of the transition energy on the crystal size can be easily explained by the
change in the energy of the LUMO orbital due to quantum confinement. This model
is in good agreement with the results of cyclic voltammetry studies and time-resolved
absorption spectroscopy [33,34]. It cannot be ruled out that both mechanisms coexist
simultaneously. States associated with surface defects may also be involved in the process
of radiative recombination.

The PL spectra of the size-dependent CuInS2 QDs are shown in Figure 5.
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Figure 5. PL (solid lines) and absorption spectra (dash lines) of size-selected CuInS2 QDs in aque-
ous solution.

Each consecutive precipitation yields a smaller average size fraction (designated
fraction ordered from the largest (#1) to the smallest (#5), leading to a blue shift in the PL
spectrum (from 713 nm to 677 nm), which, assuming that PL occurs via recombination
of the localized hole with the delocalized electron, is caused by a rise in the conduction
band bottom due to the effect of spatial quantization [35]. There is a tail extending from
850 nm on the PL spectra of every sample caused by emission through the surface states.
According to the TEM images (Figure S1), the particles in fraction #1 are noticeably larger,
with sizes from around 4 nm; in fraction #5, the particles do not exceed 3 nm.

3.3. Temperature-Dependent Photoluminescence

Nanoparticle samples were dried, powdered, and made into transparent films by
mixing them with KBr. Figure 6 shows the PL spectra of the CuInS2 QDs of separated
fractions at room temperature and 11 K.
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Figure 6. Normalized PL spectra of size-selected CuInS2 QDs in KBr pellets at 300 K (a) and 11 K (b).

The PL spectra of size-selected CuInS2 QDs in KBr pellets at 300 K have at least two PL
bands in range of 690–770 nm and around 900 nm. For fractions #1 and #2 (large particles)
at room temperature, the shoulder at around 900 nm is more pronounced than for fractions
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#3–#5. In contrast, the shoulder becomes more distinct with decreasing temperature for
fractions #4 and #5.

The general trend of the blue shift of PL spectra with decreasing QD size is retained
for the samples prepared in a KBr pellet. The PL peak position shifts from around 1.61 eV
for fraction #1 to 1.78 eV for fraction #5 at room temperature (Figure 6a) and from 1.66 eV
to 1.82 eV at 11 K (Figure 6b). The PL spectra curves of fractions #4 and #5 of the CuInS2
QDs in the KBr pellet almost coincide at room temperature. Upon cooling down to 11 K
the PL maximum positions of these fractions slightly diverge and the PL spectra of these
fractions are well resolved (Figure 7).
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Figure 7. Temperature dependence of the PL integral intensity of size-selected CuInS2 QDs in
KBr pellets.

The profile of the PL spectra of the CuInS2 QD samples exhibits strong temperature
dependence in the range of 11–300 K. The temperature decrease leads to a shift in the
emission maximum to higher energies and pronounced growth of the PL intensity up
to 75–100 K. A further decrease in PL intensity with decreasing temperature occurs for
fractions #1 and #2 (large particles), while no such trend is observed for fractions #3, #4,
and #5 (small particles), which does not experience PL intensity change below 75 K.

The temperature dependence of the integral PL intensity could be associated with the
recombination rate (Equation (1)). The thermal dependence of the recombination rate has
an activation characteristic and includes the radiative and nonradiative parts (Equation (2)).
As the nonradiative component of the decay rate goes down with decreasing temperature,
the intensity dependence reaches saturation below 100 K (becoming solely a function of the
radiative decay rate, which is temperature-independent).

I(t) =
3

∑
i=1

aie
(− t

τi
), (1)

1
τ(T)

=
1
τr

+
1

τnr(0)
e(−

Ea
kBT ), (2)

In the above equations, τr and τnr are the radiative and nonradiative decay times,
respectively, Ea is the thermal activation energy, and kB is the Boltzmann constant.

The observed decrease in PL intensity below 100 K in larger fractions of QDs of the
I–III–VI ternary systems may be explained in view of the assumption that the radiative
decay time increases with increasing nanocrystal size due to an increasing ligand-to-QD
ratio. In our case, molecules up to 700 MPA can coordinate QDs from a small fraction, and
molecules up to 1200 MPA can bind to QDs from a large fraction. An increased ligand-to-
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QD ratio resulted in a higher probability of the charge carrier trapping process occurring,
which, for small QDs, leads to decreasing PL lifetimes.

Assuming the DAP emission model, the radiative recombination rate (1/τr) should
depend on the distance between the donor and acceptor centers. Given that there are
numerous emission channels with different rates, the PL decay profile is multiexponential.
In [36], the authors analyzed the temperature dependence of the PL of silicon nanoparticles
of different sizes in a temperature range of 5–300 K. The authors also observed a decrease
in PL intensity with decreasing temperature below 70 K. A less pronounced decrease
in PL intensity was registered for small nanoparticles. The authors also provided time-
resolved PL measurements for the samples, and found a correlation between particle size
and PL quenching rate. At a certain temperature, the large crystals experienced a greater
saturation effect than the smaller ones due to their longer PL lifetime. In CuInS2 QDs,
the decay time of PL similarly decreased with decreasing particle size [37]. Accordingly,
these considerations could be applied to explain the temperature dependence of integral
PL intensity in our samples.

Figure 8 shows the temperature-dependent PL emission maximum shift for five size-
selected samples of CuInS2 QDs embedded in KBr. As the temperature increases, all the
samples show a decrease in emission energy of several tens of meV. A similar trend was
observed in nanocrystalline binary systems [38–40] and self-assembled QDs [41,42], as
well. This effect could be attributed to thermally induced population redistribution across
inhomogeneously broadened states.
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Figure 8. Temperature dependence of the PL peak maximum of size-selected CuInS2 QDs in KBr pel-
lets.

The energy of the PL peak intensity of the transitions Emax is determined via the con-
volution of the density of states (DOS) and the state population functions. The temperature
dependence of Emax is given by the following expression:

Emax(T) = E0(0)− αT2

β+ T
− σ2

(kT)
, (3)

where E0(0) is the DOS maximum energy at 0 K, α and β are the Varshni parameters, σ is
the dispersion of the DOS function, and k is the Boltzmann constant. According to (3), if an
ensemble of states is broadened with the dispersion σ, the peak energy Emax is shifted by
−σ2/kT relative to E0.

The direct band-to-band transition is not a determinant of the PL properties, and
CuInS2 QD emission occurs due to the involvement of copper-related levels [34]. The
optical properties of CuInS2 QDs thus strongly resemble those of copper-doped binary
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II–VI and III–V QDs [43]. The copper centers form optically active levels within the
bandgap near the valence band edge in binary II–VI systems, e.g., ZnS, ZnSe CdS, and
CdSe [44–47]. Notably, according to [44], in ZnS:Cu2+, copper levels shift with the valence
band as the temperature changes, which allows us to assume that Varshni’s law, with
some modification, is applicable to the temperature-dependent PL characterization of
CuInS2 QDs.

Figure 9 shows the PL FWHM temperature dependence of CuInS2 QDs in KBr pellets
for five different QD sizes. In a lower temperature range below 120 K, the dependence
of FWHM on temperature is weak. A further temperature increase leads to PL curve
broadening for all fractions, so that the difference between FWHMs becomes negligible
at room temperature. Emission FWHM analysis with temperature variation provides
information about the exciton–phonon interaction in QDs. The experimental data could
be modeled using Equation (4), defining the temperature dependence of exciton peak
broadening in bulk semiconductors. The total emission width is described as the sum of an
inhomogeneous broadening term, which is connected with QD size distribution and terms
representing homogeneous broadening, mainly due to optical phonon–exciton interactions.

Γ(T) = Γinh + ΓLO

(
e

ELO
kT − 1

)−1
(4)

Γinh—the temperature-independent intrinsic inhomogeneous line width;
ΓLO—the longitudinal optical (LO) phonon–exciton coupling coefficient;
ELO—the LO phonon energy.
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Figure 9. Temperature dependence of PL FWHM of size-selected CuInS2 QDs in KBr pellets.

Applying a numerical value of ELO equal to 36 meV obtained via Raman spectroscopy
in [48,49], the authors of [27] determined the values of Γinh and ΓLO to be 320 meV and
0.1 meV for the whole CuInS2 QD stock ensemble. In our case, the values of Γinh and ΓLO
varied with fraction size in the ranges 245–280 meV and 80–110 meV, respectively. The
assessed ΓLO values appear to be too high. The broadening of the PL curve with increasing
temperature is likely more complex than being attributed to electron–phonon coupling,
potentially necessitating the consideration of various thermally activated emission centers.
The narrowing of the PL curve with decreasing temperature may be linked to the influence
of surface ligands.

In [50], the authors suggested that thiol groups could influence the PL emission
properties of aqueous I–III–VI QDs through the transfer of a hole to the redox level of
surface-bound disulfides formed via ligand oxidation. In our previous work [21], though,
we observed very little narrowing of the PL curve with decreasing temperature for non-thiol
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(thiol-less) PVP-capped AgInS2 QDs. It is likely that the stabilization mechanism of these
QDs is based on the interaction of oxygen from PVP with the QD surface. Given the higher
electronegativity of oxygen, its electron-donating ability is weaker, thus making ligand
oxidation (hole trapping) less probable. For the smallest QDs (fraction #5), in contrast
to other fractions, the FWHM slightly increased below 100 K, which could be due to the
exciton leakage effect [51].

4. Conclusions

In conclusion, CuInS2 quantum dots (QDs) were synthesized in aqueous solution
utilizing MPA as a ligand. For our studies, nanoparticles of different sizes were obtained via
size-selective precipitation. The temperature-dependent photoluminescence (PL) spectra
of CuInS2 QDs were examined in the temperature range of 11–300 K. It was found that
the temperature decrease led to a shift in the emission maximum to higher energies and
a decrease in PL intensity down to 75–100 K, with a further decrease observed for larger
nanoparticles below 75 K, whereas small nanoparticles did not display any alteration in
PL intensity at lower temperatures. The shift in the PL peak towards higher energies
with decreasing temperature was linked to the change in the convolution of the density of
states and the state population functions. The observed PL line broadening with increasing
temperature was associated with the influence of surface thiol ligands. It was discovered
that the intricate relationship between integral intensity and temperature involves the size
of CuInS2 QDs. A temperature sensor design based on QDs should consider both the
dimensions and size distribution of the QDs employed. Our observations could be useful
for better understanding the luminescence mechanism in CuInS2 QDs.
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spectra of size-selected CuInS2 QDs in KBr pellets in temperature range of 11–300 K. Fractions #1–#5
presented in (a–e). Temperature dependence of the PL integral intensity of the same samples (f).
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Abstract: The coexistence of two spin components with different Larmor frequencies in colloidal
CdSe and CdS quantum dots (QDs) leads to the entanglement of spin signals, complicating the analy-
sis of dynamic processes and hampering practical applications. Here, we explored several methods,
including varying the types of hole acceptors, air or anaerobic atmosphere and laser repetition rates,
in order to facilitate the obtention of one single Larmor frequency in the coherent spin dynamics using
time-resolved ellipticity spectroscopy at room temperature. In an air or nitrogen atmosphere, manip-
ulating the photocharging processes by applying different types of hole acceptors, e.g., Li[Et3BH] and
1-octanethiol (OT), can lead to pure spin components with one single Larmor frequency. For as-grown
QDs, low laser repetition rates favor the generation of the higher Larmor frequency spin component
individually, while the lower Larmor frequency spin component can be enhanced by increasing the
laser repetition rates. We hope that the explored methods can inspire further investigations of spin
dynamics and related photophysical processes in colloidal nanostructures.

Keywords: colloidal quantum dots; spin dynamics; time-resolved spectroscopy; hole acceptors

1. Introduction

The electron spin in semiconductors is a promising candidate for quantum bits which
are the elementary units for quantum information processing [1–3]. It is of fundamental
importance to understand electron spin properties and further control the spins. Com-
pared with bulk semiconductors, the confined electrons in quantum dots (QDs) are more
adaptable to quantum information science, due to the less efficient spin–orbit interaction
and longer spin dephasing times [4]. Over the past two decades, many efforts have been
dedicated to investigating the spin properties and the spin manipulation in colloidal QDs
grown using wet chemical approaches, obtaining long spin dephasing times up to few
nanoseconds even at room temperature [5–7]. The open surface and surrounding matrix
of colloidal QDs provide convenience for optical and chemical manipulation of electron
spin [8–12]. In addition, colloidal QDs have the advantages of low cost and easily con-
trolled shapes, sizes and structures. Since it was first reported by J. A. Gupta et al. that
ensembles of colloidal CdSe QDs show two distinct spin components in the coherent
dynamics, which differ in g factors and Larmor frequencies [13], colloidal CdS QDs [10]
were also found to have similar phenomena. The coexistence of two spin components with
different Larmor frequencies (referred to below as v1 and v2) entangles the spin signals and

Nanomaterials 2023, 13, 2006. https://doi.org/10.3390/nano13132006 https://www.mdpi.com/journal/nanomaterials63



Nanomaterials 2023, 13, 2006

complicates the investigation of their origins and the related spin relaxation mechanisms.
For instance, in ensembles of colloidal CdSe QDs, the v1 and v2 spins with spin dephasing
times up to hundreds of picoseconds were assigned to the electron and exciton, respectively
(electron–exciton model) [5], which is, however, contradictory to the fact that exciton spin
relaxation times are short and have around a subpicosecond time scale [14]. Recently, the
two spin components were redemonstrated to both belong to electrons in photocharged
QDs, which have different wave function spreads, which were either confined by the QD
potential (corresponding to the v1 component) or additionally localized in the surface
vicinity (corresponding to the v2 component) [11]. Similarly, for CdSe nanocrystals em-
bedded in a glass matrix, a solely detected Larmor precession frequency (corresponding
to the v2 component in solution-grown colloidal CdSe QDs) was also determined to arise
from resident electrons localized in the vicinity of the surface [15]. However, a systematic
investigation of separation and manipulation of the two spin components is still lacking.
Obtaining one pure spin component is not only important for deeper understanding of the
underlining spin relaxation mechanism and related photophysics but also crucial for the
practical applications of quantum bits.

In this work, we investigated the spin signals of colloidal CdSe and CdS QDs in toluene
using time-resolved ellipticity spectroscopy under different photocharging conditions, such
as addition of different types of hole acceptors, changing laser repetitions as well as air
and nitrogen (N2) atmospheres. We systematically studied the methods that can contribute
to obtaining or enhancing one single Larmor frequency, either v1 or v2, in the coherent
spin dynamics. In a N2 atmosphere, the addition of hole acceptor, either Li[Et3BH] or
1-octanethiol (OT), is beneficial to obtain the spin signal of the v1 component, while adding
the OT hole acceptor in an air atmosphere usually brings the v2 spin component into being
separately. High laser repetition rates can enhance the spin signal of the v1 component,
whereas low laser repetition rates are convenient for obtaining the v2 component alone.

2. Materials and Methods

2.1. Sample Preparation

Octadecylamine-stabilized colloidal CdSe (average diameter: 6.5 nm, estimated from
the first exciton absorption peak [16]) and oleic-acid-stabilized CdS QDs (average diameter:
5.3 nm) in toluene solution were commercially obtained from Hangzhou Najing Technology
Co., Ltd. (Hangzhou, China) The corresponding absorption spectra are shown in Figure 1. The
mass concentration of all obtained QD samples is 5 mg/mL. For photocharging experiments,
the well-known OT hole acceptor [17] or Li[Et3BH] [18], purchased from Sigma Aldrich,
was mixed with toluene solutions of CdSe or CdS QDs in an airtight quartz cuvette with a
thickness of 1 mm. For Li[Et3BH], the sample preparation was performed in a glove box in a
N2 atmosphere. The OT hole acceptor was mixed with QDs in either a N2 or air atmosphere.
The final concentrations of all samples in the measurements were kept the same at 2.5 mg/mL.

Figure 1. Absorption spectra of as-grown colloidal 6.5 nm CdSe and 5.3 nm CdS QDs. The intensity
of the first absorption peak of CdSe and CdS QDs is normalized.
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2.2. Setup for the Measurements of Coherent Electron Spin Dynamics

The coherent spin dynamics of colloidal QDs were measured using time-resolved
ellipticity spectroscopy [11,19,20]. The experimental configuration depicted in Figure 2
is based on a ytterbium-doped potassium gadolinium tungstate (Yb-KGW) regenerative
amplifier (PHAROS, Light Conversion Ltd; the central wavelength is 1026 nm, and the
pulse duration is ~270 fs), combined with an optical parametric amplifier (OPA). The laser
repetition rates of the OPA outputs are tunable and up to 50 kHz. All the measurements
were performed at room temperature and in a transverse external magnetic field provided
by an electromagnet with iron poles.

Figure 2. Setup schematic of time-resolved ellipticity measurements.

In the pump−probe measurements as shown in Figure 2, the pump and probe pulses
are wavelength-degenerate and emitted from the OPA with their wavelength tuned at the
low energy side of the first exciton absorption band. The circularly polarized pump pulses
generate the spin polarization in the QD samples, while the subsequent dynamics of this
spin polarization are monitored by the change of ellipticity of the linearly polarized probe
pulses. The linearly polarized probe pulses become partially elliptically polarized after
transmitting through the spin-polarized QDs because of the absorption difference of left-
and right-circularly polarized light. The time delay between the pump and probe pulses is
adjusted by a mechanical delay line.

3. Results

3.1. Spin Dynamics of As-Grown CdSe and CdS Colloidal QDs with Native Ligands

As-grown colloidal CdSe and CdS QDs with native ligands normally have two spin
Larmor frequencies in coherent spin dynamics measured at high laser repetition rates. As
shown in Figure 3, time-resolved ellipticity signals of as-grown colloidal CdSe and CdS
QDs are measured in a transverse magnetic field B of 500 and 300 mT, respectively. The
corresponding fast Fourier transform (FFT) spectra are shown in the right panels of Figure 3.
Figure 3c is the fast Fourier transform (FFT) spectrum of the spin dynamics of CdSe QDs,
which shows two Larmor precession frequencies of v1 = 7.32 GHz and v2 = 11.11 GHz.
Two g factor values of g1 = 1.05 and g2 = 1.59 are correspondingly derived from these
frequencies by the equation g = hvL/(μBB), where h, vL and μB are the Planck constant,
Larmor precession frequency and Bohr magneton, respectively. Both g factor values are in
line with the size dependence of g factors reported in the literature [11]. Similarly, Figure 3d
shows two Larmor precession frequencies and the corresponding g factors of CdS QDs of
v1 = 7.73 GHz, g1 = 1.85, and v2 = 8.12 GHz, g2 = 1.93. Despite the FFT amplitudes and
spin dynamic curves of CdSe and CdS QDs being distinctly different, both the spin signals
comprise two Larmor frequencies (the smaller one refers to the v1 component, and the
larger one is the v2 component). The FFT amplitude of the v1 component is much smaller
than that of the v2 component in CdSe QDs, while it is the opposite in CdS QDs. The
difference of relative FFT amplitudes may result from different surface ligands and their
interactions with the QDs. It has been shown in the literature that the v1 component is
stronger than the v2 component for as-grown 6 nm CdSe QDs with stearic acid stabilizing
ligands [21], while the v1 component is significantly weaker than the v2 component for
6.1 nm CdSe QDs with octadecylamine stabilizing ligands [22]. In the following, we will
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provide appropriate methods which selectively bring one of the two spin components into
being, or purposefully enhance one of them and suppress the other.

Figure 3. Time-resolved ellipticity signals in as-grown colloidal (a) CdSe and (b) CdS QDs. (c) and
(d) are the fast Fourier transform (FFT) spectra of panel (a) and (b), respectively. The laser repetition
rate is 50 kHz.

3.2. Methods to Individually Obtain the v1 Component

Adding hole acceptors to the QD solutions is helpful in manipulating the spin signals.
Figure 4a,b show time-resolved ellipticity signals in as-grown colloidal CdSe and CdS QDs
and QDs with Li[Et3BH] hole acceptors prepared in a N2 atmosphere. The presence of the
hole acceptor Li[Et3BH] strongly increases the ellipticity signals both for CdSe and CdS
QDs. As depicted in the insets of Figure 4a,b, actually only the v1 component is remarkably
enhanced, while the v2 component disappears. This indicates that addition of Li[Et3BH]
hole acceptors in a N2 atmosphere is conducive to separating the entangled spin signals
by increasing the v1 component and suppressing the v2 component. The reason is that the
Li[Et3BH] hole acceptor, as a strong chemical reducing agent, can capture the photogener-
ated holes and leave the electrons in the dot core (corresponding to photocharging state of
the v1 component [11]). With enough Li[Et3BH] molecules, all QDs could be charged to
this state, and the spin signal of the v2 component (which corresponds to another charging
state [11]) is thus suppressed. With the removal of the influence of oxygen (as electron
scavengers [23,24]) in a N2 atmosphere, the photodoped electrons in the dot core are long-
lived [18]. Under the irradiation of ambient room light and pump/probe pulses, the spin
amplitudes of CdSe and CdS QDs with Li[Et3BH] remain almost the same after two hours
as shown in Figure 4c, indicating that stable photocharging can be obtained in CdSe and
CdS QDs. Stable charging means that the generation of photocharging states can ade-
quately compensate for their decay, which requires appropriate Li[Et3BH] concentrations
and appropriate light illumination conditions.

