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ABSTRACT: Colloidal quantum dot (QD) light-emitting diodes (QLEDs) hold the (e

promise of next-generation displays and illumination owing to their excellent color
saturation, high efficiency, and solution processability. For achieving high-performance light-
emitting diodes (LEDs), engineering the fine compositions and structures of QDs is of
paramount importance and attracts tremendous research interest. The recently developed HIL
continuously graded QDs (cg-QDs) with gradually altered nanocompositions and electronic
band structures present the most advanced example in this area. In this Perspective, we
summarize the current progress in LEDs based on c¢g-QDs, mainly concentrating on their
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synthesis and advantages in addressing the great challenges in QLEDs, like efficiency roll-oft at high current densities, short
operation lifetimes at high brightness, and low brightness near the voltage around the bandgap. In addition, we propose accessible
approaches exploiting the cutting-edge mechanisms and techniques to further optimize and improve the performance of QLEDs.

have aroused extensive attention because of their
unique optical properties, such as tunable emission wavelength,
high photoluminescence (PL) efficiency, spectral purity, and
photostability.'~ Those considerable merits, together with the
low-cost, reproducible ,and scalable fabrication techniques,é’7
give QDs an enormous range of potential optical applications
in solid-state lighting, displays, and lasers. QLEDs are the most
representative ones which have been widely studied and put
into commercial applications. Resulting from numerous
devoted efforts since the first demonstration in 1994, the
external quantum efficiencies (EQEs) of QLEDs have been
elevated to a near-theoretical-maximum of ~20%. The superior
performance guarantees the success of QLEDs in mobile
displays and television screens (<1000 c¢d m~2).*~"7
However, the performance of LEDs based on traditional
core/shell QDs decreases dramatically at high brightness,
which limits their widespread applications: the EQE
deteriorates obviously with brightness/current density in-
creases (the so-called efficiency roll-off);'® ™" the short Tog
operation lifetimes (the time for the device to decrease to 95%
of the initial brightness under 1000 cd m™2) is far below the
10000 h requirement for display applications at high initial
brightness.21_24 Furthermore, minimizing the near-bandgap
voltage of QLEDs with high efficiency and high brightness
simultaneously and realizing QD-based laser diodes with
direct-current electrical pumping are still long-standing
challenges in future applications based on core/shell QDs for
displays and lasers.
The nonradiative Auger recombination, which stems from
the mutiexcitonic nature, defect trapping, excess carriers, etc., is

Quantum dots (QDs) with typical core/shell structures
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believed to be the main obstacle accounting for these
challenges.”>™>" To suppress the Auger recombination for
minimizing or even eliminating the efficiency roll-off,
tremendous efforts have been made, such as increasing the
shell thickness, passivating the trap states at the surface, and
improving the charge injection balance.”*™*° Recently, cg-QDs
with smooth confinement potential (Figure la) hold the
promise of effectively minimizing the nonradiative Auger
recombination, like suppressing the intraband transition of the
extra carrier during the Auger processes and substantially
balancing charge injection in QLEDs resulting from the fine
nanostructures of the cg-QDs (Figure 1b).**™* Utilizing the
successful experiences based on core/shell QDs, we anticipate
the nearly droop-free, high-efficiency, and high-brightness cg-
QD LEDs can facilitate the development of electroluminescent
full-color display and solid-state lighting applications.*~*'

In this Perspective, we address the great potential of cg-QDs
for high-quality display, lighting, and lasing technologies. First,
we show the current synthesis of cg-QDs can be mainly
divided into two categories. Then, we introduce the enormous
challenges met in the current QLED applications. Further-
more, we demonstrate the great potential of cg-QDs for
resolving the above problems and illustrate the underlying
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Figure 1. Schematics of cg-QDs and QLEDs. (a) Schematics of three types of cg-QDs: the QDs are continuously graded along the whole radial
direction, one or both of the core and shell of QDs are continuously graded along the radial direction, and the continuously graded intermediate
layer is between the core and the shell of QDs, respectively. (b) Schematics of typical QLEDs based on cg-QDs.
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Figure 2. Fabrication methods of cg-QDs. (a) One-step synthesis of Cd;_,Zn,Se;_,S, cg-QDs with continuously graded nanocompositions along
the whole radial direction. Reprinted from ref 42. Copyright 2008 American Chemical Society. (b) Schematic illustration of continuously graded
Cd,_,Zn,S cores with ZnS shell. The smoothness of the core/shell interface can be adjusted by changing the reaction temperatures during shell
growth. Reprinted from ref 47. Copyright 2008 American Chemical Society. (c) The energetic band alignments of Zn,_,Cd,Se/ZnSe/ZnSe,S,_./
ZnS QDs. Reprinted from ref 44. Copyright 2011 The Royal Society of Chemistry. (d) Reaction schematics of CdSe/Cd,Zn,_,Se/ZnSeysSos QDs
with multistep synthesis. Reprinted from ref 48. Copyright 2017 Springer Nature. (e) Structures and band alignments of CdSe/Cd,Zn,_,Se/
ZnSe,S,_, QDs. Reprinted from ref 49. Copyright 2018 American Chemical Society.