Consequently, an effective strategy to achieve pure states of the v1 component is to
modify colloidal QDs with Li[Et3BH] hole acceptors in an anaerobic atmosphere. The
spin signals of the v1 component are considerably amplified, which also improves the
signal-to-noise ratio significantly.
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Figure 4. (a,b) Time-resolved ellipticity signals in as-grown colloidal CdSe and CdS QDs and QDs
with Li[Et3BH] prepared in a N2 atmosphere. The insets are the corresponding FFT spectra of panel
a and b. The FFT spectra of as-grown CdSe and CdS QDs are multiplied by 50 and 8, respectively,
for better distinction of the two observed Larmor frequencies. (c) Spin amplitudes in CdSe and CdS
QDs with Li[Et3BH] as a function of time under ambient room light illumination. The molar ratio of
Li[Et3BH] to CdSe and CdS QDs is 500 and 10, respectively. The laser repetition rate is 50 kHz.

3.3. Methods to Individually Obtain the v2 Component

Inspired by the success of individually obtainment of the v1 spin component by modi-
fying QDs surface with an appropriate hole acceptor in a N2 atmosphere, we investigated
the effect of adding another OT hole acceptor to QDs prepared in an air atmosphere. The
comparison of the time-resolved ellipticity signals of CdSe QDs with and without OT
prepared in an air atmosphere is shown in Figure 5a. Adding OT, the spin signal of the v2
component increases to about 8 times that of as-grown QDs. The inset of Figure 5a shows
that the FFT amplitude of v2 enlarges, while v1 disappears. A similar phenomenon can be
found in the measurements in as-grown CdS QDs and QDs with OT prepared in an air
atmosphere, as depicted in Figure 5b. The spin amplitude of the v2 component significantly
increases and brings the v2 component into being separately. Note that the laser repetition
for CdS QDs with OT is 10 kHz. Since with the higher laser repetition, i.e., with 50 kHz laser
repetition, the spin signal of the v1 component is apparent as a result of the pile-up effect
from previous pulses. The v1 component can appear at high laser repetition rates, and the
higher the laser repetition rate, the stronger the intensity of the v1 component, which will be
illustrated below. For measurements with different laser repetition rates, a normalization
of both pulse energies and laser powers is requisite. The spin signal of CdS QDs with OT
measured at 10 kHz laser repetition rates in the main panel has already been multiplied by
a factor of 5; equivalently, both the pulse energy and laser power are normalized to be the
same between the measurements with 10 and 50 kHz laser repetition rates.

The following are possible reasons that account for the selective enhancement of the
v2 spin component by using OT hole acceptors. OT molecules are linked to the QD surface
by replacing native ligands and capture the photogenerated holes in QDs. Therefore, the
captured holes are still in nearby the QD surface. Due to the Coulombic attraction, the
electron also tends to stay at nearby the QD surface. This charging state contributes to
the spin signal of the v2 component [11] and can be enhanced by addition of enough OT
molecules. Meanwhile, the charging state corresponding to the v1 component is totally
inhibited due to the presence of oxygen. Those results suggest that addition of OT with an
appropriate molar ratio to QDs in an air atmosphere may provide an approach to obtaining
the spin signal of the v2 component solely.

Note that modifying the QDs surface with an OT hole acceptor prepared in a N2 atmo-
sphere can also provide an effective strategy to boost the spin signal of the v1 component.
The spin dynamics of CdSe QDs with and without an OT hole acceptor prepared in a N2
atmosphere are shown in Figure 6a. Via adding OT, the total spin amplitudes of CdSe QDs
are considerably enhanced. The FFT amplitudes of the v1 component are relatively weak in
both as-grown CdSe QDs and QDs with OT (OT/QDs = 7000) compared with those of the
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v2 component as shown in Figure 6b. However, increasing the molar ratio of OT to QDs
to 70,000, the FFT amplitude of the v1 component is increased significantly, while the v2
component is reduced. For CdS QDs, some similar phenomena also occur, e.g., addition
of OT enhances the total spin signal, but some details are different. Figure 6c,d show the
spin signals of colloidal CdS QDs and QDs with OT prepared in a N2 atmosphere and the
corresponding FFT spectra. When the molar ratio of OT to QDs is 100, there is only one
frequency of the v1 component, while the v2 component disappears. However, increasing
the molar ratio of OT to QDs to 5000, the v2 component emerges again. The anaerobic
conditions also help the enhancements of the v1 component with addition of OT hole
acceptors in both CdSe and CdS QDs. In some cases, with appropriate OT concentrations,
even a pure v1 spin component could be achieved.

Figure 5. (a) Time-resolved ellipticity signals of as-grown colloidal CdSe QDs and QDs with
1-octanethiol (OT) prepared in an air atmosphere. The inset is the corresponding FFT spectra. The FFT
spectroscopy of as-grown CdSe QDs is multiplied by 8 for clarity. The molar ratio of OT to CdSe QDs is
11,000. The laser repetition rate is 50 kHz. (b) Spin signals of as-grown colloidal CdS QDs and QDs with
OT prepared in an air atmosphere. The inset is the corresponding FFT spectra. The FFT spectroscopy
of as-grown CdS QDs is multiplied by 7 for clarity. The molar ratio of OT to CdS QDs is 5000. The laser
repetition rates for as-grown CdS QDs and QDs with OT are 50 and 10 kHz, respectively.

Figure 6. (a) Time-resolved ellipticity signals in as-grown colloidal CdSe QDs and QDs with OT prepared
in a N2 atmosphere. (b) The corresponding FFT spectra of panel a. The spin signal and its FFT spectroscopy
of as-grown CdSe QDs are both multiplied by 5 for better clarity. The laser repetition rate is 50 kHz. (c)
Spin signals of colloidal CdS QDs and QDs with OT prepared in a N2 atmosphere. (d) The corresponding
FFT spectra of panel c. The spin signal and its FFT spectroscopy of as-grown CdS QDs are both multiplied
by 8. The laser repetition rate is 50 kHz. The plots in panel a and c are offset for clarity.
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3.4. Influence of Laser Repetition Rates on Spin Signals

Figure 7 shows the spin dynamics of as-grown CdSe and CdS QDs (with native ligands
at an air atmosphere) at different laser repetition rates and the corresponding FFT spectra.
At a high laser repetition rate of 50 kHz, spin dynamics of colloidal QDs, either CdSe or CdS
QDs, exhibit two distinct spin components with different Larmor precession frequencies,
which is similar to the results shown in Figure 3. As the laser repetition rate decreases
from 50 to 1 kHz, the spin amplitude reduces slightly, and the v1 component gradually
disappears in CdSe QDs as shown in Figure 7a,b. At the laser repletion rate of 1 kHz,
only the v2 component is shown in the coherent spin dynamics. The amplitudes of the v2
component show almost no change when altering the laser repetition rates. As-grown CdS
QDs exhibited similar experimental phenomena when reducing laser repetition rates from
50 to 0.5 kHz. Decreasing the laser repetition rates can also apparently decrease the spin
signals of the v1 component but have negligible effects on the v2 component. This suggests
that the charging state of the v1 component is long-lived and subject to pile-up effects
from previous pulses at high laser repetition rates. Decreasing the laser repetition rates
decreases the pile-up effects. When pile-up effects are equal to or less important than the
oxygen-induced electron removing, the v1 component disappears. The results in Figure 7
also imply that the charging state of the v2 component is short-lived and has no pile-up
effects from previous pulses. The influence of laser repetition rates demonstrated here
explains the fact that, in the literature, only one single Larmor frequency (corresponding to
v2) was observed for pump–probe measurements with low laser repetition rates [7,25,26],
while two Larmor frequencies were typically detected for the measurements with high laser
repetition rates [5,13,22]. Accordingly, decreasing laser repetition rates is an effective way
to isolate the spin signal of the v2 component. If a stronger spin signal of the v1 component
is required, then high laser repetition rates must be used for the measurements.

Figure 7. (a) Time-resolved ellipticity signals of CdSe QDs at laser repetition rates of 1, 25 and 50 kHz,
respectively. (b) The corresponding FFT spectra of panel a. (c) Electron spin dynamics of CdS QDs
with different laser repetition rates. (d) The corresponding FFT spectra of panel c.

For convenience, we summarize the methods that facilitate the acquisition of one
single Larmor frequency, either the v1 or v2 component, in spin coherent measurements of
our samples as follows:
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(1) Addition of an appropriate molar ratio of hole acceptors, Li[Et3BH] or OT, in a N2
atmosphere is beneficial to obtain the pure spin signal of the v1 component.

(2) Modifying colloidal QDs with an OT hole acceptor prepared in an air atmosphere
provides advantages on the selection of the v2 spin component.

(3) Low laser repetition rates are convenient for the appearance of merely the v2 compo-
nent, whereas the spin signals of the v1 component rise effectively when applying
high laser repetition rates.

4. Conclusions

In conclusion, the coherent spin dynamics of CdSe and CdS colloidal QDs were
studied using time-resolved ellipticity spectroscopy. Two spin components with different
Larmor frequencies typically coexist in QDs with native ligands when measured at high
laser repetition rates. In the presence of appropriate hole acceptors, e.g., Li[Et3BH] and
OT, with a proper molar ratio in N2 or air atmosphere, the two spin components can be
selectively enhanced or suppressed, leaving one pure spin component. Low laser repetition
rates are beneficial to the appearance of the v2 component solely. Higher laser repetition
rates significantly contribute to the enhancement of the v1 spin component. Consequently,
those results imply that addition of hole acceptors either in an air or anaerobic atmosphere
and adjusting laser repetition rates provide effective strategies to manipulate the spin
signals in colloidal QDs, which is helpful for in-depth investigation of spin dynamics and
practical applications.
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Abstract: Coherent spin dynamics of charge carriers in CsPbBr3 perovskite nanocrystals are studied
in a temperature range of 4–300 K and in magnetic fields of up to 500 mT using time-resolved pump-
probe Faraday rotation and differential transmission techniques. We detect electron spin Larmor
precession in the entire temperature range. At temperatures below 50 K, hole spin precession is
also observed. The temperature dependences of spin-related parameters, such as Landè g-factor
and spin dephasing time are measured and analyzed. The electron g-factor increases with growing
temperature, which can not be described by the temperature-induced band gap renormalization. We
find that photocharging of the nanocrystals with either electrons or holes depends on the sample
cooling regime, namely the cooling rate and illumination conditions. The type of the charge carrier
provided by the photocharging can be identified via the carrier spin Larmor precession.

Keywords: perovskite nanocrystals; CsPbBr3; coherent spin dynamics; electron and hole g-factors;
time-resolved Faraday rotation

1. Introduction

Lead halide perovskite semiconductors are the focus of research interest due to their
exceptional photovoltaic efficiency and optoelectronic properties [1–3]. The simple fabrica-
tion technology makes them attractive for applications as solar cells, light emitting devices,
radiation detectors, etc. They also demonstrate remarkable spin properties, facilitating
spintronic applications [3–6]. Colloidal nanocrystals (NCs), which have been successfully
synthesized from the lead halide perovskite, greatly increase the possibilities for tailoring
of the material properties [7,8]. Among them, the fully-inorganic CsPbBr3 NCs are mostly
investigated and appreciated for their stability.

The spin physics of halide perovskite semiconductors is an emerging research field, which
exploits experimental techniques and physical concepts developed for spins in conventional
semiconductors [9,10]. Most of the optical techniques developed for the investigation of spin
properties and spin dependent phenomena work well for perovskite crystals, polycrystalline
films, nanocrystals, and two-dimensional materials. These are optical orientation [11–13], opti-
cal alignment [12], polarized emission in magnetic field [14–16], time-resolved Faraday/Kerr
rotation [17,18], time-resolved differential transmission [11,19,20], spin-flip Raman scatter-
ing [21,22], and optically-detected nuclear magnetic resonance [23–25]. The reported spin
dynamics cover huge time ranges from a few picoseconds at room temperature [11,19] up to
tens of nanoseconds for spin coherence [25] and spin dephasing [23] times and further up to
sub-millisecond times for longitudinal spin relaxation times [24] at cryogenic temperatures.

Experiments on coherent spin dynamics by means of time-resolved pump-probe Fara-
day/Kerr rotation reveal signals from electrons and holes provided by photocharging in
CsPbBr3 NCs [26]. The hole spin coherence has been observed up to room temperature [27],
and its optical manipulation has been implemented [28]. The electron spin coherence has
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not been demonstrated so far for perovskite NCs at room temperature. The spin mode-
locking effect reported recently for CsPb(Cl,Br)3 NCs in a glass matrix demonstrates that
the elaborated protocols of coherent spin synchronization can be implemented in perovskite
NCs [25]. Still, the understanding of spin relaxation and spin decoherence mechanisms is
far from being complete.

The Landè g-factor controlling the Zeeman splitting of charge carriers and excitons is
a key parameter in spin physics. We have recently shown that the universal dependences of
the electron, hole, and exciton g-factors on the band gap energy are predicted in bulk lead
halide perovskites [21,29]. Theoretical analysis predicts that, in NCs, additional mixing of
the band states provides a considerable contribution to the electron g-factor by deviating it
from the universal dependence for bulk; however, the mixing has only a weak effect on
the hole g-factor [30]. We have confirmed this through low-temperature measurements of
CsPbI3 NCs in glass. The temperature dependence of the carrier g-factors in perovskite
NCs has not been studied so far. Based on this simple approach, one expects that g-factor
is controlled by the temperature shift of the band gap energy. However, it has been shown
for GaAs and CdTe semiconductors that temperature dependence of the electron g-factor
may have other strong contributions [31–34], which have an origin that is not yet fully
clarified, even for conventional semiconductors. This motivates us to examine this problem
for perovskite NCs.

In this paper, we study the coherent spin dynamics of carriers in perovskite CsPbBr3
NCs by time-resolved pump-probe Faraday rotation and differential transmission tech-
niques. The spin dynamics are measured in the temperature range of 4–300 K, where the
carrier g-factors and spin relaxation times are evaluated. We find an unexpected temper-
ature dependence for the electron g-factor. Although at room temperature we observe
only electron spin precession, at low temperatures, the hole component may appear. We
demonstrate that the photocharging of the NCs with either electrons or holes depends on
the sample cooling regime, namely cooling rate and illumination conditions.

2. Materials and Methods

2.1. Samples

For this study, we use solution-grown lead halide perovskite CsPbBr3 NCs with two
sizes of 4.60 nm (sample #1) and 4.74 nm (sample #2). The NCs were synthesized using a
procedure described in Refs. [35,36]. A total of 1–1.5 mg of the obtained NCs were dissolved
in 60 μL of 3.3 wt% polysterene solution in toluene, and 10 μL of the obtained solution
were drop-casted on 5 × 5 mm glass substrate and dried at room temperature overnight.

2.2. Photoluminescence and Optical Transmission

For optical experiments the samples were placed in a helium-flow cryostat, where the
temperature was varied from T = 4 K up to 300 K. Photoluminescence (PL) was excited by
a continuous-wave laser with a photon energy of 3.061 eV (wavelength of 405 nm) and a
power of 1.2 mW (excitation density of 1 W/cm2). The PL spectra were measured with an
0.5 m spectrometer and a charge-coupled device (CCD) camera. Optical transmission was
measured with a halogen lamp. The transmitted signal was normalized to the intensity of
the light sent directly to the detector. The PL and transmission spectra were recorded from
the sample area with a diameter of approximately 300 μm.

2.3. Time-Resolved Faraday Rotation

To study the coherent spin dynamics of carriers, we used the time-resolved pump-
probe technique with detection of the Faraday rotation (FR) [37]. This technique was
successfully used for investigation of bulk perovskite semiconductors [17,18,21,23,38] and
CsPbBr3 NCs [26–28]. Spin-oriented electrons and holes were generated by circularly
polarized pump pulses. The laser system used (light conversion) generated 1.5 ps pulses
with spectral width of about 1 meV at a repetition rate of 25 kHz (repetition period 40 μs).
The laser beam was split into pump and probe beams, which had coinciding photon ener-
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gies. The time delay between the pump and probe pulses was controlled by a mechanical
delay line. The pump beam was modulated with an electro-optical modulator between σ+

and σ− circular polarizations at a frequency of 26 kHz. The probe beam was linearly polar-
ized. The Faraday rotation angle of the probe beam, which was proportional to the carrier
spin polarization, was measured as a function of the delay between the pump and probe
pulses using a balanced photodetector connected to a lock-in amplifier synchronized with
the modulator. The pump power density was tuned to the range Ppump = 3.8–12.7 W/cm2

and the probe power density was Pprobe = 3.8–10 W/cm2. The probe beam spot size on
the sample was slightly smaller than the size of the pump beam spot, which was about
100 μm in diameter. For the time-resolved FR measurements, the samples were placed in a
helium-flow optical cryostat and the temperature was varied in the range of 4–300 K. A
magnetic field up to 500 mT was applied perpendicular to the laser wave vector (Voigt
geometry, B ⊥ k) by means of an electromagnet.

2.4. Time-Resolved Differential Transmission

We used a time-resolved differential transmission (DT, ΔT/T) technique to study
population and spin dynamics of charge carriers and excitons at room temperature and
zero magnetic field. For measuring the population dynamics, the pump and probe beams
were linearly polarized. The pump beam intensity was modulated with an electro-optical
modulator at a frequency of 26 kHz. The probe beam transmitted through the sample
and the reference laser beam were sent to the balanced photodetector connected with the
lock-in amplifier synchronized with the modulator.

For measuring the spin dynamics, circularly polarized pump and probe beams were
used. This allowed us to measure the dynamics of the optical spin orientation degree (Poo)
at a picosecond time resolution. The pump beam had σ+ circular polarization. The probe
beam was polarized either σ+ or σ−, and its intensity was modulated with a mechanical
chopper at a frequency of 2 kHz synchronized with the lock-in amplifier. The optical
orientation degree is calculated for the σ+ polarized pump with:

Poo(t) =
I+(t)− I−(t)
I+(t) + I−(t) . (1)

Here, I+(t) and I−(t) are the signal intensities measured at σ+ and σ− polarizations of the
probe beam, respectively.

3. Results and Discussion

3.1. Photoluminescence and Transmission

Photoluminescence and transmission spectra of sample #1 measured at a room tem-
perature are shown in Figure 1a. The minimum in the transmission spectrum at 2.610 eV
corresponds to the exciton resonance in CsPbBr3 NCs. The emission band is Stokes shifted
from this energy, having a maximum at 2.520 eV. The PL line full width at a half maximum
of 130 meV is determined by inhomogeneous broadening of the NC ensemble due to NC
size dispersion.

Sample #2 has very similar PL and transmission spectra with exciton resonance
slightly shifted to lower energies due to larger NC size compared to the sample #1 (see
Figure 3a,b). Their evolution with the temperature in the range of 5.4–300 K is shown in
the Supplementary Materials, Figure S1. We use it for evaluation of the temperature shift
of the band gap energy involved in the discussion of the temperature dependence of the
electron g-factor given below.

It is worthwhile to note, that the exciton binding energy in bulk CsPbBr3 amounts to
31.5 meV [39,40], which provides exciton stability in a wide temperature range. In NCs,
this energy increases with decreasing the NC size [41,42].
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Figure 1. Electron spin dynamics in CsPbBr3 NCs (sample #1) measured at T = 300 K. (a) Photolu-
minescence (red line) and transmission (blue line) spectra. (b) FR dynamics at different magnetic
fields. Fits of the data at BV = 0 and 430 mT with Equation (2) are shown by red dots. Pump power
density Ppump = 8.4 W/cm2. Laser photon energy EL = 2.509 eV. (c) Amplitude of FR signal (red
dots) and spin relaxation time (blue dots) as a function of the laser energy near the exciton resonance.
BV = 0 mT. (d–f) Magnetic field dependences of the Larmor frequency (red line shows linear fit),
spin dephasing time T∗

2,e, and FR amplitude.