mechanisms. Finally, we give our perspectives on the further
optimizations of QLEDs based on ¢g-QDs.

The Synthesis of cg-QDs. The emergence of cg-QDs which
utilize and optimize the chemical principles derived from the
synthesis of heterostructural core/shell QDs has been widely
applied to QLEDs and lasers. Here, we mainly focus on the
synthesis of CdSe- and CdS-based core/shell cg-QDs which
have the most mature fabrication processes and the most
extensive applications.

To date, the CdSe- and CdS-based cg-QDs reported can be
divided into three major categories: (1) QDs that are
continuously graded along the whole radial direction, which
means there is no obvious boundary between the core and
shell layer (left panel in Figure 1a);**** (2) one or both of the
core and the shell of QDs are continuously graded along the
radial direction (middle panel in Figure 1a);**™* (3) the
continuously graded intermediate layer is between the core and
the shell of QDs (right panel in Figure 1a).”°~>" It should be
emphasized that, although the unintentional alloying of the
core/shell interface had been realized in the early stages of QD
synthesis,”* now it is possible to precisely quantitatively control
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the element composition ratio and the thickness of cg-QD
layers. To date, the composition of the cg-QD structures is
tough to identify. As the activities of the precursor are
different, the actual structures of QDs will deviate from the
original design. More high-resolution characterization ap-
proaches, such as increasing the resolution of line scan of
the energy dispersive X-ray spectroscopy, are in urgent need of
research to provide QD fine structures.

In contemporary material science research, an effective,
straightforward, and environmentally-friendly fabrication tech-
nique is the basic and fundamental procedure. There are two
main methods successfully used in cg-QDs synthesis: one-step
method and multistep method. The one-step method refers to
adding all the reactants into the reaction flask at the same time
to generate cg-QDs. In a typical one-step synthesis of cg-QDs,
Se powder and S powder are injected into the clear solution of
Cd(OA), and Zn(OA), simultaneously. Under their reaction
conditions, the CdSe-based QDs have continuously graded
structures (Cdl_xanSel_ySy) due to the varying reactivity of a
mixture of precursors (Figure 2a).*” The multistep method
synthesizes cg-QDs with a core/shell structure step by step, for

https://doi.org/10.1021/acs.jpclett.1c01554
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Figure 3. Auger processes in QDs and typical approaches to suppress it. (a) Schematic illustration of Auger processes. Left panel: the normal
radiative recombination processes of electron—hole pair in a neutral QD with decay time 7, on the order of 10 ns. Right panel: the Auger
recombination processes of an electron—hole pair in a charged QD with decay time 7, on the order of 10—100 ps. (b) Comparison of fluorescence-
intensity versus time traces at excitation intensities of ~0.52 and ~1.32 kW cm™ with a sampling interval of 10 ms. Reprinted from ref 57.
Copyright 1996 Springer Nature. (c) Top panel: PL blinking trace of a single CdSe/CdS core/shell QD with a CdSe core radius of 2.2 nm and a
shell thickness of 2.4 nm (~7 monolayers). Bottom panel: same but with a shell thickness of 0.7 nm (~2 monolayers). Reprinted from ref S8.
Copyright 2013 Springer Nature. (d) Turn-on voltage (V) and maximum EQE (#5qg,,) versus QD layer thickness. Error bars represent variation
about the average for 16 pixels on four devices, and each is typically less than +10%. Reprinted from ref 13. Copyright 2011 Springer Nature.