3.2. Time-Resolved Faraday Rotation

Figure 1b shows the coherent spin dynamics measured by time-resolved FR in the
sample #1 at room temperature. The dynamics are measured at the laser energy of
EL = 2.509 eV, which corresponds to the maximum of the spectral dependence of the
FR signal amplitude at a zero magnetic field, see Figure 1c. This maximum is shifted
to lower energies with respect the exciton transmission minimum, as is expected for the
photogeneration of the spin coherence for the resident carriers via the charged exciton
(trion) resonances [26,37].

The FR dynamics (Figure 1b) are shown for transversal magnetic fields BV (Voigt
geometry) varied from 0 up to 430 mT. The FR signals have one rapidly decaying oscillating
component, which we assign to the Larmor precession of a charge carrier spins in a
magnetic field. We evaluate the spin dephasing time (T∗

2 ), amplitude (A0), and Larmor
precession frequency (ωL) by fitting these dynamics with [37]:

AFR(t) = ∑
e,h

A0,e(h) exp

(
− t

T∗
2,e(h)

)
cos(ωL,e(h)t). (2)
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Note that this equation accounts for contributions of both electrons (e) and holes (h),
as both of them are typically present in the spin dynamics of bulk perovskites and their
nanocrystals at cryogenic temperatures [18,26]. For fitting room temperature dynamics, we
use only one contribution, and for fitting nonoscillating signal at zero magnetic field, the
Larmor frequency is set to zero. Examples of the fits for magnetic fields BV = 0 and 430 mT
are shown by the red dots. The evaluated parameters and their magnetic field dependences
are shown in Figure 1d–f.

The dependence of the Larmor precession frequency on the magnetic field (Figure 1d)
is a linear function without offset at zero field. From its slope, we evaluate the Landè factor
ge = 1.76 ± 0.03 using the following expression:

|ge(h)| =
h̄ωL,e(h)

μBB
. (3)

Here, h̄ is the Planck constant and μB is the Bohr magneton. Note that the electron Zeeman
splitting at BV = 430 mT is 0.04 meV only, which is much smaller than the inhomogeneous
broadening of the exciton transitions. Comparing this g-factor value with the results
of Refs. [21,26,30], we assign the signal oscillations to the precession of electron spins
in a transverse magnetic field. The time-resolved FR technique does not allow directly
determine the g-factor sign. However, we firmly assign it to positive based on the papers
cited above. Additional confirmation for our identification of the electron spin coherence at
a room temperature comes from the observation of the hole spin precession with smaller
gh = 0.44 at cryogenic temperatures, which we show below.

There are only two recent papers related to spin coherence in perovskite NCs at room
temperature [27,28]. In both papers, the hole spin coherence was reported at room temper-
ature for the CsPbBr3 NCs, and we observe the electron spin beats. This demonstrates that
photocharging in our samples is different from the previous reports.

The evaluated spin dephasing time T∗
2 is about 60 ps being independent of the mag-

netic field strength, Figure 1e. This means that at a room temperature, it is not controlled
by dispersion of g-factor, but rather by other spin relaxation mechanisms, among which
phonon-assisted spin relaxation is most probable. The spectral dependence of the T∗

2 time
is also very weak, Figure 1c.

The FR amplitude also weakly depends on the magnetic field, Figure 1f. We check
that the amplitude increases linearly with increasing pump power, whereas electron
g-factor and spin dephasing time are weakly sensitive to the power density in the range
Ppump = 3.8–12.7 W/cm2 (Figure S2 in Supplementary Materials). This indicates that we
perform experiments in a linear regime, despite using the laser with low repetition fre-
quency of 25 kHz and relatively high peak power.

Similar results on electron spin coherence at room temperature are obtained for sam-
ple #2. Spin dynamics at various magnetic fields and magnetic field dependences of its
parameters are shown in Figure S3 of the Supplementary Materials. The electron spin
dephasing time is T∗

2,e ≈ 55 ps and the electron g-factor is ge = 1.69 ± 0.02 being slightly
smaller than that in the sample #1.

For sample #2, we measure the spin dynamics in a large temperature range by cooling
the sample under laser illumination from 300 K down to 4 K in the magnetic field of
BV = 410 mT, see Figure 2a–c. In this experiment, the laser energy is adjusted at each
temperature to the maximum of the FR amplitude in order to account for the temperature
shift of the exciton/trion transition.
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Figure 2. Spin dynamics of carriers in CsPbBr3 NCs (sample #2) measured at different temperatures.
(a) FR dynamics in the temperature range of 95 − 300 K at BV = 410 mT. (b) FR dynamics in the
temperature range of 10 − 50 K at BV = 410 mT. (c) FR dynamics at different magnetic fields at
T = 4 K. (d) FR dynamics at BV = 410 mT and T = 50 K (blue line) and fit with Equation (2) (red
dots). Lower panels show electron and hole contributions to the dynamics determined from the fit.
(e) FR dynamics measured after thermal cycling: heating the sample from T = 4 K, keeping it at
room temperature in the darkness for several hours, and cooling in the darkness to the temperature
of 4 K (blue line). Fit with Equation (2) is shown by red dots. Ppump = 12.7 W/cm2. (f) Magnetic
field dependence of the Larmor precession frequency of holes (blue dots) and its linear fit (red line).

In the temperature range 95–300 K only one Larmor frequency related to the electrons
is seen in the FR dynamics, Figure 2a. The Larmor precession frequency decreases with
lowering temperature. At 50 K and below, a second oscillating component with lower
Larmor frequency appears in the spin dynamics, Figure 2b,c. The magnetic field depen-
dence of the lower Larmor frequency, which is evaluated by the fit with Equation (2),
gives the g-factor gh = 0.44 ± 0.01, which we assign to holes (Figure 2f). Based on the
results of Refs. [21,26,30], the hole g-factor is expected to be positive. The hole g-factor
is independent of temperature in the range of 4–50 K, where the hole signal is detected,
Figure 3f. The hole spin dephasing time is T∗

2,h ≈ 170 ps at low temperatures and decreases
down to 100 ps at 50 K, Figure 3g. We summarize the measured electron and hole spin
dynamics parameters in Table 1. Note that in bulk CsPbBr3 crystals both electron and
hole spin components were observed only at cryogenic temperatures with comparable,
but higher g factors (1.96 and 0.75, respectively) [18].
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Table 1. Spin parameters measured for CsPbBr3 perovskite NCs at different temperatures. T∗
2 values

are given for BV = 410 mT.

300 K 4 K

Electron g-factor, ge 1.77 1.47

Hole g-factor, gh – 0.44

Electron spin dephasing time, T∗
2,e 60 ps 150 ps

Hole spin dephasing time, T∗
2,h – 170 ps

Figure 3. Temperature dependences of the parameters controlling spin dynamics in CsPbBr3 NCs
(sample #2). (a) Transmission spectra at T = 5.4 K and 300 K. (b) Photoluminescence spectra at
T = 5.4 K and 300 K. (c) Temperature dependence of exciton energy evaluated from the absorption
spectra (see Figure S1a). (d) Temperature dependence of electron g-factor (red circles). Green line
shows model expectation accounting only for the temperature shift of the band gap. (e) Temperature
dependence of electron spin dephasing time. (f) Temperature dependence of hole g-factor. (g) Tem-
perature dependence of hole spin dephasing time. Data in panels (d–g) are measured at BV = 410 mT
and at Ppump = 12.7 W/cm2.

Let us turn to the temperature dependences of the electron spin parameters evaluated
from the FR dynamics. The electron spin dephasing time increases from 55 ps at 300 K up
to 150 ps at 4 K, Figure 3e. This is expected behavior, as phonon-assisted spin relaxation
mechanisms loose their efficiency at cryogenic temperatures.

Temperature dependence of the electron g-factor is the most interesting and unex-
pected finding of this study. One can see in Figure 3d, that ge = 1.47 at T = 4 K and
stays constant at this value for the temperature increasing up to 120 K. However, with
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further temperature increase, it grows nearly linearly, reaching 1.69 at 300 K. This behavior
qualitatively correlates with the temperature shift of the exciton energy (Figure 3c), which
in turn reflects the temperature variation of the band gap energy.

We recently experimentally demonstrated (at cryogenic temperatures) and theoreti-
cally, that the electron g-factor in bulk lead halide perovskites has a universal dependence
on the band gap energy [21], and its value decreases with growing the band gap energy.
We take the energy shift of the exciton from Figure 3c and estimate the expected changes
for ge(T). The resulting dependence is shown by a green line in Figure 3d. One can see that
the dependence is weak and small decrease in ge at higher temperatures is expected. This
is in strong contrast with what we find experimentally. Obviously, some other mechanisms
are involved here, which have an origin that is to be disclosed in future studies. It will be
important to clarify experimentally whether this temperature dependence of ge reflects
the properties of bulk perovskites or is specific for NCs. As we commented in the intro-
duction, even for conventional semiconductors such as GaAs and CdTe, the temperature
dependence of the electron g-factor is not fully understood. For GaAs, the possible temper-
ature dependence of the interband matrix element was suggested [34], which in principle
may be relevant for the perovskite semiconductors, but require solid experimental and/or
theoretical proofs. Note that in Ref. [21] the universal dependence of the carrier g-factors
on the band gap energy is derived assuming constant interband matrix elements. Another
possible source of the ge temperature dependence is the involvement of the states with
larger k-vector [33]; however, its influence should be reconsidered for NCs with strong
carrier confinement. Additionally, strong electron–phonon interaction in the perovskite
semiconductors may lead to temperature-dependent modification of the energy spectrum
and, consequently, of the carrier g-factors.

We show above in Figure 2a–c, that for NCs, which are cooled rather slow and under
laser illumination, the hole signal appears below 50 K as a second Larmor precession
frequency. In the case when the cooling from 300 K is performed in darkness and relatively
fast (during about 20 min), the hole signal does not appear, and only the electron spin
precession is seen at T = 4 K, Figure 2e. Obviously, photocharging of NCs either by
electrons or by holes is responsible for this phenomenon [43]. Note that time-resolved FR is
a very suitable technique for identifying the type of the resident carriers in colloidal NCs
by measuring the Larmor precession of the specific carrier. We have demonstrated this
for CdSe- and CdS-based colloidal NCs [44–46]. For CdS NCs, we have shown that the
photocharging can develop dynamically from negative to positive [44]. The photocharging
physics is complex and is determined by many factors (concentration and parameters of
surface states, efficiency of Auger processes for electrons and holes, matrix in which NCs
are embedded, lattice temperature, cooling and illumination conditions, etc.). Our results
show that depending on illumination conditions during the cooling process we can realize
either negatively photocharged NCs or coexistence of the negatively and positively charged
NCs. In both cases, the presence of neutral (empty) NCs is also expected; however, these
do not appear in the time-resolved FR experiments.

3.3. Differential Transmission and Optical Orientation Dynamics

To obtain further insight in the population and spin dynamics, we use the time-
resolved differential transmission technique. The measurements were performed for
sample #1 at room temperature and at zero magnetic field. The laser energy of EL = 2.509 eV
is the same as in experiments with the time-resolved FR presented in Figure 1.

The population dynamics, measured with linearly polarized pump and probe beams,
are shown in Figure 4a. Initially, about 20% of the signal amplitude decays with time
τ1 = 40 ps and further signal decays with τ2 = 2.2 ns. We study the ensemble of CsPbBr3
NCs, where neutral NCs coexist with NCs charged by either electrons or holes. The neutral
NCs gives rise to the dynamics of (neutral) excitons, and the charged NCs to the trion
dynamics. Recombination dynamics of excitons in lead halide perovskite NCs at room
temperature falls in the range of 1–2 ns [47–49]. Therefore, we assign the longer time of
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2.2 ns in our NCs to the lifetime of excitons in neutral NCs. The shorter time of 40 ps can
be assigned to trion lifetime in charged NCs, which is shortened by efficient Auger process.
From the ratio of the amplitudes of the exciton and trion decays in Figure 4a we evaluate
that about 20% of the NCs are charged and 80% stay neutral at room temperature.

Figure 4. Time-resolved differential transmission measurements of CsPbBr3 NCs (sample #1) at
T = 300 K. (a) Population dynamics measured with linearly polarized pump (Ppump = 5.1 W/cm2)
and linearly polarized probe. Red dots show two-exponential fit. EL = 2.509 eV. (b) Spin dynamics
measured for σ+ polarized pump and for either σ+ (red line) or σ− (blue line) polarized probe.
Ppump = 12.7 W/cm2. (c) Dynamics of optical spin orientation degree (blue line) calculated for data
from panel (b). Dots show two-exponential fit.

Spin dynamics can be also addressed by the time-resolved differential transmission
technique when the circularly polarized pump and probe are used. The circularly polarized
pump, for which we take σ+ polarization, photogenerates spin-polarized excitons/trions or
charge carriers. Dynamics of their spin polarization are probed by transmission of either σ+

or σ− circularly polarized probe. The respective dynamics are shown in Figure 4b. These
dynamics are similar to those measured in Refs. [19,50], except for a negative signal that we
observe for a very short time. It is presumably related to the non-linear effects taking place
for time-overlapping pump and probe pulses. The underlying mechanisms of carrier spin
orientation are the same as in the time-resolved FR experiments and described in Ref. [37].
From these dynamics, we calculate the optical orientation degree using Equation (1), and
these dynamics are displayed in Figure 4c. The Poo(t) dynamics have two spin relaxation
times of τs1 = 8 ps and τs2 = 66 ps. The longer time coincides with T∗

2,e = 60 ps time
that we measure by the time-resolved FR, Figure 1e. Based on that, we assign it to the
spin relaxation of resident electrons in negatively charged NCs. The faster time of 8 ps
can be either related to the spin relaxation of excitons in neutral NCs or to the hole spin
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relaxation in negatively charged trions. We suggest that the exciton spin relaxation is more
probable here.

We are aware of only one report where the spin dynamics in perovskite (CsPbI3)
NCs have been measured by the time-resolved differential transmission [19]. Measured
spin relaxation times of 3 ps at room temperature and 32 ps at cryogenic temperatures
were attributed to charge carriers. In this experiment, the carriers were photogenerated
with a large excess energy, as the laser photon energy was considerably detuned from the
exciton resonance. This is an important difference from the conditions of our experiment,
where the resonant excitation was used. In our experiment, we measured 66 ps at a room
temperature for the spin relaxation dynamics of the resident electrons at the bottom of the
conduction band.

Application of the time-resolved differential transmission technique to the bulk lead
halide perovskites, such as MAPbI3, CsPbI3, MAPbBr3, and CsPbBr3 polycrystalline films,
evidence very fast spin dynamics of <5 ps [11,20]. Note that the data for bulk structures
should be taken with care when comparison with NCs is made, as zero-dimensional confine-
ment strongly modifies the available spin relaxation mechanisms of carriers and excitons.

4. Conclusions

We have studied carrier spin dynamics in CsPbBr3 perovskite nanocrystals by means
of the time-resolved Faraday rotation and differential transmission techniques. Coherent
spin dynamics in form of the Larmor spin precession of electrons and holes are provided
by the NCs singly photocharged by these carriers. The photocharging process depends
on whether the sample is cooled under laser illumination or in darkness. The coherent
spin precession of electrons is observed in the temperature range from 4 K up to room
temperature. Their spin dephasing time of 60 ps at room temperature is rather long
compared to that for conventional semiconductors. Unexpected temperature dependence
of the electron g-factor, which increases with growing temperature and with increasing
the band gap energy, is found. The coherent spin dynamics of holes emerge at cryogenic
temperatures of 4–50 K. Our results demonstrate that lead halide perovskite NCs are very
interesting and promising materials for spintronics and information technologies exploiting
spin-dependent phenomena.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano13172454/s1, Figure S1: photoluminescence and transmission
spectra of the sample #2 measured in a temperature range 5.4–300 K; Figure S2: dependences of
spin parameters on the pump power density in the sample #1; Figure S3: experimental data for
time-resolved FR studies of the sample #2.
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Abstract: The simultaneous detection of two different biomarkers for the point-of-care diagnosis of
major diseases, such as Alzheimer’s disease (AD), is greatly challenging. Due to the outstanding
photoluminescence (PL) properties of quantum dots (QDs), a high-quality CdSe/CdS/ZnS QD-
based fluorescence resonance energy transfer (FRET) aptasensor for simultaneously monitoring the
amyloid-β oligomers (AβO) and tau protein was proposed. By engineering the interior inorganic
structure and inorganic–organic interface, water-soluble dual-color CdSe/CdS/ZnS QDs with a
near-unity PL quantum yield (>90%) and mono-exponential PL decay dynamics were generated.
The π–π stacking and hydrogen bond interaction between the aptamer-functionalized dual-color
QDs and gold nanorods@polydopamine (Au NRs@PDA) nanoparticles resulted in significant fluo-
rescence quenching of the QDs through FRET. Upon the incorporation of the AβO and tau protein,
the fluorescence recovery of the QDs-DNA/Au NRs@PDA assembly was attained, providing the
possibility of simultaneously assaying the two types of AD core biomarkers. The lower detection
limits of 50 pM for AβO and 20 pM for the tau protein could be ascribed to the distinguishable and
robust fluorescence of QDs and broad spectral absorption of Au NRs@PDA. The sensing strategy
serves as a viable platform for the simultaneously monitoring of the core biomarkers for AD and
other major diseases.

Keywords: quantum dots; Aβ oligomers; tau protein; simultaneous detection; aptasensor

1. Introduction

Alzheimer’s disease (AD) is a progressive and severe neurodegenerative disorder of
the brain characterized by memory loss, cognitive dysfunction, behavioral disability, and
irreversible brain damage, which drastically affects public health [1]. The pathological
cascade of AD lasts for at least 10–15 years prior to the onset of clinical symptoms [2]. It has
been confirmed that amyloid plaques and neurofibrillary tangles, which are formed largely
by fibrillar forms of amyloid-β (Aβ) peptide and hyperphosphorylated tau protein, may
contribute to the AD pathogenesis [3,4]. Among the various aggregated forms, the soluble
Aβ oligomer (AβO), rather than the small Aβ monomer (AβM) and insoluble Aβ fibril
(AβF), is the most neurotoxic form in vivo [5]. Thus, it is extremely desirable to monitor
the core biomarkers of the AβO and tau protein for the point-of-care diagnosis and study
of the pathogenesis of AD.

In recent years, numerous efforts have been made to develop reliable methods for the
quantitative and accurate determination of AD biomarkers, including but not limited to elec-
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trochemistry [6,7], electrochemical luminescence [8,9], photo-electrochemistry [10,11], col-
orimetry [12,13], surface-enhanced Raman scattering [14], surface plasmon resonance [15],
and so on. Recently, QD-based FRET and electrochemiluminescence resonance energy
transfer (ECL-RET) systems have been constructed. For example, Jia’s group reported a
dual-wavelength ratiometric ECL-RET aptasensor for the detection of the Aβ protein [9],
which exhibited a wider concentration range and superior sensitivity and selectivity for
Aβ analysis. Most of the above methods aimed to assay one kind of AD biomarker, with
either a low sensitivity or requirements for sophisticated instrumentation. It is known
that almost all the major diseases are accompanied by the abnormal regulation of multiple
biomarkers, and the detection of a single biomarker may cause a false diagnosis [16,17]. As
an alternative, the fluorescence resonance energy transfer (FRET)-based methods, in which
the energy from the excited fluorophore (energy donor) is transferred to the quencher
(energy acceptor) in close proximity (within 10 nm), possesses a wide applicability in
biological assays [18–23].

Colloidal quantum dots (QDs) serve as an unprecedented class of photo-emissive
materials for optical biosensing due to their unique characteristics, such as their size-
dependent fluorescent emission, broad excitation and narrow emission spectra, high emis-
sion brightness, and excellent optical and thermal stability [24–27]. Furthermore, the
specific photophysical properties of QDs, such as their fluorescence blinking, quantum
yield, temperature-dependent characteristics, etc., can affect their optical and optoelec-
tronic applications [28–32]. Recently, tremendous advances in the fabrication of CdSe/CdS
core/shell QDs with nearly ideal optical properties have been achieved [33,34]. However,
these QDs were all synthesized in nonaqueous media and are not suitable for biosensing
applications [35]. A variety of strategies have been proposed to construct water-soluble
QDs, such as their encapsulation in micelles [36], coating with silica [37], and ligand ex-
change [38]. The first two strategies led to the formation of QDs of large hydrodynamic
sizes, and the increased overall distance between the donor–acceptor pairs lowered the
FRET efficiency, which limited the FRET-based biosensing applications [39]. By contrast,
ligand exchange is a relatively simple procedure, and the compact QDs formed were better
suited to FRET-based applications. It is worth noting that a large variety of surface traps
usually existed on the water-soluble QDs [40,41]. To isolate these traps from the photo-
generated excitons in the QDs, it was necessary to epitaxially grow an additional layer of
inorganic shell with a large bandgap, such as a ZnS shell [42–44]. However, due to the large
lattice mismatch (12%) between the CdSe core and ZnS shell, the intermediate layer of CdS
was introduced to relieve the lattice strain [45]. Thus, the CdSe/CdS/ZnS core/shell/shell
QDs acted as an ideal candidate for biosensing applications.