example, preparing continuously graded Cd,_,Zn,S cores first
by introducing S precursors into the mixed solution of
Cd(OA), and Zn(OA), and then successively overcoating
ZnS shells on the Cd;_,Zn,S cores by the second injection of S
precursors (Figure 2b).*” By adjusting the temperature of the
shell growth, Bae et al. reported that the degree of continuity of
the interface between the core and shell could be fully
controlled. At lower temperatures, the Cd,_,Zn,S/ZnS inter-
face has a sharp boundary (upper panel in Figure 2b), while at
higher temperatures, Zn atoms in the ZnS shell can migrate
into the core to form a continuous boundary (lower panel in
Figure 2b). In addition to the growth of a noncontinuous shell
onto the continuously graded core, Shen et al. reported that
the continuously graded shell could be also successfully adding
onto it (Figure 2c)."* They employed the “successive ion layer
adsorption and reaction” (SILAR) method to grow ZnSe,S,_,
shells on the Zn;_,Cd,Se cores which showed enhanced PL
stability and improved crystallinity.

Different from the method of growing a shell layer based on
the continuously graded core, another widely used technique
grows the shell layer directly on the noncontinuous core, which
also presents excellent optical properties. Lim et al. synthesized
continuously graded CdSe/Cd,Zn,_,Se/ZnSe;;S,s QDs that
were expected to have great potential in lasers with direct-
current electrical pumping (Figure 2d).** After dispersing the
CdSe cores in a mixed solution and controlling the unceasing
injection of reactants, they obtained a continuously graded
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Cd,Zn,_,Se shell on the CdSe core. In addition, they coated
these CdSe/Cd,Zn,_,Se particles with a thin ZnSe S, s outer
shell to protect te QDs from degradation. The new type of
multishell QDs comprising a CdSe core coated with a
continuously graded Cd,Zn, ,Se inner shell followed by a
barrier outer shell of ZnSe,S,_, (Figure 2e) had been also
proposed by Lim et al.*’ The Cd,Zn,_,Se inner shell was able
to suppress the Auger recombination processes, and the
ZnSe,S,_, outer shell with a wide gap could optimize the
injection of electrons and holes in QLEDs.

A novel synthesis for fabricating cg-QDs along the whole
radial direction with a large size and nearly free of strain-
induced defects still faces tremendous challenges and awaits
opportunities in the future.”

Suppression of Auger Recombination Processes in cg-QDs. The
nonradiative Auger recombination processes are quite
universal and strongly enhanced in QDs compared to their
bulk counterparts because of confined carrier wave function. In
a neutral fluorescing QD, the electron—hole pair recombines
and emits a photon (left panel in Figure 3a). However, when
the QD is in a charged state or a multicarrier state, the energy
released from the recombination of the electron—hole pair will
be transferred to the extra carrier, either an electron or a hole
(right panel in Figure 3a).>° These nonradiative Auger
recombination processes are much faster (z,, is about 10—
100 ps) than the radiative recombination processes (7, is on
the order of 10 ns),””*® which results in complete suppression

https://doi.org/10.1021/acs.jpclett.1c01554
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Figure 4. Effective suppression of Auger effect in cg-QDs. (a) Left panel: a schematic diagram showing Auger recombination processes where the
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panel) space. The schematic shows the trapped hole has a much larger amplitude at p* (the momentum of the hot hole). Reprinted from ref 61.

Copyright 2016 American Chemical Society.

of the PL in charged QDs. A well-known result of the Auger
effect is PL blinking, which was first observed in the single
fluorescing nanocrystals of CdSe under continuous excitation
(Figure 3b). Under higher excitation intensity, carriers are
captured by the trapping 51tes because of the multiexciton
effect, leaving the QDs ionized.”” Thus, the Auger nonradiative
recombination processes are strongly enhanced in charged
QDs, causing the turning-off of luminescence.

An early attempt to suppress the Auger effect was to separate
the photogenerated carriers from the trapping sites located at
the QD surface by introducing a thick shell of a wide-gap
material.”*™*' The PL blinking trace of a single CdSe/CdS QD
with a thicker shell shows less PL quenchmg compared with
the one with a thinner shell (Figure 3c).*® In addition, the
Auger effect in QLEDs can be suppressed by increasing the
QD layer thickness (Figure 3d); the ultrafast charge transfer
between the QD layer and the adjacent electron transport layer
(ETL) can suppress the Auger recombination processes.' ”?

Controlling the shape of the confinement potential is a more
effective way to suppress the Auger effect. It was first proposed
by Cragg and Efros that the Auger processes were strongly
quenched in the structures with a soft confining potential.

The Auger rate 1/7, can be calculated according to Fermi’s
golden rule

1

_ 2
=7 IMel” p(Ey) W

The electronic transition matrix element of the interparticle
Coulomb interaction M;; can be derived as®®

Gl wy (k)™ fi :qu’(q)

Ta

M ~

K 21w (2)
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V'(q) o /_: dx exp(—iqx)y/}f’(x)*%o(x)* )

From eq 1, the Auger decay rate depends on both the overlap
of the electron and hole envelope wave functions in 4 (¢) and
the overlap of the initial and final states of the third carrier in
wh(ke) (left panel in Figure 4a). While the former overlap can
be reduced in type-Il or quasi-type-Il QDs,*” the latter
overlap can be controlled by designing the shape of the
confinement potential. Because the third carrier is excited to a
high-energy state, it acquires a large momentum.

Considering the overlap of the initial and final states of the
carrier in momentum space, it depends on the high-frequency
components in the ground states. For abrupt potential, it has
large high-frequency components and thus a large overlap.
However, if the potential is much smoother, the overlap can be
significantly reduced. As a result, the Auger effect can be
suppressed when we change the confinement structure from
“abrupt” potential in core/shell QD to “smooth” potential in
completely cg-QD (Figure 4a). This has been confirmed in
several experimental studies by comparing core/shell QD with
and without interfacial alloying.””>" Park et al. reported that all
the lifetimes of positive trion, negative trion, and biexciton are
about twice greater in continuously graded CdSe/CdSeS/CdS
(C/A/S) QDs in comparison with those of CdSe/CdS (C/S)
QDs by measuring their PL intensity dynamics, indicating the
suppression of Auger effect (C/S and C/A/S QDs are
represented in the left and right panels in Figure 4b,
respectively).”> Furthermore, the phenomenon of “lifetime
blinking” which is usually caused by fluctuations between
neutral exciton states (longer lifetime, X) and “Auger-decay
free” trion states (shorter lifetime X*) also illustrates the

https://doi.org/10.1021/acs.jpclett.1c01554
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strong suppression of nonradiative Auger decay of trion states
(Figure 4¢).> The lifetimes of the trion states are about half of
the neutral exciton lifetimes, while their PL intensities are at
the same level.

There are also some other theories explaining why the soft
interface between the core and shell can suppress the Auger
effect. Beane et al. suggested two types of biexciton processes
to explain the effect of interface sharpness in controlling the
excited-state dynamics in CdSe/ZnSe QDs (Figure 4d).°" In
the usual biexciton Auger processes (left panel in Figure 4d),
the two holes are both in the band edge, which limit the Auger
rate because of the momentum constraints. However, under
the presence of the strain-induced defects at the core/shell
interface, the holes will be captured and they are also involved
in the Auger effect (center panel in Figure 4d). Because the
trapped holes are extremely confined spatially, they largely
relax the momentum constraints and boost the Auger effect
(right panel in Figure 4d). However, for cg-QDs, the soft
alloyed interface reduces much lattice strain and hence the
probability of trapped holes causing suppression of the Auger
effect in the cg-QDs.

Overall, the soft confinement potential in cg-QDs can
significantly suppress the Auger effect and result in high PL
efficiency with minimized PL blinking phenomenon in most
cases.”' °¥%27% Consequently, cg-QDs with the near-unity PL
quantum yield, high brightness, and pure color have wide
applications in QLEDs and lasers, paving the way toward next-
generation displays and illumination.
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High-Efficiency LEDs Based on cg-QDs. LEDs based on cg-
QDs exhibit superior performance in thin-film displays and
white-color illumination with high efficiency and brightness
and long lifetimes. In a typical QLED device with the p-i-n
structure, the QD emissive layers are usually sandwiched
between aluminum and indium tin oxide (ITO) as the
reflective and transparent electodes, respectively (Figure
5a).°“” In addition, the QLEDs have various functional layers
in sequence: an electron injection layer (EIL), an ETL, an
emitting layer (EML), a hole transport layer (HTL), and a
hole injection layer (HIL). The corresponding schematic of
the energy band diagram of different layers in a QLED is also
shown in Figure Sa. According to the wavelength of light
emission, the current QLEDs can be divided into red, green,
and blue LEDs (Figure 5b)."”” When the QDs of red, green,
and blue colors are mixed together, the white-color QLEDs
can also be realized.®®~7° However, the current development
status of red, green, and blue QLEDs is quite unbalanced.
Particularly, the major challenge remaining in blue QLEDs is
achieving high brightness and long operational lifetimes
simultaneously, which can be overcome by engineering the
structures of QDs, such as using cg-QDs in blue QLEDs.
Recently, Shen et al. introduced a continuously graded layer
between the core/shell interface and facilitated Se throughout
the whole QDs. The lifetime of these blue QLEDs reached as
high as 7000 h at 100 cd m™2, which may result from charge
carrier injection balance and high current densities at low
voltages.15
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Figure 6. Characterization methodologies of QLEDs. (a) Luminance and current density versus voltage curves of QLEDs. Inset: the EQE versus
voltage results. Reprinted from ref 73. Copyright 2020 Springer Nature. (b) Determination of the built-in potential using bias-dependent electro-
absorption spectra of QLEDs after 7 days. Reprinted from ref 74. Copyright 2020 American Chemical Society. (c) Transient PL spectra of QLEDs
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Society. (d) Transient PL spectra of QLEDs driven at different voltages. Inset: the original time-correlated single-photon-counting data of PL and