Gold nanorods (Au NRs) have been widely used in biological applications due to
their high extinction coefficient and shape and size controllability [46,47]. It was found that
the surface of Au NRs can be derived from various species, such as dopamine, and the
resultant polydopamine-capped gold nanorods (Au NRs@PDA) were functionalized with
amino, hydroxyl, and quinone groups [48]. These functional groups on the Au NRs@PDA
then served as a bridge for the combination with single-stranded DNA through hydrogen
bonding and π–π stacking [49–51]. Furthermore, the broad spectral absorption of the Au
NRs@PDA provided the possibility of designing fluorescence-quenched assays.

Using dual-color QDs as energy donors and Au NRs@PDA as energy acceptors, a
simple and sensitive FRET aptasensor for the simultaneous detection of the AβO and tau
protein was proposed (Scheme 1). Two color-emitting CdSe/CdS/ZnS core/shell/shell
QDs with ideal optical properties were synthesized and functionalized with aptamers
to the AβO and tau protein, respectively. Through π–π stacking and hydrogen bond
interaction, the QDs-DNA/Au NRs@PDA assembly was constructed, which triggered the
FRET between the QDs-DNA and Au NRs@PDA due to their close proximity. However,
the specific binding of the aptamers to the AβO and tau protein led to the detachment of
the QDs-DNA from the surface of Au NRs@PDA. Thus, the quenched fluorescence signals
were remarkably recovered. By monitoring the change in the fluorescence signals of the
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QDs-DNA under single-wavelength excitation, the simultaneous detection of two different
AD core biomarkers was achieved.

Scheme 1. Schematic illustration of the simultaneous detection of AβO and tau protein using the
QDs-based FRET aptasensor.

2. Materials and Methods

2.1. Chemicals and Reagents

Silver nitrate (AgNO3), SH-PEG-CH3 (methoxy poly(ethylene glycol) thiol, MW = 5000),
bovine serum albumin (BSA), selenium powder (Se, 200 mesh, 99.999%), cadmium ox-
ide (CdO, 99.998%), and sulfur powder (S, 99.98%) were obtained from Sigma-Aldrich
(St. Louis, MO, USA). Mercaptopropionic acid (MPA, >99%), tetramethylammonium hy-
droxide (TMAH, 25% w/w in methanol), myristic acid (98%), stearic acid (>90%), and
1-octadecene (ODE, 90%) were purchased from Alfa Aesar (Shanghai, China). 1,1,1,3,3,3-
Hexafluoroisopropanol (HFIP) was acquired from Shanghai Macklin Biochemical Co., Ltd.
(Shanghai, China). Hydrogen tetrachloroaurate trihydrate (HAuCl4·3H2O), sodium boro-
hydride (NaBH4), cetyltrimethylammonium bromide (CTAB), dimethyl sulfoxide (DMSO),
ascorbic acid, and other organic solvents were obtained from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). All the chemicals were used directly, without any purification.
Aβ (1–40) peptide (catalog number: HY-P0265) was purchased from MedChemExpress
(Monmouth Junction, NJ, USA). Human tau protein (catalog number: orb392120) was
purchased from Biorbyt (Cambridge, UK). The DNA aptamers were synthesized and pu-
rified by Sangon Biotechnology Co., Ltd. (Shanghai, China). The thiolated aptamers to
the AβO and tau protein possessed the sequences of 5′-HS-(CH2)6-GCC TGT GTT GGG
GCG GGT GCG and 5′-HS-(CH2)6-GCG GAG CGT GGC AGG-3′, respectively. A human
serum sample was provided by the Sun Yat-sen University Cancer Center. Ultrapure water
(18.2 MΩ cm,) was used to prepare the aqueous solutions throughout the experiments.

2.2. Instruments and Characterization

Transmission electron microscopic (TEM) images were taken using a Hitachi 7700
transmission electron microscope (Tokyo, Japan) with an accelerating voltage of 120 kV.
The steady-state and transient photoluminescence spectra were measured using an Edin-
burgh Instruments FS5 spectrometer (Livingston, UK) with the excitation wavelengths at
405 nm and 450 nm, respectively. The absolute photoluminescence quantum yield of the
QDs was measured using a QE65000 spectrometer equipped with an Ocean Optics FOIS-1
integrating sphere. The QD sample was gradiently diluted with an optical density below
0.1. Each diluted sample was measured at room temperature. The accuracy and stability of
the measurement system were verified using organic dyes with known photoluminescence
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quantum yields. The ultraviolet-visible (UV-vis) spectra were monitored using an Agilent-
Cary 60 spectrophotometer (Palo Alto, CA, USA). The zeta potential and hydrated particle
size were measured at a neutral pH with a Malvern Zen 3600 Zetasizer (Malvern, UK). All
the optical measurements were performed at room temperature.

2.3. Preparation of Water-Soluble Dual-Color CdSe/CdS/ZnS Core/Shell/Shell QDs

The alkanoate-coated CdSe/CdS/ZnS core/shell/shell QDs were synthesized accord-
ing to the previous method [44]. The purification process of the core/shell/shell QDs can be
described as follows. A total of 1 mL of the reaction mixture was mixed with 5 mL of ethyl
acetate, and this was followed by centrifugation at 10,000 rpm for 3 min. The supernatant
was removed, and the above procedure was repeated three times. After that, water-soluble
mercaptopropionic acid (MPA)-capped CdSe/CdS/ZnS QDs were synthesized by exchang-
ing the carboxylate ligands for MPA, following the reported protocol [52]. Briefly, 50 μL of
MPA was added to 2 mL of purified QDs in chloroform. After ultrasonication for 10 min
and centrifugation at 4000 rpm for 2 min, the precipitates were washed twice with hexane.
Then, the precipitates were dried using high-purity argon to completely remove the organic
solvent. Finally, the precipitates were dissolved in 610 μL of aqueous solution containing
10 μL of TMAH, and the concentration of the QDs was estimated to be 20 μM according to
Lambert–Beer’s law, in which the extinction coefficient is determined by Peng’s group [53].

2.4. Fabrication of the Aptamer-Functionalized QDs

The aptamers to the AβO and tau protein were conjugated with the QDs via a ligand
exchange process [41]. Briefly, 200 μL of 10 μM of the aptamer to AβO was mixed with
10 μL of tris (2-carboxyethyl) phosphine hydrochloride (TCEP, 20 mM) at room temperature
for 1 h to break the S − S bond between the thiolated aptamers, followed by incubation
with 10 μL of the MPA-capped QDs625 (20 μM) that emit at 625 nm. The mixed solution
was shaken overnight at room temperature under dark conditions, which allowed for the
complete exchange of the thiol groups on the MPA-functionalized QDs with the thiolated
aptamers. The resultant samples were purified by ultrafiltration using a centrifugal filter
with a 50 kDa molecular weight cutoff (centrifugation at 8000 rpm for 2 min for three times).
Finally, the upper phase containing the aptamer-capped QDs was redispersed in 2 mL of
deionized water and stored at 4 ◦C for further use. The functionalization of the QDs665 that
emit at 665 nm with the aptamer to the tau protein was performed in a similar way to that
of the QDs625.

2.5. Synthesis of Au NRs-CTAB

First, the CTAB-capped Au seeds were prepared according to the previous method [54].
Briefly, 7.5 mL of 0.1 M CTAB was mixed with 100 μL of 24 mM HAuCl4, and the above
solution was diluted with 9.4 mL of deionized water. Then, 0.6 mL of 10 mM ice-cold
NaBH4 was added under magnetic stirring. After vigorous stirring for 2 min, the seed
solution was kept at room temperature and used within 3 h. Afterwards, the growth of the
Au NRs was initiated by the introduction of the growth solution (100 mL of 0.1 M CTAB,
2 mL of 24 mM HAuCl4, 2 mL of 0.5 M H2SO4, 350 μL of 10 mM AgNO3, and 800 μL of
0.1 M ascorbic acid) into 240 μL of the seed solution under vigorous stirring. The above
mixed solution was stirred for 2 min at 30 ◦C and then left to stand for 12 h. The precipitates
were collected by centrifugation at 8000 rpm for 10 min and washed with deionized water
more than three times to remove the surfactant and unreacted materials. The obtained Au
NRs-CTAB was redispersed in 20 mL of deionized water with a concentration of 1 mg/mL.

2.6. Synthesis of Au NRs@PDA

The CTAB-capped Au NRs were unstable in alkaline conditions during dopamine
self-polymerization. To solve this problem, a ligand exchange reaction, in which the CTAB
layer on the Au NRs was replaced with SH-PEG-CH3, was performed [50]. Briefly, 10 mL of
the Au NRs-CTAB (1 mg/mL) was added into 1 mL of SH-PEG-CH3 (5 mg/mL), followed
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by sonication in an ice bath for 2 h. By removing the supernatant through two centrifuging
procedures at 8000 rpm for 10 min, the precipitates of the Au NRs-PEG were collected
and dispersed in 10 mL of deionized water. Then, 2 mL of the obtained Au NRs-PEG was
redispersed in 17 mL of tris-HCl solution (5 mM, pH 8.5), followed by the addition of 1 mL
of 2 mg/mL dopamine and then sonication for 60 min. The Au NRs@PDA with various
shell thicknesses were synthesized by simply changing the polymerization time (30, 60,
and 90 min). Finally, by centrifuging twice at 8000 rpm for 10 min, the Au NRs@PDA was
redispersed in 4 mL of deionized water with a concentration 0.5 mg/mL.

2.7. Formation of Soluble AβO

The treatment of the Aβ40 powder was carried out based on previous work [5]. Briefly,
lyophilized Aβ peptide was dissolved in 1 mg/mL of HFIP and incubated overnight at
room temperature. The above solution was sonicated for 30 min, and HFIP was evaporated
under a gentle nitrogen stream. Then, the Aβ peptide was redissolved in dimethyl sulfoxide
(DMSO) at a concentration of 1 mM and stored at −20 ◦C for later use. The AβO and
Aβ fibrils (AβF) were obtained by incubating 100 μM of the pretreated Aβ in phosphate-
buffered solution (20 mM, pH 7.4) in a thermostatic water bath at 37 ◦C for 24 h and 72 h
in the dark, respectively. Based on the UV-vis spectra, the concentrations of AβO and
AβF were determined and calculated as equivalent to the concentration of the pretreated
Aβ peptide.

2.8. Simultaneous Detection of AβO and Tau Protein Using the FRET Aptasensor

To detect the AβO and tau protein simultaneously, 10 μL of the AβO-aptamer-
functionalized QDs625 were mixed with 10 μL of the tau-protein-aptamer-functionalized
QDs665, and then 55 μL of 0.5 mg/mL Au NRs@PDA was introduced into the mixture to
quench the fluorescence upon 30 min of incubation. In the presence of different concen-
trations of AβO (0, 100, 250, 500, 1000, 2000, 5000, and 10,000 pM) and tau protein (0, 50,
250, 750, 1000, 1500, 3000, and 5000 pM), the recovered fluorescence was recorded upon
120 min of incubation at room temperature. The fluorescence measurement conditions
were as follows: excitation wavelength = 405 nm, excitation and emission slit width = 5.0
nm.

3. Results

3.1. Characterization of the QDs, QDs-DNA Conjugates, and Au NRs

Figure 1A–C shows the transmission electron microscopy (TEM) images of the two
types of QDs and the corresponding Au NRs. Using CdSe QDs as the core with aver-
age diameters of 3.0 nm and 5.4 nm, the QDs625 and QDs665 were synthesized accord-
ing to our previous report [44]. The alkanoate-coated CdSe/CdS/ZnS core/shell/shell
QDs emitted at 625 nm (QDs625) and 665 nm (QDs665) and were excited at 405 nm,
respectively. The QDs625 and QDs665 both possessed ideal optical properties toluene
(Figure S1A–D) and showed well-controlled interfacial structures, with a small size dis-
tribution (Figures 1A,B and S2A,B). As evidenced by the EDS mapping image of Se, the
CdSe was located in the center of the core/shell/shell structure, while Zn and S elements
were distributed in the outer shell, indicating the well-controlled epitaxial growth of the
shell (Figure S3). Moreover, the single crystalline structure of the QDs was observed
(Figure S4). The hydrophilic ligand of MPA was used to convert the QDs into water-soluble
forms [52,55]. After ligand exchange, the photoluminescence (PL) spectra were still nar-
row and symmetric, and the emission wavelengths and peak widths remained the same
(Figure 1D). The QDs625 and QDs665 showed a near-unity PL quantum yield (>90%), and
the transient PL spectra could be well-fitted by a mono-exponential function (Figure 1E,
1000 counts, goodness-of-fit < 1.30), indicating the elimination of the trap states accessible
to the excited states. The CdSe/CdS/ZnS core/shell/shell QDs exhibited a high optical
quality in both toluene and water media, which resulted from the additional layer of the
inorganic ZnS shell with a large bandgap. The outermost shell could isolate the electron and
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hole wavefunctions from the environment, thus substantially improving the photostability
of the QDs. The excellent optical stability of the water-soluble QDs (Figure S5A,B) provided
the basis for their biological applications.

Figure 1. TEM images of (A) the alkanoate-coated QDs625, (B) QDs665 in toluene, and (C) Au
NRs-CTAB. (D) UV-vis absorption and fluorescence spectra of the QDs625-DNA and QDs665-DNA
conjugates. The FWHM represented the full width at half maximum. (E) PL decay dynamics
of QDs625 and QDs665 before and after conjugation with aptamers that were excited at 450 nm.
(F) Zeta potentials of QDs625, QDs625-DNA, QDs665, QDs665-DNA, Au NRs-CTAB, Au NRs-PEG,
and Au NRs@PDA.

Aptamers can be attached to QDs via ligand exchange between the thiol groups of
MPA-functionalized QDs and the thiolated aptamers [56]. Notably, the PL decay dynamics
and fluorescence intensities of the QDs625 and QDs665 were almost unchanged before and
after conjugating them with thiolated aptamers (Figures 1E and S6A,B), indicating no
additional surface defect states of the QDs upon their association with the aptamers and
the preserved ideal optical quality of the QDs-DNA conjugates. Moreover, the successful
conjugation of the aptamers to the QDs was confirmed by zeta potential measurements
(Figure 1F). The QDs-DNA conjugates possessed a more negative zeta potential than the
pure QDs due to the negatively charged phosphate backbone of the aptamers. Further-
more, the hydrodynamic diameter of the QDs625 or QDs665 functionalized with aptamers
was slightly larger than that of the pure QDs (Figure S7A,B), further demonstrating the
conjugation of the QDs with the aptamers.

The Au NRs@PDA served as an excellent fluorescence quencher of the QDs [47].
The CTAB-capped Au NRs were prepared by a modified silver-assisted seed growth
method, and a typical uniform rod structure with an average diameter of 54 nm was
attained (Figures 1C and S8). The Au NRs possessed wide absorption bands centered at
524 and 654 nm (Figure S9), which corresponded to the transverse and longitudinal surface
plasmon resonance (SPR) of the Au NRs, respectively [46]. After the replacement of the
CTAB with polyethylene glycol (PEG), the surface charge changed from +30.1 to +10.0 mV
(Figure 1F), and a slight blue shift of the longitudinal SPR peak was obtained (Figure S9).
After coating the PEG-functionalized Au NRs with PDA, the zeta potential changed to
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−26.2 mV (Figure 1F), which was attributed to the abundant phenolic hydroxyl groups on
the PDA shell.

3.2. Feasibility of the Proposed Aptasensor

As shown in Figure 2A, coating the surface of the Au NRs-PEG with PDA led to a
redshift of the longitudinal SPR peak from 645 nm (black curve) to 668 nm (blue curve). In
the meantime, the absorption spectrum of the Au NRs@PDA overlapped with the fluores-
cence spectrum of the QDs625-DNA or QDs665-DNA, providing the possibility of energy
transfer from the QDs to the Au NRs@PDA. As expected, the QDs625-DNA showed strong
fluorescence upon excitation at 405 nm (black curve, Figure 2B). However, with the incor-
poration of the Au NRs@PDA, the fluorescence intensity of the QDs625-DNA decreased by
about 82% (red curve, Figure 2B). Simultaneously, the PL decay dynamics changed from a
mono-exponential function (black curve, inset of Figure 2B) to double-exponential function
(red curve, inset of Figure 2B). The additional short lifetime decay channel indicated the
existence of the efficient nonradiative recombination of the excited states upon binding to
the Au NRs@PDA, which led to the reduced PL quantum yield. The fluorescence quenching
was induced by the distance-dependent FRET resulting from the binding of the QDs-DNA
conjugates (donors) with the Au NRs@PDA nanoparticles (acceptors) via π–π stacking and
hydrogen bonding. Due to the presence of amino, hydroxyl, and quinone groups on the
PDA, the single-stranded DNA could be attached to the PDA surface. Upon the incubation
of AβO with the QDs625-DNA/Au NRs@PDA composites, the fluorescence of the QDs625
was partially recovered (blue curve, Figure 2B). The specific binding between the AβO and
its aptamer thus weakened the interaction between the QDs625-DNA and Au NRs@PDA,
and the detachment of the QDs625-DNA from the surface of the Au NRs@PDA led to the
recovery of the fluorescence signal. In the presence of AβO, the fraction of the short lifetime
decay channel decreased significantly (blue curve, inset of Figure 2B) relative to that of the
QDs625-DNA/Au NRs@PDA composites, further demonstrating that the FRET between
the QDs625-DNA and Au NRs@PDA was destroyed to a large degree. In the case of the
tau protein, similar results were attained for the QDs665-DNA/Au NRs@PDA composites
(Figure 2C). Therefore, the sensing protocol served as a reliable means of the simultaneous
and accurate determination of the AβO and tau protein.

Figure 2. (A) The absorption spectra of Au NRs and Au NRs@PDA, and fluorescence spectra of
QDs625-DNA and QDs665-DNA. Feasibility of the aptasensor for the (B) AβO and (C) tau protein.
The insets in (B,C) show the corresponding PL decay dynamics excited at 450 nm. The concentrations
of the AβO and tau protein were maintained at 5 nM and 2 nM, respectively.
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3.3. Optimization of the Experimental Conditions

To achieve a better analytical performance, the self-polymerization time of the dopamine,
concentration of the Au NRs@PDA, and incubation time for fluorescence quenching and
recovery were optimized. The FRET efficiency was strongly dependent on the distance
between donor–acceptor pairs and spectral overlap between the donor emission and
acceptor absorption [57]. Notably, the absorption spectrum of the Au NRs@PDA and
thickness of the PDA shell could be tuned by adjusting the self-polymerization time of
the dopamine. In the weak alkaline medium, the Au NRs@PDA with a uniform and
thin PDA shell was constructed via the in situ polymerization of dopamine for different
time periods (30, 60, and 90 min for Figure 3A–C, respectively), and the inset histograms
in Figure 3A–C show that the average PDA shell thicknesses were 5.2, 6.2, and 9.5 nm,
respectively. The Au NRs@PDA with various shell thickness possessed the maximum
absorption peaks at 650, 668, and 685 nm, respectively (Figure 3D). Next, the fluorescence
quenching ability of the Au NRs@PDA with various shell thicknesses for the QDs625-
DNA was examined (Figure 3E). Remarkably, a larger fluorescence quenching efficiency
was attained when the shell thickness of the PDA was 6.2 nm (red curve), which was
accompanied by the significantly changed PL decay dynamics of the QDs625-DNA (the
inset red curve). However, in the case of the PDA5.2 nm, with a thin thickness, the PDA
coating might not have been uniform, while the increased thickness of the PDA9.5 nm might
have led to the weakened FRET effect. Likewise, similar results were obtained for the
QDs665-DNA when the shell thickness of the PDA was maintained at 6.2 nm (Figure S10).