EL. Reprinted from ref ref 73. Copyright 2020 Springer Nature.

The EQE, defined as the ratio of the number of photons
emitted from the device to the number of injected e—h pairs, is
the key metric representing the performance of a QLED, which
is mainly related to the QD PL quantum yield (7,,) and the
specific structure of a QLED. Outstanding challenges such as
efficiency roll-off at high current densities, low brightness at
around the bandgap, and the short lifetimes at high brightness
severely limit the further achievable applications in displays.
The emergence of cg-QDs with near-unity PL quantum yield,
high brightness, and weakened Auger recombination processes
is expected to be successfully applied in LEDs and resolve the
problems mentioned above (Figure 5c).*

The physical understanding of the efficiency roll-off
mechanisms in QLEDs has remained unclear. Reduction in
electroluminescence (EL) efficiency due to the exciton
dissociation under high electric field (quantum-confined
Stark effect, QCSE), charge carriers leaking out of the QD
layers, and Joule heating are possible causes for the efficiency
roll-off in QLEDs. However, the nonradiative Auger
recombination processes which can be due to either the
intrinsic properties in QDs (like trapping sites at the surface or
core/shell interface) or imbalance in electron and hole
injection rates in devices have been proposed to be the main
reason for the efficiency roll-off in QLEDs. Because the
combination of materials involved in the device architecture
has been proven to be effective and stable in QLEDs, a more
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practical technique to optimize the balance of charge injection
is to subtly change the QD structure instead of redesigning the
device structures of QLEDs.

Bae et al. reported that, by adding a continuously graded
ZnysCdy S outer shell on the CdSe/CdS QD, the electron
injection into the QD would be partially impeded on account
of the increase of the conduction band edge. As a result, the
peak EQE and the voltage of efficiency roll-oft in LEDs based
on cg-QDs are both larger than those of conventional QDs
(Figure 5d).”° Lim et al. also confirmed that utilizing
continuously graded Zn, ,Cd,S layer could suppress the QD
charging and Auger recombination processes.” To further
achieve LEDs based on cg-QDs with excellent performance,
Song et al. reported that, by utilizing the continuously graded
Zn,_,Cd,Se/ZnSe/ZnS QDs, the QLEDs exhibited high peak
EQE, high brightness, and very low efficiency roll-oft at high
current densities.”'

High efficiency, high brightness, saturated pure colors, and
long-lived lifetimes are all important parameters to determine
the performance of QLEDs. LEDs based on cg-QDs not only
possess minimized roll-off resulting from suppressed Auger
effect but also have similar or even superior performances in
comparison with current QLEDs. In addition to minimizing
the issue of efficiency roll-off, LEDs based on cg-QDs can also
improve the stability and prolong the lifetimes by reducing the
Auger heating because of the suppression of Auger
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J. Phys. Chem. Lett. 2021, 12, 5967—5978


https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01554?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01554?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01554?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.1c01554?fig=fig6&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.1c01554?rel=cite-as&ref=PDF&jav=VoR

The Journal of Physical Chemistry Letters

pubs.acs.org/JPCL

(a)

]
(=2
N

(c)

1000

Emission intensity (a.u.)

Emission
intensity (a.u.)