Figure 3. (A–C) TEM images of Au NRs@PDA with various shell thicknesses. The inset histograms
show the average thickness of the PDA shell. (D) The absorption spectra of Au NRs@PDA with
various shell thicknesses. (E) Fluorescence spectra of QDs625-DNA in the absence and presence of Au
NRs@PDA with various shell thicknesses. The inset shows the corresponding PL decay dynamics.
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The concentration of the Au NRs@PDA was crucial for quenching the fluorescence of
the QDs-DNA. As shown in Figure S11A, the fluorescence intensity of the QDs625-DNA
gradually decreased with the increase in the Au NRs@PDA concentration and began to level
off after 25 μg/mL. Thus, 25 μg/mL of the Au NRs@PDA was used in the following exper-
iments. Similarly, the fluorescence intensity of the QDs665-DNA decreased with the increas-
ing concentration of the Au NRs@PDA and plateaued at 20.8 μg/mL (Figure S11B). The
incubation time also served as an important parameter for the fluorescence quenching and
recovery. The fluorescence quenching of the QDs625-DNA (Figure S12A) or QDs665-DNA
(Figure S12B) by the Au NRs@PDA became saturated at 30 min. With the incorporation
of the AβO (Figure S12C) or tau protein (Figure S12D), the fluorescence recovery reached
a maximum level at 120 min. Thus, the optimized incubation times for the fluorescence
quenching and recovery were fixed at 30 min and 120 min, respectively.

3.4. Cross-Reactivity Analysis and Simultaneous Detection of the AβO and Tau Protein

The CdSe/CdS/ZnS QDs-based FRET aptasensor was capable of simultaneously
determining the AβO and tau protein. First, the cross-reactivity between the AβO and tau
protein was investigated. As shown in Figure 4A, the fluorescence intensity of theQDs625-
DNA increased upon the incorporation of AβO, while that of the QDs665-DNA remained
unchanged. Similarly, the existence of the tau protein only influenced the fluorescence
intensity of the QDs665-DNA. These results suggested no cross-reactivity between the
AβO and tau protein. Under the optimum experimental conditions, the fluorescence
intensities of the QDs625-DNA and QDs665-DNA excited at 405 nm gradually increased
with the increasing concentrations of the AβO and tau protein, respectively (Figure 4B). The
increased fluorescence intensity could be ascribed to the formation of a protein-aptamer
complex, thus increasing the distance between the QDs-DNA and Au NRs@PDA and
prohibiting the energy transfer from the QDs-DNA to Au NRs@PDA. The F − F0 (where
F and F0 represent the integral fluorescence area of the QDs625-DNA in the presence and
absence of AβO, respectively) was found to be linearly proportional to the concentrations
of AβO, ranging from 100 to 2000 pM (Figure 4C and the inset), and the linear regression
equation was expressed as F − F0 = 287,972 CAβO (nM) + 149,804 (R2 = 0.9914). The
limit of detection (LOD) for AβO was estimated to be 50 pM based on the signal-to-noise
ratio of 3. Likewise, a linear relationship between the F − F0 (where F and F0 represent
the integral fluorescence area of the QDs665-DNA in the presence and absence of the tau
protein, respectively) was observed, and a concentration of the tau protein ranging from
50 to 1500 pM was attained with the linear regression equation of F − F0 = 576,773 Ctau
(nM) + 248,485 (R2 = 0.9904) (Figure 4D and the inset). The LOD for the tau protein was
calculated to be 20 pM. The relative standard deviation (RSD) was less than 5% for all
the measurements, indicating the high precision and good repeatability of the proposed
method. The CdSe/CdS/ZnS QDs-based FRET aptasensor for the assay of dual AD
biomarkers possessed an excellent analytical performance, being comparable with or
superior to the previously reported work (Table S1). Such a good performance could result
from the outstanding fluorescence property of QDs and the high fluorescence quenching
efficiency of Au NRs@PDA.
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Figure 4. (A) Fluorescence spectra of QDs-DNA/Au NRs@PDA composites in the absence and
presence of AβO or tau protein. (B) Fluorescence spectra of QDs-DNA/Au NRs@PDA composites
upon incubation with different concentrations of AβO and tau protein. (C) Dependence of the F −
F0 for QDs625-DNA on the concentrations of AβO. The inset shows the linear relationship with the
concentrations of AβO from 100 to 2000 pM. (D) Dependence of the F − F0 for QDs665-DNA on the
concentrations of tau protein. The inset shows the linear relationship with the concentrations of the
tau protein from 50 to 1500 pM.

3.5. Selectivity of the FRET Aptasensor

To evaluate the specificity of the FRET aptasensor, the interfering species, such as BSA,
AβM, and AβF, were investigated. The concentrations of the AβO and tau protein were
maintained at 1.5 nM and 1 nM, respectively, while that of the interfering substances was
20 nM. As shown in Figure 5 and Figure S13, although the concentration of the interfering
substances was much higher than that of the AβO and tau protein, no obvious fluorescence
recovery of the QDs625-DNA and QDs665-DNA for the interfering species was obtained.
The excellent specificity of the proposed method could be ascribed to the high binding
affinity between the aptamer and AβO or tau protein.

Figure 5. Selectivity of the FRET aptasensor.
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3.6. Real Sample Analysis

To demonstrate the feasibility of the method for potential clinical applications, recovery
assays for the AβO and tau protein were carried out. Various concentrations of AβO (200,
500, and 1500 pM) or tau protein (100, 500, and 1000 pM) were added to the 500-fold-diluted
human serum samples, and the recovery values of 95–102% for AβO and 98–104% for tau
protein were obtained (Table 1), indicating that the method was largely free from the matrix
effect of the real sample. The CdSe/CdS/ZnS QDs-based FRET aptasensor thus holds great
promise for the multiplexed detection of AD biomarkers in clinical samples.

Table 1. Determination of AβO and tau protein in human serum samples (n = 3).

Analytes Spiked (pM) Found (pM) Recovery (%) RSD (%)

200 190 95 3.59
AβO 500 510 102 4.16

1500 1470 98 2.35

100 98 98 4.23
tau protein 500 520 104 3.62

1000 1010 101 4.76

4. Conclusions

The simultaneous detection of dual types of AD core biomarkers was proposed based
on a high-quality CdSe/CdS/ZnS QDs FRET aptasensor. Under the optimal conditions, the
sensing strategy displayed an excellent analytical performance for the detection of the AβO
and tau protein, and the detection limits of 50 pM and 20 pM were obtained, respectively.
Compared with the previously reported fluorescent aptasensors, the proposed method
possesses the following unique features. Firstly, the distinguishable and robust fluorescence
signals of QDs and the broad spectral absorption of Au NRs@PDA provide the basis for
the simultaneous detection of two types of AD core biomarkers. Secondly, the sensing
protocol is simple and does not involve difficult separation procedures. Furthermore, the
FRET aptasensor possesses a high flexibility for the assay of other target analytes using
aptamers with different sequences. Given the advantages of its facile manipulation and
high sensitivity and specificity, the aptasensor holds great promise for the point-of-care
testing of core biomarkers related to AD and cancers.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12224031/s1, Figure S1. Normalized fluorescence spectra and
PL decay dynamics of QDs625 and QDs665 in toluene; Figure S2. Size distribution diagram of QDs625
and QDs665; Figure S3. The EDS elemental mapping images of CdSe/CdS/ZnS core/shell/shell
QDs; Figure S4. The high-resolution TEM image of CdSe/CdS/ZnS QDs; Figure S5. Normalized
fluorescence intensity of the QDs (A) with the prolongation of the storage time in ambient condition
and (B) at different temperatures; Figure S6. Normalized fluorescence spectra of QDs625 and QDs665
before and after conjugation with thiolated aptamers; Figure S7. The hydrodynamic diameters of
QDs625 and QDs665 before and after conjugation with thiolated aptamers; Figure S8. Size distribution
diagram of Au NRs; Figure S9. UV-vis absorption spectra of Au NRs and Au NRs-PEG; Figure S10.
Fluorescence spectra of QDs665-DNA in the absence and presence of Au NRs@PDA with various shell
thicknesses and the corresponding PL decay dynamics; Figure S11. Fluorescence spectra of QDs625-
DNA and QDs665-DNA in the presence of Au NRs@PDA with various concentrations; Figure S12.
Influence of the incubation time on fluorescence quenching and recovery; Figure S13. Fluorescence
spectra of the FRET aptasensor for assaying the targets and the related interfering species; Table S1.
Comparison of the analytical performance of the proposed aptasensor with that of other fluorescent
biosensors. References [58–61] are cited in the Supplementary Materials.

94



Nanomaterials 2022, 12, 4031

Author Contributions: X.L.: performing the experiments and writing the original draft. X.H.: writing,
editing, conceptualization and funding acquisition. H.T.: providing the human serum samples. X.Y.:
data analysis. J.W.: supervision and funding acquisition. All authors have read and agreed to the
published version of the manuscript.

Funding: We thank the National Natural Science Foundation of China for their financial support of
this work (No. 22076221, 21876208, 22105011).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare that they have no conflict of interest.

References

1. Knopman, D.S.; Amieva, H.; Petersen, R.C.; Chételat, G.; Holtzman, D.M.; Hyman, B.T.; Nixon, R.A.; Jones, D.T. Alzheimer
disease. Nat. Rev. Dis. Primers 2021, 7, 33. [CrossRef] [PubMed]

2. Masters, C.L.; Bateman, R.; Blennow, K.; Rowe, C.C.; Sperling, R.A.; Cummings, J.L. Alzheimer’s disease. Nat. Rev. Dis. Primers
2015, 1, 15056. [CrossRef] [PubMed]

3. Panza, F.; Lozupone, M.; Logroscino, G.; Imbimbo, B.P. A critical appraisal of amyloid-β-targeting therapies for Alzheimer
disease. Nat. Rev. Neurol. 2019, 15, 73–88. [CrossRef] [PubMed]

4. Congdon, E.E.; Sigurdsson, E.M. Tau-targeting therapies for Alzheimer disease. Nat. Rev. Neurol. 2018, 14, 399–415. [CrossRef]
[PubMed]

5. Yin, Y.M.; Chen, G.F.; Gong, L.; Ge, K.Z.; Pan, W.Z.; Li, N.; Machuki, J.O.; Yu, Y.Y.; Geng, D.Q.; Dong, H.F.; et al. DNAzyme-
powered three-dimensional DNA walker nanoprobe for detection amyloid β-peptide oligomer in living cells and In Vivo. Anal.
Chem. 2020, 92, 9247–9256. [CrossRef] [PubMed]

6. Ngoc Le, H.T.; Park, J.; Chinnadayyala, S.R.; Cho, S. Sensitive electrochemical detection of amyloid beta peptide in human serum
using an interdigitated chain-shaped electrode. Biosens. Bioelectron. 2019, 144, 111694. [CrossRef] [PubMed]

7. Song, Y.C.; Xu, T.L.; Zhu, Q.L.; Zhang, X.J. Integrated individually electrochemical array for simultaneously detecting multiple
Alzheimer’s biomarkers. Biosens. Bioelectron. 2020, 162, 112253. [CrossRef]

8. Qin, H.X.; Gao, X.; Yang, X.Y.; Cao, W.; Liu, S.F. A label-free and signal-on electrochemiluminescence strategy for sensitive
amyloid-beta assay. Biosens. Bioelectron. 2019, 141, 111438. [CrossRef]

9. Wang, Y.F.; Zhang, Y.; Sha, H.; Xiong, X.; Jia, N. Design and biosensing of a ratiometric electrochemiluminescence resonance
energy transfer aptasensor between a g-C3N4 nanosheet and Ru@MOF for amyloid-β protein. ACS Appl. Mater. Interfaces 2019,
11, 36299–36306. [CrossRef]

10. Zhang, J.L.; Zhang, X.C.; Gao, Y.; Yan, J.Y.; Song, W.B. Integrating CuO/g-C3N4 p-n heterojunctioned photocathode with MoS2
QDs@Cu NWs multifunctional signal amplifier for ultrasensitive detection of AβO. Biosens. Bioelectron. 2021, 176, 112945.
[CrossRef]

11. Gao, N.; Zhang, Y.F.; Gao, K.K.; Xie, J.D.; Liu, L.; Li, Y.Y.; Qiu, L.P.; Wei, Q.; Ma, H.M.; Pang, X.H. Ultrasensitive label-free
photoelectrochemical immunosensor for the detection of amyloid β-protein based on Zn:SnO2/SnS2-Au nanocomposites. Sens.
Actuators B Chem. 2020, 308, 127576. [CrossRef]

12. Deng, C.Y.; Liu, H.; Zhang, M.M.; Deng, H.H.; Lei, C.Y.; Shen, L.; Jiao, B.; Tu, Q.Y.; Jin, Y.; Xiang, L.; et al. Light-up nonthiolated
aptasensor for low-mass, soluble amyloid-β40 oligomers at high salt concentrations. Anal. Chem. 2018, 90, 1710–1717. [CrossRef]
[PubMed]

13. Hu, T.; Lu, S.S.; Chen, C.X.; Sun, J.; Yang, X.R. Colorimetric sandwich immunosensor for Aβ(1-42) based on dual anti-body-
modified gold nanoparticles. Sens. Actuators B Chem. 2017, 243, 792–799. [CrossRef]

14. Zhang, X.; Liu, S.; Song, X.L.; Wang, H.W.; Wang, J.F.; Wang, Y.; Huang, J.D.; Yu, J.H. Robust and universal SERS sensing platform
for multiplexed detection of Alzheimer’s disease core biomarkers using PAapt-AuNPs conjugates. ACS Sens. 2019, 4, 2140–2149.
[CrossRef]

15. Xia, N.; Liu, L.; Harrington, M.G.; Wang, J.X.; Zhou, F.M. Resonance detection of Aβ(1-40) and Aβ(1-42) peptides in cerebrospinal
fluids with signal amplification by streptavidin conjugated to an N-terminus-specific antibody. Anal. Chem. 2010, 82, 10151–10157.
[CrossRef]

16. Palmqvist, S.; Tideman, P.; Cullen, N.; Zetterberg, H.; Blennow, K.; The Alzheimer’s Disease Neuroimaging Initiative; Dage,
J.L.; Stomrud, E.; Janelidze, S.; Mattsson-Carlgren, N.; et al. Prediction of future Alzheimer’s disease dementia using plasma
phos-pho-tau combined with other accessible measures. Nat. Med. 2021, 27, 1034–1042. [CrossRef]

17. Kim, K.; Kim, M.J.; Kim, D.W.; Kim, S.Y.; Park, S.; Park, C.B. Clinically accurate diagnosis of Alzheimer’s disease via multi-plexed
sensing of core biomarkers in human plasma. Nat. Commun. 2020, 11, 119. [CrossRef]

95



Nanomaterials 2022, 12, 4031

18. Fang, W.K.; Liu, L.; Zhang, L.L.; Liu, D.; Liu, Y.; Tang, H.W. Detection of amyloid β oligomers by a fluorescence ratio strategy
based on optically trapped highly doped upconversion nanoparticles-SiO2@metal−organic framework microspheres. Anal. Chem.
2021, 93, 12447–12455. [CrossRef]

19. Zhang, X.J.; Hu, Y.; Yang, X.T.; Tang, Y.Y.; Han, S.Y.; Kang, A.; Deng, H.S.; Chi, Y.M.; Zhu, D.; Lu, Y. FÖrster resonance energy
transfer (FRET)-based biosensors for biological applications. Biosens. Bioelectron. 2019, 138, 111314. [CrossRef]

20. Quan, K.; Yi, C.P.; Yang, X.H.; He, X.X.; Huang, J.; Wang, K.M. FRET-based nucleic acid probes: Basic designs and applications in
bioimaging. Trends Anal. Chem. 2020, 124, 115784. [CrossRef]

21. Sheng, A.Z.; Wang, P.; Yang, J.Y.; Tang, L.F.; Chen, F.; Zhang, J. MXene coupled with CRISPR-Cas12a for analysis of endotoxin
and bacteria. Anal. Chem. 2021, 93, 4676–4681. [CrossRef] [PubMed]

22. Zhao, Y.N.; Li, X.; Yang, Y.; Si, S.H.; Deng, C.Y.; Wu, H.Y. A simple aptasensor for Aβ40 oligomers based on tunable mismatched
base pairs of dsDNA and graphene oxide. Biosens. Bioelectron. 2020, 149, 111840. [CrossRef] [PubMed]

23. Zhang, Y.Y.; Zhao, J.W.; Yang, G.M.; He, Y.; Chen, S.H.; Yuan, R. Ultrasensitive detection of amyloid beta oligomers based on the
“DD-A” FRET binary probes and quadrivalent cruciform DNA nanostructure-mediated cascaded amplifier. ACS Appl. Mater.
Interfaces 2021, 13, 32013–32021. [CrossRef] [PubMed]

24. Chern, M.; Kays, J.C.; Bhuckory, S.; Dennis, A.M. Sensing with photoluminescent semiconductor quantum dots. Methods Appl.
Fluores. 2019, 7, 012005. [CrossRef]

25. Medintz, I.; Uyeda, H.; Goldman, E.; Mattoussi, H. Quantum dot bioconjugates for imaging, labelling and sensing. Nat. Mater.
2005, 4, 435–446. [CrossRef]

26. Chan, W.C.W.; Nie, S.M. Quantum dot bioconjugates for ultrasensitive nonisotopic detection. Science 1998, 281, 2016–2018.
[CrossRef]

27. Bruchez, M.J.; Moronne, M.; Gin, P.; Weiss, S.; Alivisatos, A.P. Semiconductor nanocrystals as fluorescent biological labels. Science
1998, 281, 2013. [CrossRef]

28. Magaryan, K.A.; Karimullin, K.R.; Vasil’eva, I.A.; Naumov, A.V. Analysis of the temperature dependence of the exciton lu-
minescence spectra of cadmium selenide quantum dots grown in a liquid crystal matrix. Opt. Spectrosc. 2019, 126, 41–43.
[CrossRef]

29. Karimullin, K.R.; Arzhanov, A.I.; Eremchev, I.Y.; Kulnitskiy, B.A.; Surovtsev, N.V.; Naumov, A.V. Combined photon-echo,
luminescence and raman spectroscopies of layered ensembles of colloidal quantum dots. Laser Phys. 2019, 29, 124009. [CrossRef]

30. Hou, X.Q.; Kang, J.; Qin, H.Y.; Chen, X.W.; Ma, J.L.; Zhou, J.H.; Chen, L.P.; Wang, L.J.; Wang, L.W.; Peng, X.G. Engineering auger
recombination in colloidal quantum dots via dielectric screening. Nat. Commun. 2019, 10, 1750. [CrossRef]

31. Rosen, S.; Schwartz, O.; Oron, D. Transient fluorescence of the off state in blinking CdSe/CdS/ZnS semiconductor nanocrystals is
not governed by auger recombination. Phys. Rev. Lett. 2010, 104, 157404. [CrossRef] [PubMed]

32. Wegner, K.D.; Lanh, P.T.; Jennings, T.; Oh, E.; Jain, V.; Fairclough, S.M.; Smith, J.M.; Giovanelli, E.; Lequeux, N.; Pons, T.; et al.
Influence of luminescence quantum yield, surface coating, and functionalization of quantum dots on the sensitivity of time
resolved FRET bioassays. ACS Appl. Mater. Interfaces 2013, 5, 2881–2892. [CrossRef] [PubMed]

33. Chen, O.; Zhao, J.; Chauhan, V.P.; Cui, J.; Wong, C.; Harris, D.K.; Wei, H.; Han, H.S.; Fukumura, D.; Jain, R.K.; et al. Compact
high-quality CdSe-CdS core-shell nanocrystals with narrow emission linewidths and suppressed blinking. Nat. Mater. 2013, 12,
445–451. [CrossRef] [PubMed]

34. Zhou, J.H.; Zhu, M.Y.; Meng, R.Y.; Qin, H.Y.; Peng, X.G. Ideal CdSe/CdS core/shell nanocrystals enabled by entropic ligands and
their core size-, shell thickness-, and ligand-dependent photoluminescence properties. J. Am. Chem. Soc. 2017, 139, 16556–16567.
[CrossRef]

35. Manner, V.W.; Koposov, A.Y.; Szymanski, P.; Klimov, V.I.; Sykora, M. Role of solvent-oxygen ion pairs in photooxidation of CdSe
nanocrystal quantum dots. ACS Nano 2012, 6, 2371–2377. [CrossRef]

36. Gupta, R.; Peveler, W.J.; Lix, K.; Algar, W.R. Comparison of semiconducting polymer dots and semiconductor quantum dots for
smartphone-based fluorescence assays. Anal. Chem. 2019, 91, 10955–10960. [CrossRef]

37. Goryacheva, O.A.; Guhrenz, C.; Schneider, K.; Beloglazova, N.V.; Goryacheva, I.Y.; Saeger, S.D.; Gaponik, N. Silanized luminescent
quantum dots for the simultaneous multicolor lateral flow immunoassay of two mycotoxins. ACS Appl. Mater. Interfaces 2020, 12,
24575–24584. [CrossRef]

38. Wang, W.L.; Guo, Y.; Tiede, C.; Chen, S.Y.; Kopytynski, M.; Kong, Y.F.; Kulak, A.; Tomlinson, D.; Chen, R.; McPherson, M.; et al.
Ultraefficient cap-exchange protocol to compact biofunctional quantum dots for sensitive ratiometric biosensing and cell imaging.
ACS Appl. Mater. Interfaces 2017, 9, 15232–15244. [CrossRef]

39. Wu, Y.T.; Qiu, X.; Lindbo, S.; Susumu, K.; Medintz, I.L.; Hober, S.; Hildebrandt, N. Quantum dot–based FRET immunoassay for
HER2 using ultrasmall affinity proteins. Small 2018, 14, 1802266. [CrossRef]

40. Wang, W.L.; Kong, Y.F.; Jiang, J.; Tian, X.; Li, S.; Akshath, U.S.; Tiede, C.; Hondow, N.; Yu, A.C.; Guo, Y.; et al. Photon induced
quantum yield regeneration of cap-exchanged CdSe/CdS quantum rods for ratiometric biosensing and cellular imaging. Nanoscale
2020, 12, 8647–8655. [CrossRef]

41. Tong, P.; Zhao, W.W.; Zhang, L.; Xu, J.J.; Chen, H.Y. Double-probe signal enhancing strategy for toxin aptasensing based on
rolling circle amplification. Biosens. Bioelectron. 2012, 33, 146–151. [CrossRef] [PubMed]

96



Nanomaterials 2022, 12, 4031

42. Wang, Q.B.; Xu, Y.; Zhao, X.H.; Chang, Y.; Liu, Y.; Jiang, L.J.; Sharma, J.; Seo, D.K.; Yan, H. A facile one-step in situ functionalization
of quantum dots with preserved photoluminescence for bioconjugation. J. Am. Chem. Soc. 2007, 129, 6380–6381. [CrossRef]
[PubMed]

43. Deka, S.; Quarta, A.; Lupo, M.G.; Falqui, A.; Boninelli, S.; Giannini, C.; Morello, G.; Giorgi, M.D.; Lanzani, G.; Spinella, C.; et al.
CdSe/CdS/ZnS double shell nanorods with high photoluminescence efficiency and their exploitation as biolabeling probes. J.
Am. Chem. Soc. 2009, 131, 2948–2958. [CrossRef] [PubMed]

44. Hou, X.Q.; Qin, H.Y.; Peng, X.G. Enhancing dielectric screening for auger suppression in CdSe/CdS quantum dots by epitaxial
growth of ZnS shell. Nano Lett. 2021, 21, 3871–3878. [CrossRef] [PubMed]

45. Dabbousi, B.O.; Rodriguez-Viejo, J.; Mikulec, F.V.; Heine, J.R.; Mattoussi, H.; Ober, R.; Jensen, K.F.; Bawendi, M.G. (CdSe)ZnS
core-shell quantum dots: Synthesis and characterization of a size series of highly luminescent nanocrystallites. J. Phys. Chem. B
1997, 101, 9463–9475. [CrossRef]

46. Ye, X.C.; Jin, L.H.; Caglayan, H.; Chen, J.; Xing, G.Z.; Zheng, C.; Doan-Nguyen, V.; Kang, Y.J.; Engheta, N.; Kagan, C.R.; et al.
Improved size-tunable synthesis of monodisperse gold nanorods through the use of aromatic additives. ACS Nano 2012, 6,
2804–2817. [CrossRef]

47. Chen, H.Q.; Yuan, F.; Wang, S.Z.; Xu, J.; Zhang, Y.Y.; Wang, L. Aptamer-based sensing for thrombin in red region via fluorescence
resonant energy transfer between NaYF4:Yb,Er upconversion nanoparticles and gold nanorods. Biosens. Bioelectron. 2013, 48,
19–25. [CrossRef]

48. Choi, C.K.K.; Li, J.M.; Wei, K.C.; Xu, Y.J.; Ho, L.W.C.; Zhu, M.L.; To, K.K.W.; Choi, C.H.J.; Bian, L.M. A gold@polydopamine
core–shell nanoprobe for long-term intracellular detection of microRNAs in differentiating stem cells. J. Am. Chem. Soc. 2015, 137,
7337–7346. [CrossRef]

49. Ye, Q.; Zhou, F.; Liu, W.M. Bioinspired catecholic chemistry for surface modification. Chem. Soc. Rev. 2011, 40, 4244–4258.
[CrossRef]

50. Wang, J.; Gao, Y.H.; Liu, P.P.; Xu, S.H.; Luo, X.L. Core-shell multifunctional nanomaterial-based all-in-one nanoplatform for
simultaneous multilayer imaging of dual types of tumor biomarkers and photothermal therapy. Anal. Chem. 2020, 92, 15169–15178.
[CrossRef]

51. Liu, L.; Chang, Y.; Yu, J.; Jiang, M.S.; Xia, N. Two-in-one polydopamine nanospheres for fluorescent determination of beta-amyloid
oligomers and inhibition of beta-amyloid aggregation. Sens. Actuators B Chem. 2017, 251, 359–365. [CrossRef]

52. Cao, Z.Y.; Shu, Y.F.; Qin, H.Y.; Su, B.; Peng, X.G. Quantum dots with highly efficient, stable, and multicolor electrochemilumines-
cence. ACS Cent. Sci. 2020, 6, 1129–1137. [CrossRef] [PubMed]

53. Yu, W.W.; Qu, L.H.; Guo, W.Z.; Peng, X.G. Experimental determination of the extinction coefficient of CdTe, CdSe, and CdS
nanocrystals. Chem. Mater. 2003, 15, 2854–2860. [CrossRef]

54. Qiu, Y.; Liu, Y.; Wang, L.M.; Xu, L.G.; Bai, R.; Ji, Y.L.; Wu, X.C.; Zhao, Y.L.; Li, Y.F.; Chen, C.Y. Surface chemistry and aspect ratio
mediated cellular uptake of Au nanorods. Biomaterials 2010, 31, 7606–7619. [CrossRef] [PubMed]

55. Aldana, J.; Wang, Y.A.; Peng, X.G. Photochemical instability of CdSe nanocrystals coated by hydrophilic thiols. J. Am. Chem. Soc.
2001, 123, 8844–8850. [CrossRef]

56. Hu, M.; He, Y.; Song, S.P.; Yan, J.; Lu, H.T.; Weng, L.X.; Wang, L.H.; Fan, C.H. DNA-bridged bioconjugation of fluorescent
quantum dots for highly sensitive microfluidic protein chips. Chem. Commun. 2010, 46, 6126–6128. [CrossRef]

57. Tian, F.; Lyu, J.; Shi, J.Y.; Yang, M. Graphene and graphene-like two-denominational materials based fluorescence resonance
energy transfer (FRET) assays for biological applications. Biosens. Bioelectron. 2017, 89, 123–135. [CrossRef]

58. Chen, W.; Gao, G.; Jin, Y.; Deng, C. A facile biosensor for Aβ40O based on fluorescence quenching of prussian blue nanoparticles.
Talanta 2020, 216, 120930. [CrossRef]

59. Jiang, L.; Chen, B.; Chen, B.; Li, X.; Liao, H.; Huang, H.; Guo, Z.; Zhang, W.; Wu, L. Detection of Aβ oligomers based on
magnetic-field-assisted separation of aptamer-functionalized Fe3O4 magnetic nanoparticles and BaYF5:Yb,Er nanoparticles as
upconver-sion fluorescence labels. Talanta 2017, 170, 350–357. [CrossRef]

60. Chen, L.; Lin, J.; Yi, J.; Weng, Q.; Zhou, Y.; Han, Z.; Li, C.; Chen, J.; Zhang, Q. A tyrosinase-induced fluorescence immunoassay for
detection of tau protein using dopamine-functionalized CuInS2/ZnS quantum dots. Anal. Bioanal. Chem. 2019, 411, 5277–5285.
[CrossRef]

61. Huang, A.; Zhang, L.; Li, W.; Ma, Z.; Shuo, S.; Yao, T. Controlled fluorescence quenching by antibody-conjugated graphene oxide
to measure tau protein. R. Soc. Open Sci. 2018, 5, 171808. [CrossRef] [PubMed]

97



nanomaterials

Review

Advances in Solution-Processed Blue Quantum Dot
Light-Emitting Diodes

Sheng-Nan Li 1, Jia-Lin Pan 1, Yan-Jun Yu 1, Feng Zhao 1, Ya-Kun Wang 1,* and Liang-Sheng Liao 1,2,*

1 Institute of Functional Nano & Soft Materials (FUNSOM), Jiangsu Key Laboratory for Carbon-Based
Functional Materials & Devices, Soochow University, Suzhou 215123, China;
lishengnan1004@163.com (S.-N.L.); jlpan1013@163.com (J.-L.P.); yuyanjun1998@163.com (Y.-J.Y.);
fengzhao_lum@163.com (F.Z.)

2 Macao Institute of Materials Science and Engineering, Macau University of Science and Technology,
Taipa 999078, Macau SAR, China

* Correspondence: wangyakun@suda.edu.cn (Y.-K.W.); lsliao@suda.edu.cn (L.-S.L.)

Abstract: Quantum dot light-emitting diodes (QLEDs) have been identified as a next-generation
display technology owing to their low-cost manufacturing, wide color gamut, and electrically driven
self-emission properties. However, the efficiency and stability of blue QLEDs still pose a significant
challenge, limiting their production and potential application. This review aims to analyse the factors
leading to the failure of blue QLEDs and presents a roadmap to accelerate their development based on
the progress made in the synthesis of II-VI (CdSe, ZnSe) quantum dots (QDs), III-V (InP) QDs, carbon
dots, and perovskite QDs. The proposed analysis will include discussions on material synthesis,
core-shell structures, ligand interactions, and device fabrication, providing a comprehensive overview
of these materials and their development.

Keywords: blue QLED; II-V QD; III-V QD; carbon dot; perovskite QD

1. Introduction

Quantum dots (QDs) are an important low-dimensional semiconductor material
characterized by dimensions that are not larger than twice the exciton Bohr radius of their
corresponding pairs of bulk materials. The low-dimensional structure of QDs enables
electron-hole radiative recombination by binding electrons and holes in a small space.
Additionally, QDs can emit in a wide range, from visible to near-infrared, through the
quantum confinement effect (QCE). These advantages make II-VI (CdSe, ZnSe), III-V (InP),
and IV (Carbon dot) QDs attractive for various applications.

Among different kinds of QDs, CdSe has a photoluminescence quantum yield (PLQY)
close to 100% and excellent photostability, making Cd-based light-emitting diodes highly
efficient, with an external quantum efficiency (EQE) exceeding 20% [1]. However, the
toxicity of Cd-based materials limits their commercial applications. Therefore, researchers
have focused on developing heavy metal-free QDs, such as InP, ZnSe, and carbon dots
(CDs). InP has a bandgap similar to that of CdSe but has a larger exciton Bohr radius.
Although CDs are not suitable for display due to impurities and defect states, they show
promise in bioimaging applications due to their good biocompatibility. The new perovskite
QDs (PQDs) exhibit high color purity and PLQY. Additionally, PQD emission can be
tuned through QCE and halogen composition, making them an attractive material for
various applications.

QD light-emitting diodes (QLEDs) unite the advantages of low cost, solution process-
ing, and low-temperature fabrication and production, which makes them stand out among
other emitters [2–4]. Theoretically, QLEDs can achieve ultrahigh color purity, with the
National Television System Committee standard of 140% [5].
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Compared to red and green QLED devices, blue QLEDs have lower performance.
For instance, using InP QLEDs as an example, blue InP QLEDs exhibit a luminance of
<5000 cd m−2 and a maximum EQE of < 3% [6]. In contrast, red InP QLEDs can achieve
an EQE, luminance, and T95 (the time for the brightness to drop to 95% of its initial value)
of 22.2%, >110,000 cd m−2, and >32,000 h, respectively [7]. Similarly, a green InP QLED
can attain an EQE, luminance, and T50 (the time for the brightness to drop to 50% of its
initial value) of 16.3%, >12,000 cd m−2, and >1000 h, respectively [8]. Until now, red and
green QLEDs have already satisfied the requirements for commercial applications, whereas
blue QLEDs still have a long way to go. The reasons for this disparity include the fact that
1. blue QDs necessitate small particle sizes, which results in difficulties in synthesizing
uniform QDs, and 2. the wide bandgap that makes exciton traps sensitive and results
in nonradiative recombination. The synthesis methods for various types of QDs exhibit
similarities. For example, Peng et al. synthesized InP QDs at low reaction temperatures
by utilizing aliphatic amine ligands, which is a technique borrowed from the synthesis
of II-VI QDs [9]. Similarly, Jang et al. utilized HF etching to prepare high-efficiency blue
ZnTeSe QLEDs, achieving ZnSeTe QLEDs with a luminance of 88,900 cd m−2, an EQE of
20.2%, and a T50 time of 15,850 h at 100 cd m−2 [10]. Thus, a comprehensive analysis of the
synthetic methodology, surface ligand treatment, and device engineering of blue QDs is
necessary for the advancement of blue QLEDs.

This review aims to provide an overview of blue QLEDs using II-VI QDs, III-V QDs,
CDs, and PQDs. In Section 2, we introduce the properties, nucleation, and growth mecha-
nisms of the aforementioned QD materials, as well as the principle of electroluminescence
(EL) of QDs. Sections 3 and 4 focus on the synthesis and device engineering of II-VI (CdSe,
ZnSe) and III-V (InP) inorganic QDs. In Section 5, we discuss the photoluminescence
(PL) and EL prospects of CDs. Finally, in Section 6, we introduce newly developed PQDs
from both QCE and mixed halogen perspectives. We hope that this review will provide
researchers with a better understanding of the strengths and weaknesses of each type of
QD, as well as the next steps for further improving the performance of blue QLEDs.

2. Properties of QDs

2.1. Quantum Confinement Effect

QCE is a phenomenon where the energy levels of a material become discrete when
the particle is close to or smaller than the Bohr radius of the exciton (Figure 1). This
phenomenon allows for the manipulation of the physical properties of semiconductor
nanocrystals (NCs) by controlling their size. QDs are a type of NC, and their size can be
precisely controlled, enabling tuning of their emission light from ultraviolet to infrared,
which is a practical application of QCE [11].

Figure 1. Schematic of QCE under different QD sizes.
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2.2. Growth and Nucleation Mechanism of QDs

The minimization of Gibbs free energy is the chemical driving force for QD nucleation
during synthesis. In the absence of a kinetic energy barrier, the total surface free energy of
a crystallization system includes the area of each section (Ai) of each crystal in the solution
and is related to the specific surface energy (σi). The relationship is shown in Equation (1).

∑ Gsur f ace = ∑ σi Ai ≈ σ ∑ Ai = minimum (1)

The dangling bonds carried by the atoms on the crystal surface are the direct source of
the crystal surface free energy. The surface Gibbs free energy decreases as the grain size
increases. In addition to natural growth, appropriate ligands or specific solvent molecules
can also reduce the number of dangling bonds [12].

The surface Gibbs free energy of NCs in Equation (1) decreases as size increases
because of the reduced surface-to-volume atomic ratio. Therefore, the solubility of NCs de-
creases drastically as their size increases, which comes from the Gibbs-Thompson equation
(Equation (2))

Sd = S∞exp(4σVm/dRT) (2)

σ and Vm are the specific surface free energy and molar volume of the crystal, re-
spectively, S∞ is the solubility of the blocky crystal, Sd is the solubility of the crystal with
diameter d, R is the gas constant, and T is the absolute temperature. In the process of NC
nucleation and growth, larger crystals grow at the expense of smaller crystals due to the
difference in surface energy between them, leading to the “size distribution out of focus” of
NCs in the system [13]. This is because the smaller particles have a higher surface energy
and tend to dissolve into the solution, while the larger particles have a lower surface energy
and tend to absorb more monomers from the solution and grow further. This is the Oswald
ripening process.

When the size of the studied NCs changes from the nanoscale to the micron scale, the
surface-to-atom ratio decreases rapidly with increasing crystal size. This leads to the fact
that the surface energy in the crystal is negligible compared to the total free energy of the
system. Therefore, new methods are needed to study the crystallization process of NCs at
the nanoscale. Peng’s group used a computer to deconvolve the absorption spectrum to
obtain QD information on the size distribution. The method mentioned in the previous
statement is known as the “deconvolution method”, which can be used to obtain the size
distribution of QDs from their absorption spectra. Briefly, the ultraviolet–visible (UV–vis)
absorption spectra of the samples were deconvoluted to obtain a series of contributing
factors for the standard spectra. The corresponding particle size distribution profile can
be obtained by adding the products of each contributing factor and the corresponding
Gaussian particle size distribution of the standard sample [14].

2.3. Charge Transport and EL Properties of QDs

A typical QLED architecture is shown in Figure 2a, which contains an anode, a hole-
injecting layer (HIL), a hole-transporting layer (HTL), a light-emitting layer (EML), an
electron-transporting layer (ETL), an electron-injecting layer (EIL) and a cathode. The EL of
QDs is generated by the radiative recombination of holes and electrons through the EML.
QDs with long-chain ligands have insulating properties and make carrier injection difficult.
To overcome this challenge and improve carrier injection efficiency, QDs require surface
modification or ligand exchange with short chains. Furthermore, from a device perspective,
the EML needs a HIL and EIL that reside between the electrode and the EML.

The implementation of a high mobility hole (electron) transporting layer (HTL/ETL)
helps facilitate carrier recombination. However, the injection of electrons and holes into
the EML does not always occur simultaneously. The conduction band shifts of the EML
and ETL are typically much smaller than the valence band shifts of the EML and HTL.
This discrepancy results in a build-up of excess electrons within the EML, leading to neg-
atively charged QDs that are unable to undergo radial excitation (Figure 2b). Moreover,
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the accumulation of excess electrons can leak into the hole-transporting layers and cause
a decrease in the device’s lifetime [15,16]. Therefore, the fundamental principle in de-
signing high-performance QLEDs is to focus on balancing charge injection and effective
radiative recombination.

Figure 2. (a) The traditional structure of QLEDs. (b) Schematic of the processes of charge injection
and charge recombination in an energy band diagram.

3. II-VI QDs

3.1. Cd-Based QDs

(1) Synthesis and modification of CdSe QDs

CdSe (1.74 eV), a direct bandgap semiconductor, has attracted extensive attention and
in-depth study in the early stages of research [17–19]. The prenucleation of CdSe QDs
is commonly achieved using the hot injection method. The injection of metal precursor
solutions into different ligand systems can have a significant impact on the growth kinetics
of CdSe QDs. Murray et al. utilized organometallic reagents for homogeneous nucleation
by rapid injection into hot tri-n-octyl phosphine/tri-n-octyl phosphine oxide (TOP/TOPO)-
liganded solvents [18]. Slow growth and annealing led to a uniform QD surface. As a
result, nearly monodisperse (diameter <5% rms) samples were obtained. In another study,
Talapin et al. introduced hexadecyl amine (HDA) into the TOP/TOPO system [20]. The
ratio between TOPO and HDA strongly affected the growth kinetics of CdSe QDs. The
initial particle size and growth rate of CdSe QDs decreased with increasing HDA content,
which enabled better control of the dynamic growth of CdSe QDs. In addition, HDA
not only solved the problem of the nonrepeatable shape of CdSe QDs in the TOP/TOPO
system but also significantly improved the CdSe QD band-edge emitting efficiency at room
temperature. The band-edge PLQY of CdSe QDs can be increased to 40–60% by surface
passivation of inorganic (ZnS) or organic (alkylamine) shells (Figure 3a).

The QD core is covered by a wide-bandgap shell to reduce dangling bonds, passivate
nonradiative surface sites, and improve PLQY. CdSe QD cores coated with CdS and ZnS thin
shell layers can increase the PLQY by more than 50% [21]. However, a thin shell is not the
perfect choice for QDs because of the loss or denaturation of ligands during solvent transfer,
which will lead to incomplete passivation of surface defects and thus affect the PLQY. To
address the instability of ligands in thin-shell QDs, Chen’s group developed giant shell QDs
(g-QDs) [22]. The ultrathick shell completely isolated the core from the QD surface. The thick
shell effectively acted as a spacer between adjacent QDs and suppressed distance-dependent
interactions between particles, such as Förster resonance energy transfer [23,24]. As a result, g-
QDs had strong chemical stability and high photostability in photobleaching, which improved
blinking behavior (Figure 3b) [24,25]. Multiple growths of one shell layer on the core can

101



Nanomaterials 2023, 13, 1695

result in the accumulation of interlayer defects. Further design of a multishell structure with
alloying can release the stress caused by a lattice mismatch between the core and shell, which
can result in high-quality QDs with low defect densities. Moreover, energy level matching
between the QDs and the transport layer can be realized by adjusting the composition of
the QDs. Liu et al. successfully designed CdZnSe/ZnSeS/ZnS/CdZnS QDs (Figure 3c) to
achieve efficient blue emission [26]. On the condition that the CdZnSe/ZnSeS/ZnS double
shell structure enables high PLQY, a layer of CdZnS with a narrow band gap is added to
promote the holes that inject the EML (Figure 3d).