— CQDs
CsPbl, p-CQDs

CdSeNPLs

CdSe/CdSNPLs

0 3 6 9
Pump fluence

1 (u)
x50

on Auger lifetime (ps)

Biexcit

610 650 690 730 770
Wavelength (nm)

— 054 —3u
—5u — 100pL

(e)

Hole
injection

Intensity (arb. units)

Pump fluence (uJ cm™)
3

4.61

7.54

5.87 pJ cm™

5.45 pJ cm™

620

630

Neutral QD Singly charged QD  Doubly charged QD
XX XX~
A ] A
Pl IS b3
X X~ X2~
e Y L e
fa Al 7R Y 7R- ¥ \ YRe-
[0) [07) [07)
XX gain X-gain X2~ gain
<Ng>=1 <Ng>=0.5 <Ng>=0
(d)
3 Nelutral z:g-le
Pulsed Lasing lasing
excitation =
22 r 10 pd cm2 |
£ A
‘; Excitation
B4L I
£ 7 wd em?
i
0 T T 1
610 615 620 625 630 635

Wavelength (nm)

620 630

Wavelength (nm)

610 640

\ Lasing emission 1
600

Figure 7. Lasers based on cg-QDs. (a) Top panel: schematics of the model of 2-fold degenerate states showing the principles of QD lasing. Bottom
panel: the optical-gain threshold would be reduced by doping the QD with extra electrons. Reprinted from ref 79. Copyright 2019 Science. (b)
First observation of optical gain and ASE in CdSe nanocrystals by ultrafast transient absorption studies. Reprinted from ref 78. Copyright 2021
Springer Nature. (c) The particle-volume-dependent biexciton Auger lifetimes 7, xx for various kinds of colloidal nanocrystals. Reprinted from ref
78. Copyright 2021 Springer Nature. (d) Left panel: the schematics of a distributed feedback (DFB) laser based on cg-QDs. Right panel: the
emission spectra of the neutral cg-QD/DFB device showed a sharp transition to single-mode lasing when increasing the excitation fluences.
Reprinted from ref 79. Copyright 2019 Science. (e) Left panel: the schematics of proposed QD laser diode architecture. Right panel: the pump
fluence-dependent emission spectra of the L-ITO-based device showed the single-mode lasing when the pump fluence reaches the lasing threshold.

Reprinted from ref 81. Copyright 2020 Springer Nature.

recombination processes.””’” Yang et al. revealed that the cg-

QD-based LEDs could have narrow EL full width at half-
maximum (fwhm) and saturated pure colors for all colors, as
can be seen from the EL spectra and the Commission
Internationale de D'Eclairage (CIE) chromaticity diagram
shown in Figure Se.*”

Characterization Methodologies of QLEDs. Apart from the
ingenious design of QLEDs, there has been a number of
excellent contributions regarding the physics and advanced
characterization methodologies of QLEDs in the past few
years. The regular characteristics of QLEDs include the
luminance—current density—voltage characteristics and EL
spectra at varied voltages. The EQE-—voltage and EQE—
current density curves can be extracted from these results
(Figure 6a).”® The bias-dependent electro-absorption measure-
ments can be carried out to measure the built-in potential of
QLEDs to monitor the current injection efficiency. Zhang et al.
measured the bias-dependent electro-absorption spectra of
QLED:s after aging for 6 days.”* They found that the built-in
potential (V};) of QLEDs increased by ~0.4 V, indicating the
decrease in the work function of electrodes (Figure 6b).

The simultaneous EL—PL experiment can be performed to
monitor the bias-dependent PL efficiency of QLEDs. Shirasaki
et al. investigated the origin of efficiency roll-off in LEDs based
on CdSe/ZnCdS core/shell QDs using EL—PL measure-
ments.'® Through the comparison of bias-dependent EL and
PL of QLEDs, they found that the roll-off behavior of their
QLEDs mainly resulted from the electric-field-induced QCSE
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(Figure 6¢c). Recently, Deng et al. developed electrically
pumped single-nanocrystal spectroscopy to decipher exciton-
generation processes in QD EL (Figure 6d).”” They illustrated
that the intermediate state of EL in the QLED was a negatively
charged state (QD™) according to the time-correlated single-
photon-counting results. Combined with the PL—EQE-—
current density characteristics of QLEDs, they proposed that
the long-lived intermediate QD™ state facilitated the hole
injection efficiency.

These systematic and efficient approaches are of great
significance for the characterization of the physical properties
and performances of cg-QD LEDs.