Figure 3. (a) UV–vis absorption (solid lines) and PL spectra (dashed lines) of CdSe QDs before and
after deposition of ZnS shells of different thicknesses [20]. Copyright 2001, American Chemical
Society. (b) TEM images of CdSe/xCdS QDs [25]. Copyright 2012, American Chemical Society.
(c) The corresponding core/shell structure of CdZnSe/ZnSeS/ZnS/CdZnS QDs [26]. Copyright
2022, Wiley-VCH. (d) Multishell structure QD and an energy diagram in a conventional QLED [26].
Copyright 2022, Wiley-VCH. (e) All-organic QLED device structures of the energy diagram [27].
Copyright 2009, American Chemical Society. (f) EQE—current density curve of the blue CdSe/ZnS
QLED [28]. Copyright 2017, American Chemical Society.

(2) Blue CdSe-based QLEDs

Since the first report of CdSe QLEDs in 1994, a series of explorations on on-device
application and synthesis have been developed [17,29–33]. Initially, the device structure
was simple, where QDs were used as both the emissive and transport layers, resulting in
poor PLQY [17]. As OLED devices progressed, researchers borrowed the transport layer
design and tried to prepare all-organic devices by inserting QDs between two organic
transport layers (Figure 3e) [27]. However, this structure is not ideal due to concerns about
the stability of organic devices. While all-inorganic devices exhibit greater thermal and
chemical stability, there are still issues with inorganic metal oxides, such as complex surface
defects and a lack of research on the physical mechanism of exciton formation. Currently,
the most widely used and efficient devices are organic–inorganic hybrid devices, where
organic compounds (such as PEDOT:PSS, poly-TPD, PVK, and TFB) are used in the HIL
and HTL, while inorganic metal oxides (such as ZnO and ZnMgO) are used in the ETL
and the EML is placed in the middle position. Various typical structures were summarized
in Qi’s article [19,34]. Over more than a decade of development, the performance of blue
QLEDs has rapidly improved. At present, the Cd-based blue QLED performance can
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reach EQE = 19.8%, maximum luminance (Lmax) = 62,600 cd m−2, and T50 > 10,000 h
(Figure 3f). Qian et al. introduced ZnO as an ETL and fabricated blue QLEDs with an EQE
of 0.22% by using an organic–inorganic hybrid structure [29]. Subsequently, Wang et al.
increased the EQE of blue QLEDs to 19.8% (excluding tandem devices; the EQE for current
tandem blue QLEDs is 24%) [28,35–42]. During this period of rapid development, blue
QLED performance was optimized from three aspects (Table 1): (1) core-shell structure
and ligand engineering to reduce nonradiative recombination (Auger recombination and
Förster resonance energy transfer, etc.), (2) device interface engineering to avoid interlayer
charge accumulation, and (3) the electron-blocking layer to balance the charge and promote
radiation recombination due to the deep HOMO level of blue QDs, making hole injection
more difficult than electron injection.

Table 1. Device performance summary of the representative blue CdSe-based QLEDs.

QD PLQY

Device Performance

λ
(nm)

EQE
(%)

Luminance
(cd m−2)

CIE (x, y) Device Structure Ref

CdZnSe/ZnSeS/ZnS/CdZnS 77.3% 476 8.40% 12,000 (0.11, 0.13) ITO/PEDOT:PSS/TFB/QD/ZnMgO/Al [26]
CdSe/ZnSe 73% 8.05% 62,600 ITO/PEDOT:PSS/TFB/QD/ZnO/Al [35]
CdSe/ZnS 87% 468 19.80% 4890 (0.136, 0.078) ITO/PEDOT:PSS/PVK/QD/ZnO/Al [28]

CdZnS/ZnS 82% 448 12.40% 3694 (0.152, 0.024) ITO/PEDOT:PSS/PVK/QD/ZnO/Al [36]
CdSe/ZnS 455 10.70% ≈5000 (0.16, 0.02) ITO/PEDOT:PSS/PVK/QD/ZnO/Al [38]

ZnCdS/ZnS 70% 443 12.20% 7600 (0.14, 0.02) ITO/PEDOT:PSS/TFB/QD/ZnO/Al [39]
ZnxCd1−xS/ZnS 100% 445 3.80% 4100 ITO/TFB/QD/ZnO/Al [37]

CdZnS/ZnS 98% 452 7.1% 2624 (0.153, 0.027) ITO/PEDOT:PSS/PVK/QD/ZnO/Al [40]

Cd1−xZnxS/ZnS 437 1.7% 2250 (0.17, 0.02) ITO/PEDOT:PSS/ploy-
TPD/QD/TPBi/LiF/Al [41]

CdSe/ZnS 470 0.22% 4200 ITO/PEDOT:PSS/ploy-TPD/QD/ZnO/Al [29]
ZnCdS/CdxZn1−xS/ZnS 100% 445 18% 6768 ITO/PEDOT:PSS/PVK/QD/ZnO/Al [43]

ZnCdSe/ZnS//ZnS 92% 479 16.2% 14,100 (0.119, 0.154) ITO/PEDOT:PSS/TFB/QD/PMMA/ZnO/Al [44]

3.2. ZnSe-Based QDs

(1) Synthesis and modification of ZnSe-based QDs

ZnSe has emerged as a promising alternative to Cd-based materials in the blue region
due to its nontoxicity and appropriate bandgap (2.7 eV). Margaret’s group studied ZnSe QD
growth and investigated how to control the properties of the QDs [45]. They synthesized
monodisperse and highly luminescent ZnSe QDs in an HDA/TOPO coordination solvent
and achieved tunable band-edge fluorescence between 2.8 and 3.4 eV at room temperature.
Moreover, high-brightness ZnSe QDs with a PLQY of 72% and high reproducibility were
obtained by non-injection [46]. Yu et al. synthesized ZnSe QDs with uniform size and
controlled shape by heating a mixture of Zn(Ac)2, Se powder, oleic acid, and liquid paraffin
instead of direct injection of the Se source. This method avoided the use of dangerous and
unstable alkyl phosphines, such as TOPO [47]. Zheng et al. developed water-synthesized
glutathione-capped ZnSe and Zn1-xCdxSe alloy QDs with adjustable fluorescence emission
between 360 and 500 nm and a high PLQY of 50% (Figure 4a) [48]. This is also the first
study to directly synthesize blue QDs in an aqueous solution. Although element doping
can adjust the ZnSe bandgap, nontoxic elements such as Te, Mn, and Cu are more suitable
for doping than Cd [49,50]. The optimal choice for achieving ZnSe QD blue light emission
is to form an alloy with ZnTe (2.25 eV). Lesnyak et al. proposed a simple one-step water
synthesis of glutathione covering ZnSe1−xTex QDs, which avoided the complexity of
multistage preparation and achieved a PLQY of 20% [47].

ZnSe and ZnS are commonly used as shell layers to improve the PLQY and brightness
of QDs. Dong et al. proposed a two-step synthesis method to synthesize ZnSe/ZnS QDs
in the 390–460 nm range under mild conditions (150 ◦C) [51]. Recently, Yang’s group also
reported a seed-mediated double-shell strategy in which two ZnS shells were prepared by
two different shell-forming steps to obtain ZnSe/ZnS/ZnS core-shell QDs with high PLQY
and good stability. Lad et al. synthesized ZnSe and ZnSe/ZnS QDs by a high-temperature
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wet chemical route and found four excited states (1Se − 1S3/2, 1Se−1Sh
3
2
, 1Pe−1Ph

3
2
, and

1Se − 1SSO) [52]. The four excited states vary with the ZnS shell layer thickness, which can
visually reflect how the electronic energy level of the ZnSe QD changes.

Figure 4. (a) UV–vis absorption (dashed lines) and PL spectra (solid lines) of ZnSe and Zn1–xCdxSe
alloyed QDs [48]. Copyright 2007, Wiley-VCH. (b) Schematic of ZnSeTe core to double shells of
ZnSeTe/thin-, medium-, and thick-ZnSe/ZnS C/S/S QDs [53]. Copyright 2017, American Chemical
Society. (c) PL spectra of ZnS outer shell thickness-dependent C/S/S QDs [54]. Copyright 2021,
Elsevier B. V (d) Carrier injection and recombination mechanism for these deep-blue-emitting de-
vices [55]. Copyright 2022, American Chemical Society. (e) Device and energy level structure of
QLEDs with hybrid QDs [56]. Copyright 2020, Wiley-VCH.

(2) Blue ZnSe-based QLEDs

Jang et al. investigated the synthesis of binary and ternary ZnSe-based QDs. Specifi-
cally, they explored the effects of increasing the thickness of the ZnSe shell and adjusting
the Se/Te ratio in ZnSeTe on the performance of the blue QLED (Figure 4b). To further
enhance device performance, ZnSe was introduced between the ZnSeTe and ZnS interfaces,
resulting in the successful fabrication of high-performance blue ZnSeTe/ZnSe/ZnS QLEDs.
Furthermore, Lee et al. adopted a two-step method to synthesize ZnSeTe/ZnSe/ZnS QDs
and tuned the thickness of the ZnSe inner shell and the ZnS shell to investigate the effect
on the performance of blue QLEDs (Figure 4c). Their results indicated that the thickness
modulation of the ZnSe inner shell not only influenced the growth of the ZnS shell but also
affected the peak wavelength, color purity, and PLQY of the QDs. Additionally, as the thick-
ness of the ZnS shell increased, the injection of electrons was found to be more effectively
suppressed relative to holes, resulting in improved charge balance and enhanced EQE.

To improve the efficiency and stability of blue ZnSe-based QLEDs, researchers have
also explored various aspects, such as device structures, surface passivation, material
preparation, and simulation of ZnSe-based QDs (Table 2) [57]. Currently, there are two
main approaches to developing ZnSe-based QLEDs: on the one hand, the EML is doped to
mitigate the electron leakage current, which is caused by the high intrinsic electron mobility
of ZnSe QDs; on the other hand, the ETL is doped to regulate the energy band and reduce
the electron mobility while suppressing the surface defect states. Cho et al. utilized P-type
semiconductors (TCTA and TPD) to dope ZnSe (Figure 4e) [56]. Hybrid QDs were found
to effectively prevent electron overflow from the hole transport materials and improve the
hole current characteristics due to the p-type doping effect. ZnO is commonly used as the
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ETL in blue-light devices. Efforts have been made to optimize the physical properties of
ZnO NPs by doping elements such as Mg, Li, Cl, S, Al, and Ga [58–64]. Gao et al. reported
the use of Sn-doped ZnO, which not only reduced the exciton quenching sites on the metal
oxide surface caused by OH but also decreased the electron mobility and slowed down the
over injection of electrons (Figure 4d) [55]. Kim et al. modulated the emission wavelength
of ZnSeTe to 457 nm by adding Te. They fabricated a double-QD EML with graded chloride
content in the LED to facilitate hole transport. The resulting device has high efficiency
(EQE = 20.2%), high brightness (Lmax = 88,900 cd m−2), and a long operating life
(T50 = 15,850 h at 100 cd m−2) [10]. This is the best performance of an inorganic blue
QLED at present.

Table 2. Device performance summary of the representative blue ZnSe-based QLEDs.

QD PLQY

Device Performance

λ
(nm)

EQE
(%)

Luminance
(cd m−2)

CIE (x, y) Device Structure Ref

ZnSeTe/ZnSe/ZnS 93% 455 18.60% 12,654 (0.128, 0.109) ITO/PEDOT:PSS/PVK/QD/ZnMgO/Al [54]
ZnSe/ZnS 95% 443 13.60% 1031 (0.17, 0.03) ITO/PEDOT:PSS/PVK/QD/Zn1-xSnxO/Al [55]
ZnSe/ZnS 95% 445 12.20% 570 (0.16, 0.03) ITO/PEDOT:PSS/PVK/QD/ZnMgO/Al [65]
ZnSe/ZnS 55% 434 6.88% 450 (0.166, 0.013) ITO/PEDOT:PSS/PVK/QD/ZnMgO/Al [56]

ZnSe/ZnS/ZnS 56% 446 2.62% 106 (0.16, 0.02) ITO/ZnO/QD/CBP/HAT-CN/Al [66]

ZnSeTe/ZnSe/ZnSeS/ZnS 84% 445 9.50% 2904 (0.148, 0.048) ITO/PEDOT:PSS/PVK/QD/m-
ZnMgO/Al [58]

ZnSeTe/ZnSe/ZnS 100% 460 20.20% 88,900 ITO/PEDOT:PSS/TFB/QD
Cl(f)/Cl(l)/ZnMgO/Al [10]

ZnSeTe/ZnSe/ZnS 70% 441 4.2% 1195 (0.153, 0.027) ITO/PEDOT:PSS/PVK/QD/ZnMgO/Al [53]
ZnSe/ZnS 48% 430 7.83% 2250 (0.169, 0.023) ITO/PEDOT:PSS/PVK/QD/ZnO/Al [67]
ZnSe/ZnS 441 1170 (0.16, 0.15) Al/MoO3/TCTA/CBP/QD/ZnO/ITO [68]
ZnSe/ZnS 40% 425 0.65% ITO/PEDOT:PSS/PVK/QD/ZnO/Al [57]

4. III-V QDs

4.1. Development of InP QD Synthesis

InP QDs are promising candidates for heavy-metal-free QDs because of their wider
spectral range, narrow PL linewidth, and high PLQY properties, which are achieved
through control of the size distribution of the InP core and engineering of the heterostruc-
ture. Previous studies on the synthesis of InP QDs aimed to obtain products with mild
reaction conditions, controllable size, and high PLQY. However, the high reactivity of
atoms or ions and large reaction barriers in the chemical pathways for the crystal formation
of III-V QDs complicate their nucleation and growth processes. To overcome the high
reaction barrier of InP QDs, researchers generally used highly reactive (SiMe3)3P as the
P precursor due to its high reactivity [69–71]. In 1994, Nozik et al. first used InCl3 and
(SiMe3)3P to synthesize InP QDs [70]. In 1994, Nozik et al. first used InCl3 and (SiMe3)3P to
synthesize InP QDs. Similar to the synthesis of II-VI QDs, the concentration of ligands in a
noncoordinating solvent can change the reactivity of Cd and Zn precursors, resulting in the
formation of high-quality QDs [70,72]. The effect of ligand concentration on the reactivity
of III-V precursors is more significant. Peng et al. reduced the InP nucleation time from
days to hours by using octadecene (ODE) as a noncoordinating solvent and fatty acids as
ligands [73]. Lucey et al. also synthesized InP QDs with better monodispersity in ODE
by using indium carboxylate and (SiMe3)3P without surfactants or ligand solvents [74].
We can observe the lattice edges of the QD from the high-resolution transmission electron
microscopy (HRTEM) of a single InP QD (Figure 5a). However, some studies suggest
that a similar nucleation process in a noncoordinating solvent can also be obtained when
the coordination effect of the solvent is much weaker than that of the introduced strong
ligand. Xu’s group used fatty acid lipids (methyl myristate and dibutyl sebacate) as weakly
coordinating solvents, as well as a more reactive indium precursor (trimethylindium) and
a proton reagent to accelerate the synthesis [75]. The nucleation process produced QDs
with a narrow size (2.5 nm). The results showed that high-boiling esters can act as effective,
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weakly coordinating solvents to control the nucleation process. Peng et al. used aliphatic
amines as activating reagents to improve the reactivity of indium carboxylate and reduce
the reaction temperature of the synthesis [9]. InP/ZnS QDs with controllable size distribu-
tions were successfully synthesized over a wide spectral range (450–750 nm) (Figure 5b).
In addition to controlling the InP QD size to tune its emission wavelength, changing the
thickness ratio between the core and shell can also perform spectral modulation. Yang
et al. made the PL spectra of InP QDs cover the entire visible spectrum (350–800 nm) by
changing the ratio of InP:ZnS [76].

Compared with the smaller Bohr radius (4.6 nm) of CdSe QDs, the InP system has
obvious intrinsic advantages (the Bohr radius is 9.6 nm). However, the development of InP
QDs in the blue region is not ideal, mainly because it is difficult to find suitable reaction
conditions and precursors to control the growth of InP QDs. Shen et al. reported a colloidal
approach mediated by zinc halide to improve the performance of blue-emitting InP/ZnS
QDs [77]. The high reaction rate of blue InP QDs was attributed to both P and In precursors,
and the use of tris(dimethylamino)phosphine ((DMA)3P) as the P precursor could suppress
the QD size distribution (Figure 5c). Excess I- was found to increase the reactivity of In3+

and could be used to accelerate the cleavage of In-X compared to Cl− [78]. Furthermore,
excess I− could be combined with oleylamine (OAM) and adsorbed on the surface of InP
QDs as a passivation agent, which suppressed the size distribution and reduced surface
defects. Thus, an amine halide passivation layer was formed by a ZnS halide-mediated
colloidal approach, leading to a PLQY of 76.1%. Due to the highly toxic and flammable
nature of (DMA)3P, Yu et al. replaced it with the inorganic solid metal phosphorus, sodium
phosphaethynolate (NaOCP), to synthesize InP QDs (Figure 5d). Inorganic solid phosphine
source synthesized InP QDs with a modulable PL emission range of 465–620 nm. The
PLQYs of blue (465 nm), green (533 nm), and red (620 nm) QDs were found to be 43%, 97%,
and 95%, respectively [79].

Figure 5. (a) HRTEM image of an InP QD [74]. Copyright 2005, American Chemical Society.
(b) UV–vis absorption and PL spectra of different sized InP/ZnS core/shell QDs [9]. Copyright 2007,
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American Chemical Society. (c) Schematic of the synthesis of InP QDs from indium halide and
aminophosphine precursors [78]. Copyright 2015, American Chemical Society. (d) Schematic for the
formation of InP QDs by using InCl3 and NaOCP [79]. Copyright 2021, American Chemical Society.
(e) Voltage-dependent EL spectra of the green QLED [8]. Copyright 2017, Nature Publishing Group.
(f) EL spectra at different voltages [80]. Copyright 2020, American Chemical Society. (g) Normalized
PL spectra of InGaP QDs [81]. Copyright 2020, American Chemical Society.

4.2. Blue InP-Based QLEDs

In recent years, InP QLEDs have made significant progress in both red and green
emissions [82,83]. Red InP QLEDs, for example, achieved an EQE of 21.4% and a luminance
of >100,000 cd m−2 [84]. Similarly, Green InP QLEDs have demonstrated an EQE of 16.3%
after passivation with different alkyl diamines and zinc halides (Figure 5e) [85]. Despite
these successes, the development of blue InP QLEDs has been slower. This is mainly due to
two factors: (1) the low PLQY of QD-assembled light-emitting films and (2) the low carrier
injection and transport processes. To address these challenges, several strategies have been
proposed. For example, Zhang et al. synthesized thick-shell blue InP/ZnS/ZnS QDs using
a wide bandgap ZnS shell to effectively prevent electron transition from the core to the
shell and achieved emission from InP QDs at 468 nm. The EQE of these QLEDs was found
to reach 1.7% [86]. Du et al. introduced a GaP bridging layer to reduce the lattice mismatch
between the InP core and the ZnS shell, resulting in InP/GaP/ZnS quantum dots with thick
ZnS shells that exhibited high PLQY (≈81%). QLEDs fabricated using these QDs achieved
a Lmax of 3120 cd m−2 and an EQE of 1.01% (Figure 5f) [80]. To improve carrier injection
in blue InP QLEDs, Tan et al. introduced an electric dipole layer (EDL) (MoO3) with a
deep conduction band sandwiched between PEDOT:PSS and PVK to generate voids from
PEDOT:PSS. The dipole-induced embedded electric field in the forward direction of the
HIL to PVK balances the carrier injection by enhancing hole injection. The p-type doping
effect of MoO3 increased the carrier concentration of the interfacial PVK and reduced the
trap density, thereby increasing its hole mobility. This approach improved the EQE of
the blue InP QLED from 1.0% to 2.1% [87]. Based on Tan’s work, Mei et al. developed a
strategy for light extraction. Specifically, they extracted light from the waveguide mode to
the air mode by using a thin HTL, a high-refractive-index substrate, and substrate surface
roughening. The thin HTL and high-refractive-index substrate facilitated the transport of
light from the waveguide mode to the substrate mode. The substrate surface was then
roughened to further extract light from the enhanced substrate mode into the air mode.
This approach improved the EQE of the blue InP QLED from 2.1% to 2.8% and currently
represents the highest efficiency for InP blue light emission [6].