Lasers Based on cg-QDs. Owing to the flexible size- and/or
composition-tunable emission wavelength and high-temper-
ature stability, QDs have also been widely used as the optical-
gain media in laser applications.””’® The development of QD
lasers has grown rapidly since the optical gain and the
amplification by stimulated emission (ASE) in QDs were first
observed by ultrafast transient absorption studies of CdSe
nanocrystals (Figure 7b).”””® The principles of QD lasing can
be illustrated with the model of 2-fold degenerate states
(ground state 10), single-exciton IX), and biexciton IXX)
states), wherein the probability difference of stimulated
biexciton state in the conduction band (P,,) and ground
state in the valence band (P,) is directly related with the
optical gain threshold (top panel in Figure 7a).”” Wu et al.
uncovered that the optical-gain threshold, which was generally
measured quantitatively with the average number of per-dot
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excitons ({Nj)), would be reduced by doplng the QDs with
extra electrons (bottom panel in Figure 7a).>® Nonetheless, the
charging of QDs may lead to nonradiative multicarrier Auger
decay simultaneously, which is still an enormous challenge for
QD lasers.””

Cg-QD lasers offer immense potential in suppressing the
Auger recombination processes of charged QDs through
smoothing the confinement potential. The biexciton Auger
lifetimes of cg-QDs are much slower than other types of
colloidal nanocrystals, thereby impeding the Auger recombi-
nation processes (Figure 7c).” Kozlov et al. revealed that the
photochemical charging and utilization of cg-QDs (CdSe/
Cd,Zn,_,Se/ZnSe(5Ss/ZnS) in lasers could hinder the Auger
recombination processes and decrease the lasing threshold
because of suppression of ground-state absorption (Figure
7d).”’ Lim et al. also observed optical gain in continuously
graded CdSe/Cd,Zn,_,Se/ZnSeySys QDs realized with the
direct-current electrical pumping due to considerable suppres-
sion of the Auger recombination processes.”® Recently, the
optical-gain layer based on continuously graded CdSe/
Cd,Zn,_,Se/ZnSe(sSys/ZnS QDs has been employed to
fabricate devices that can operate as both an optically pumped
laser and an LED, as proposed by Roh et al. (Figure 7¢).”" The
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superiorities of cg-QD lasers with the strongly reduced Auger
recombination processes and the lengthening of the gain
lifetimes will facilitate the lasers with entirely electrical-current
pumping and provide giant opportunities for novel lasing
mechanisms.

Conclusion and Perspectives. Given the excellent optical
properties of cg-QDs and their successful implementation in
LED applications, QLEDs can be used in many situations
instead of organic LEDs (OLEDs). However, there are still
many cutting-edge developments and ideas which can be used
to enhance the performances of QLEDs. We give out four
feasible aspects to optimize the QLEDs based on c¢g-QDs for
next-generation displays and illumination.

Passivating the Surface Trap States of cg-QDs. Stacking faults
and surface defects are major issues preventing the EQE and
PL quantum vyield of QLEDs from reaching their limits.
Therefore, the performance of QLEDs can be enhanced via
passivating the surface trap states. It has been reported that
when CdSe QDs are exposed to moisture and light, the
absorbed water molecules can passivate surface trap states and
enhance PL quantum yield.*>** In addition, photoexcited QDs
undergoing surface oxidation after being exposed to oxygen
can also passivate the surface trap states.”* Another approach
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through ligand design can also reduce fragile dangling bonds
and stabilize the QD surface to enhance the properties of
QLEDs.*% Li et al. produced green QDs with tris-
(mercaptomethyl)nonane (TMMN) ligand by ligand exchange
(top panel in Figure 8a).* QLEDs with the new ligand showed
higher EQE and current efficiency in comparison with long-
chain oleic acid (OA)-coated QLEDs (bottom panel in Figure
8a). In addition, the EQEs of TMMN QLEDs also showed
excellent reproducibility (bottom inner panel in Figure 8a).

Passivating the trap states at the surface of QDs can
effectively increase the EQE and brightness of QLEDs, because
electrons can be excited from the trap states to the conduction
band of the QDs and the band-edge radiative recombination
processes will be increased. Taking advantage of the techniques
of photochemically passivating the trap states in cg-QDs, the
QLEDs with high brightness and long lifetimes will achieve
extraordinary development in the near future.