The development of InP-based ternary compounds for blue emission has been iden-
tified as a significant area of research. In particular, InGaP ternary QDs have emerged
as promising candidates for the development of high-quality blue QLEDs [88]. Previous
studies have reported on the synthesis of InGaP QDs using two Ga precursors (gallium
oleate and gallium acetylacetonate), but the resulting PLQY was low (≈20%) even after
the growth of a ZnS shell layer [89]. More recent work by Kim et al. has shown that
cation exchange of In3+ and Ga3+ followed by double growth of the ZnSe inner shell and
ZnS outer shell can result in InGaP/ZnSeS/ZnS QDs with tunable blue emission in the
465–475 nm range (depending on the Ga ratio) (Figure 5g). The 465 nm sample showed
a high PLQY of 80%, and the corresponding QLED exhibited excellent performance with
a Lmax of 1038 cd m−2 and an EQE of 2.5% [81]. The development of InGaP ternary QDs
holds great promise for the realization of high-quality blue QLEDs.

5. Carbon Dots

5.1. Photoluminescence of Carbon Dots

Carbon dots (CDs) are a type of carbon-based nanomaterial that possess at least one
dimension less than 10 nm. The isolation of CDs within single-walled carbon nanotubes
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(SWNTs) by Xu et al. (Figure 6a) sparked significant interest in their potential applications
in optics, leading to numerous studies on their properties [90–96]. CDs possess a range of
advantageous characteristics, such as low cost, low toxicity, good biocompatibility, simple
preparation processes, tunable fluorescence emission (Figure 6b), and photochemical stability.

A vast range of raw materials, including laboratory-produced chemicals and natural
products, have been used for the synthesis of CDs. This has resulted in a diverse range of
components and structures used to prepare CDs, making it difficult to develop a unified
theory by comparing the results reported in the literature. The complexity of CDs and the
various factors that affect their luminescence processes have also made it challenging to
deduce a reasonable PL mechanism. The luminescence of CDs is primarily determined by
three characteristics: (1) the material is primarily composed of carbon, (2) carbonization or
cross-linking processes are needed, and (3) the kernel luminescence is a carbon-based struc-
ture, which is the sp2/sp3 conjugated structure [97–99]. At present, the PL mechanism of
CDs is mainly summarized in four aspects: (1) the QCE or conjugate π domain determined
by the carbon core [100]; (2) the surface state, which is determined by the hybridization of
the carbon backbone and the linked chemical groups; and (3) the molecular state, which is
determined only by the fluorescent molecules attached to the surface or interior of CDs;
and (4) the crosslinked enhanced emission (CEE) effect [101].

Yan et al. synthesized large-scale colloidal graphene QDs with uniform and tunable
sizes through a solubilization strategy [102]. The oxidation of polyphenylene dendritic
precursors synthesized by stepwise solution chemistry results in fused graphene moieties,
which are stabilized through multiple 2’,4’,6′-trialkyl phenyl groups covalently attached to
the edges of the graphene moieties. The bandgap of graphene could be further reduced
by increasing its size or chemically functionalizing it to tune its redox potential. In some
cases, heteroatom doping can have a more significant effect on the wavelength modulation
of CDs than particle size. Yang et al. investigated the use of nitrogen-based precursors
(DMF, urea, ethanamide, and formamide) in a solvent-free reaction to achieve multicolor
(505–650 nm) fluorescence emission. They revealed that the fluorescence properties of CDs
were dependent not only on their particle size but also on their degree of graphitization.
The content of C-O and C=N functional groups on the surface of CDs played a synergistic
role in constructing multicolor fluorescent CDs [103].

In the absence of group modification, blue-emitting CDs are more easily attainable
than longer wavelength-emitting CDs [104–106]. However, this does not necessarily imply
that the performance of the blue CD-LED is better. The aggregation-induced quenching
(ACQ) phenomenon can cause a significant decrease in the fluorescence intensity of CDs in
the solid state, leading to a serious change in the spectral characteristics [107]. Ding et al.
gradually tuned CDs from blue to red with bright and stable light under the excitation of
single-wavelength UV light by silica gel column chromatography [108]. These samples
exhibited similar particle size distributions and graphite structures in their carbon nuclei,
but their surface states changed gradually. The authors found that the incorporation of
oxygen into the surface structure of CDs led to a decrease in the bandgap of these CDs
(Figure 6c), resulting in a redshift of the emission peak from 440 to 625 nm.

Recently, Cao’s group confirmed two precise fluorophore structures, DAP and AHP, in
o-phenylenediamine (O-PD) CDs [109]. They also extracted two green compounds (G-CD,
G-CD 1, and G-CD 2) and one blue compound (B-CD). DAP, G-CD, and B-CD were mixed
with polyvinylpyrrolidone (PVP) powder and ethanol to produce a white LED with a color
rendering coefficient of up to 87 (Figure 6d). In a study conducted by Yang’s group in 2014,
branched polyethylene-imine (PEI) was utilized as a model system to synthesize carbon
dots (CDs) by crosslinking with carbon tetrachloride [110]. As a result, the PL of the CDs
was found to be significantly enhanced, which was attributed to the reduced vibration
and rotation of PEI. This study demonstrated the first instance of cross-linked enhanced
emission at the nonconjugated polymerization point.
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Figure 6. (a) Electrophoretic profile in 1% agarose gel under 365 nm UV light [90]. Copyright
2004, American Chemical Society. (b) UV–vis absorption and PL spectra of CDs [97]. Copyright
2006, American Chemical Society. (c) Model for the tunable PL of CDs with different degrees of
oxidation [108]. Copyright 2006, American Chemical Society. (d) Optical photographs of blue, green,
yellow, and white LEDs [109]. Copyright 2022, Elsevier B.V. (e) The device structure of MCBF: CDs-
LED [111]. Copyright 2017, Wiley-VCH. (f) EQE values (red solid line) and current efficiency (black
solid line) of WLEDs [112]. Copyright 2021, Wiley-VCH. (g) Synthesis route and HAADF-STEM
images of triangular CDs [113]. Copyright 2018, Nature Publishing Group. (h) EL emission spectra
of the blue CD-LED at different current densities [114]. Copyright 2021, Wiley-VCH.

5.2. Electroluminescence of Carbon Dots

CD electroluminescent devices have a more complex luminescence mechanism than
inorganic QDs. The device structure of CD-LEDs is similar to that of inorganic QLEDs, such
as ITO/PEDOT:PSS/EML/TPBi/LiF/Al (Figure 6e) [111,114,115]. The largest difference
lies in the EML. If CD materials are prepared as the EML of the device alone, the lumines-
cence will be low due to aggregation fluorescence quenching. To overcome this issue, CDs
are usually incorporated into host materials (such as PVK, CBP, poly-TPD, etc.) to serve
as the EML [113,116–118]. Host materials not only improve the dispersion of CDs and
reduce aggregation fluorescence quenching but also have wider bandgaps that facilitate
Förster resonance energy transfer to excite CD luminescence. For example, Wang et al.
demonstrated the first preparation of a white CD-LED, which obtained only 0.083% EQE.
However, when PVK was used as the host material, the EQE of the white light device was
improved by up to 1.18% (Figure 6f) [112,119]. Additionally, Kwon et al. achieved energy
transfer from the CBP host to the GQD guest [100]. The energy levels of graphene QDs are
located inside the CBP, so charge carriers are injected into the CBP and then transferred
from the CBP to the GQD, leading to valuable EL.
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Moreover, CDs usually have a broad full width at half maximum (FWHM) emis-
sion spectrum due to their structure and surface defects. However, Yuan et al. de-
signed triangular-shaped CQDs (T-CQDs) (Figure 6g) through structural engineering,
which greatly weakened electron-phonon coupling and reduced surface defects, result-
ing in negligible trap-state free exciton emission [113]. These triangular CQDs achieved
narrow-bandwidth emission from blue to red (FWHM = 30 nm), with a PLQY of 54–72%,
Lmax = 4762 cd m−2, and current efficiency (CE) = 5.11 cd A−1.

Furthermore, Sargent’s group explored the effect of oxygen-containing functional
groups on spectral broadening using density functional theory [120]. They found that
electron coupling to molecular vibration and distortion is the reason for the wide emission
spectra. The bandgap vibrations of COOH-CD and NH2-CD were compared, and due to
the strong polarization effect caused by the COOH functional group, its rotation relative
to the base plane affects the positioning degree of the wave function, resulting in the
broadening of the spectra.

5.3. Blue Carbon Dot Light-Emitting Diodes

The performance of blue CD-LEDs is currently not as good as that of inorganic QLEDs
in terms of device luminance, lifetime, EQE, and color purity due to the intrinsic properties
of CD materials [117,121]. However, recent research has shown promising results. In 2019,
Sargent’s group reported the synthesis of excellent blue CDs using a solution method with
citric acid and diaminonaphthalene, resulting in blue CD-LEDs with a Lmax of 5240 cd m−2

and an EQE of 4.04% [120]. Passivating the surface of the CDs with diaminonaphthalene
reduced the trap state and increased the PLQY to 70% ± 10%, while decreasing the propor-
tion of oxygen-containing functional groups led to a significant reduction in the FWHM
(35 nm). The wide spectra of CD devices have been a significant obstacle in the devel-
opment of monochromatic devices. However, in 2021, Kang et al. synthesized strongly
blue-emitting O and N codoped CDs by the hydrothermal method from perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA) and 2,3-diamino phenazine (DAP) [119]. The incor-
poration of these CDs into PVK to form the EML resulted in CD-LEDs emitting at 452 nm,
which closely matches the CIE coordinates of the standard pure blue color (0.14, 0.08)
specified in NTSC 1953, achieving a purer blue LED (Figure 6h).

6. Perovskite QDs

The luminescence properties of perovskite materials vary greatly in different dimen-
sions. Unlike conventional two-dimensional materials that require only a few atomic layers
thin to exhibit QCE, perovskite materials can form a natural quantum well structure even
with two-dimensional layers due to the isolation of the perovskite layer by long-chain
molecular groups. However, the quantum effect of perovskite material depends heavily on
the thickness of the perovskite in each layer. While three-dimensional perovskites have
high electron mobility, their low film coverage and high defect density have hindered
the preparation of high-efficiency devices. Quasitwo-dimensional states lie between two
and three dimensions and are a combination of polyphase three- and two-dimensional
perovskite layers. Several studies have shown that quasitwo-dimensional structures can
combine the advantages of both two- and three-dimensional perovskites, but there remain
significant challenges in their development.

PQDs are a type of zero-dimensional perovskite material that exhibits QCE and
quantization of near band-edge states when their size is smaller than the Bohr radius.
PQDs, similar to other inorganic QDs such as CdSe, InP, and ZnSeTe, exhibit a high PLQY, a
narrow emission linewidth, and controllable growth regulation. Two primary methods for
achieving deep blue emission in PQDs have emerged. The first approach involves adjusting
the size of the PQDs using the ligand-assisted reprecipitation process to control QCE, as
demonstrated by Rogach et al. in 2015. By manipulating the temperature, they modulated
the emission spectrum of CH3NH3PbBr3 QDs (1.8–3.6 nm) from 475 nm to 520 nm [122].
The second approach involves introducing Cl to modulate the emission wavelength by
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controlling the ratio of Br/Cl halogens. Kovalenko et al. synthesized CsPbX3 and achieved
emission spectra throughout the visible region of 410–700 nm by changing the halogen
ratio [123,124]. The resulting CsPbX3 QDs displayed narrow emission line widths of
12–42 nm, a wide gamut of up to 140% of the NTSC color standard, and a high PLQY of up
to 90%.

6.1. Quantum Confinement Effect of Perovskite QDs

One approach to achieving spectral modulation in PQD technology is to adjust the
bandgap of the PQDs through QCE. This method requires precise control of the crystal
growth of the PQDs, which ideally should be close to the Bohr radius. Yang et al. attempted
to enhance size uniformity and reduce crystal defects by using ice water and liquid nitro-
gen to temporarily halt QD growth during synthesis [125]. Ultrafast thermodynamically
controlled QDs (UFTDC-QDs) were synthesized using this method and were found to
reduce the injection barrier compared to ice water and liquid nitrogen treatment as a control
variable for UFTDC (Figure 7a). Perovskite LED (PeLED) prepared on this basis achieved
an EQE of 3.66%, a Lmax of 2100 cd m−2 at 460 nm, and a T50 of 288 s.

Temperature is not the only factor that can control the reaction process. Mathews et al.
used octyl phosphonic acid (OPA) ligands to modulate the growth rate of PQDs [126].
This approach effectively decoupled the PQD nucleation and growth stages, and the
reaction duration was determined by preventing PQD growth with the addition of the
dodecyl dimethyl ammonium bromide (DDAB) ligand. This method achieved CsPbBr3
QD emission wavelengths between 501 and 517 nm. Pradhan et al. reported on CsPbBr3
QDs with adjustable wide window sizes [127]. The size and shape of the QDs could be
precisely controlled by changing the concentration of the alkylammonium bromide reagent
without altering the reaction temperature or the ligand. Cao’s group also investigated the
use of macromolecule (6-amino-6-deoxy) beta-cyclodextrin (6A-βCD) as a new cationic
ligand to replace the OAM [128]. The spatial hindrance and cage junction of 6A-βCD
effectively limited the size of CsPbBr3 QDs in three dimensions, achieving blue emission of
400–500 nm (Figure 7b), with a PLQY up to 72.4%.

In addition to the use of large volumes of organic ligands to inhibit PQD growth
during the growth process, adjusting the growth environment of the crystal is another
approach. Yu et al. found that Sb3+ inhibited the further growth of ultrasmall CsPbBr3 QDs
(2.2–2.9 nm) [129]. The doping of Sb3+ reduced the surface energy, improved the lattice
energy, passivated defect states, and increased the PLQY to 73.8% (Figure 7c). Zhang et al.
designed a polymer gel network by irradiating acrylamide monomers in dimethyl sulfoxide
under UV light [130]. The polymer gel controlled the concentration of supersaturated ions
and extended the crystallization time to form 1.1 ± 0.2 nm CsPbBr3 QDs. Due to excellent
surface passivation and QCE, the CsPbBr3 QDs achieved a spectrum ranging from 433 nm
to 512 nm. The obtained PQDs can emit high-quality blue light with an FWHM of 14 nm
and a PLQY of 74%.

6.2. Blue Perovskite QDs of Mixed Halogens

The high surface area to volume ratio of small-sized blue PQDs results in a large
number of Br- vacancy (VBr) defects on their crystal surface, which adversely affects
their optical properties. Achieving efficient deep blue light emission from pure bromine
chalcogenides is therefore challenging. To address this issue, a compositional modality of
mixing halide (Cl/Br) perovskite has been employed to widen the band gap in the blue
spectral region. The Cl/Br ratio can be easily adjusted to tune the band gap, leading to
improved optical properties.

Zeng et al. reported the first QLED based on all-inorganic (CsPbX3, X = Cl, Br,
and I) PQDs, achieving broad spectra from orange to blue (Figure 7d) [131]. Similarly,
He et al. synthesized CsPbCl3−xBrx (x = 0.0–2.5) QDs using a modified ligand-assisted
reprecipitation method and obtained blue emissions with different Br compositions by
changing the PbCl2 to PbBr2 ratio in the precursor [132]. The value of x can be adjusted to
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precisely control the band gap of CsPbCl3-xBrx (x = 0.0–2.5) QDs between 2.54 and 3.06 eV
(Figure 7e). However, changes in Cl content can result in changes in halide vacancies and
energy states, leading to unbalanced charge injection and an increase in nonradiative sites,
causing significant efficiency roll-off. Cl− vacancies are the primary source of mixed halide
(Br/Cl) PeLED trap states. To address this issue, we developed a strategy for the passivation
of Cl− vacancies in CsPb(BrxCl1−x)3 QDs using a nonpolar solvent-soluble organic halide
[N-dodecyl ammonium thiocyanate (DAT)] (Figure 7f) [133]. Density functional theory
calculations showed that the SCN group filled the Cl− vacancy, removing the electron
trap in the bandgap, resulting in a stable (~470 nm) and highly efficient (EQE = 6.3%)
blue PeLED.

Figure 7. (a) La Mer model of PQD growth guidance in IW and UFTDC cooling processes [117].
Copyright 2021, American Chemical Society. (b) Growth schematic for ultrasmall CsPbBr3 QDs and
large CsPbBr3 nanocubes [118]. Copyright 2021, Wiley-VCH. (c) Schematic of the PLQY change
after Sb3+ doping [129]. Copyright 2019, American Chemical Society. (d) EL spectra (straight line)
and PL spectra (dashed line) of CsPbX3 QDs [131]. Copyright 2015, Wiley-VCH. (e) Normalized
PL spectra of CsPbCl3−xBrx (x = 0.0–2.5) QDs [132]. Copyright 2021, Elsevier B.V. (f) Illustration of
Cl− vacancy-induced Coulomb trap site formation, electron trapping, and self-assembly of organic
thiocyanate (RSCN) on the defect sites in MHP [133]. Copyright 2020, American Chemical Society.

The long chains of insulating ligands hinder the radiative recombination of charges
in QDs, reducing the efficiency of PeLEDs. To overcome this limitation, Kovalenko and
Kim et al. utilized di-dodecyl dimethylammonium halides (DDAX) as short ligands, which
enabled the PQDs to self-reconstruct into a stable formation by surface passivation from
OA or OAM to DDA+. Surface passivation using DDAX significantly increased the PLQY
of PQDs to 50.2% in the deep blue light region at 467 nm [124,134].

7. Conclusions and Outlook

QLEDs have experienced unprecedented advances as a new generation of light-
emitting components, especially for red and green QLEDs. However, efficient blue QLEDs
remain a challenge. In this review, we summarized the development of II-VI (CdSe, ZnSe)
QDs, III-V (InP) QDs, CDs, and PQDs (mainly CsPbX3) in blue light devices.

Cd-based QDs with great success in achieving high-performance LEDs have inspired
researchers to develop solution synthesis of other types of inorganic QDs, with a particular
focus on heavy metal-free QDs. The experience gained from the synthesis, ligand modifica-
tions, core-shell engineering and device preparation of Cd-based QDs provides a reference
for the development of other heavy metal-free QDs.
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ZnSe-based QDs have advantages in achieving blue light emission due to their large
band gap. In addition to exploiting the QCE, spectral tuning can be achieved by doping
Te elements. This offers ZnSe-based QDs a large scope for emission tuning from violet
to green. However, the doping of Te significantly broadens the FWHM and makes the
spectrum asymmetric. Therefore, achieving high EQE and high color purity will be the
next step for blue ZnSe-based QLEDs.

Blue InP QDs face a challenge in achieving deep blue light emission (<470 nm) due to
their small core size (<2 nm). The current InP blue QLED efficiency is below 3%. InP can
emit in the deep blue range by introducing Ga elements. InGaP QLEDs were reported to
emit at 469 nm with an EQE of 2.5%. It is foreseeable that ternary InGaP is the direction of
InP-based QD blue light.

From the display perspective, the ACQ effect limits CD luminescence in the solid
state, which can only be solved by synthesizing anti-burst CDs and doping them into
host materials. Although CD-LEDs are not currently comparable to inorganic QLEDs, CD
luminescence has the potential for developing bioimaging applications due to its nontoxic
and biocompatible characteristics.

Perovskite QDs have a peculiar crystal structure that enables efficient luminescence.
Multicolor luminescence can be achieved by the QCE and modulation of halogen compo-
sition. However, deep blue PQDs usually require Br/Cl codoping, which leads to phase
separation due to the migration of halogen ions under an electric field. Although several
strategies have been proposed to improve PQDs, such as adjusting the halogen ratio, A-

and B-site doping, and chemical environment regulation, structural instability and poor
lifetime remain challenges that PQDs must overcome.

Here, we discussed four representative QDs in material synthesis, core-shell structures,
ligand interactions, and device fabrication. We hope to introduce a variety of representative
QD materials to help readers understand the problems and solutions encountered in the
development of blue QLEDs. As RGB’s most important and difficult part, blue light
requires more researchers’ continued attention and efforts.
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