Tailoring the Electronic Band Structures of cg-QDs and QLEDs.
The charge injection imbalance influences the efliciency of
QLEDs in many aspects: the efficiency roll-off in QLEDs,
increased Auger recombination processes, and irreversible
structural damage of organic HTLs."”* By tailoring the
electronic band structures of both cg-QDs and QLED:s, the
imbalance of charge injection can be reduced so as to enhance
the performances of QLEDs. Rhee et al. designed the bright
and stable QLEDs with harmonized charge injection rates
based on CdSe/Cd,Zn,_,Se-ZnSe/ZnS cg-QDs.”* They
purposefully engineered HTLs with codeposited mixtures
(2,2’-bis(4-(carbazol-9-yl)phenyl)biphenyl (BCBP) and 4,4'-
bis(N-carbazolyl)-1,1'-biphenyl (CBP)) to take advantage of
both materials and enhanced the maximum EQE, current
density, and stability of the device (bottom panel in Figure
8b). The increase of hole injection rates together with
impeding the electron injection rates due to the energy upshift
of the lowest unoccupied molecular orbital (LUMO) actually
enhanced the charge injection balance (top panel in Figure
8b). Bae et al. also reported that the CdSe/CdS/Zn,Cd,S
QDs could improve the charge injection balance by partially
impeding the electron injection rates.”” It is expected that
more approaches can be used to resolve the imbalance of
charge injection rates and to enhance the efficiency of QLEDs
by subtly changing the nanocompositions of cg-QDs and the
structures of current QLED:s.

Engineering White-Color LEDs with cg-QDs. White-color
QLEDs with simple device architectures and inexpensive
solution-processable fabrication techniques are expected to be
powerful candidates to manufacture large-area plane light
sources.®™®” Lee et al. fabricated white-color QLEDs
containing RGB QD-mixed multilayer EMLs by spin-casting
a blend QD solution (red, green, and blue QDs were mixed
together), which emitted perfect white light with a color gamut
reaching 126% compared with the NTSC triangle standard
(bottom left panel in Figure 8c).”” The device structure and
corresponding cross-sectional transmission electron micros-
copy micrograph of white-color QLEDs are presented in the
top panel in Figure 8c. The white-color QLEDs with RGB QD-
mixed layers utilize the Forster resonance energy transfer
(FRET) effect that the blue QDs with highest-bandgap serve
as the donor and the red QDs with the lowest bandgap serve as
the acceptor, with the green QDs with intermediate bandgap
filling both roles (bottom right panel in Figure 8c). Compared
with the state-of-the-art white-color LEDs based on perovskites
with a continuous and smooth spectrum together with the high
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brightness close to the natural sunlight,89 white-color QLEDs
have only a discrete multimodal spectrum. White-color QLEDs
based on cg-QDs are expected to promote novel mechanisms
and improve the device performances; for example, large cg-
QDs in white-color QLEDs can well separate QDs from each
other to decrease the FRET effect and optimize the hole
injection rates by easily adjusting their nanocompositions to
increase the maximum EQE.”*%*

Environmentally-Friendly Cd-Free cg-QDs. Cd-based QDs are
widely used and exhibit excellent properties. However, Derfus
et al. showed that CdSe QDs would cause cytotoxicity by the
free Cd** coming from the deterioration of CdSe when they
were used for biological labeling.”” In the context of the global
environmental crisis, scientists are trying to produce Cd-free
QDs. Many kinds of heavy-metal-free QLEDs have been
designed, such as InP,”® silicon,”* Cn—In—S,”° ZnSe,”® and
colloidal graphene QDs.”””® The lattice mismatch in QDs
mentioned above usually leads to plenty of surface trap states
and low EQEs. However, Cd-free cg-QDs with nearly free
lattice mismatch promise to have superior performance. Kim et
al. fabricated efficient and stable blue QLEDs by designing and
utilizing continuously graded ZnTeSe/ZnSe/ZnS QDs (top
panel in Figure 8d).”” In addition, after a two-step ligand
exchange process to passivate the trapping sites and stacking
faults in QDs, the EQE of the blue LEDs could reach as high as
20.2% with good operational stabilities (Ts, = 442 h at 650 cd
m~?) (bottom panel in Figure 8d).

Despite the achievements discussed above, the synthesis of
Cd-free QDs is still immature; therefore, their performance is
barely satisfactory in comparison to that of Cd-QDs. With the
numerous explorations and progress in chemical synthesis of
Cd-free cg-QDs, it will promise to promote the further
development of Cd-free QDs in LED applications.

The emergence of cg-QDs combined with device-architec-
ture engineering is expected to remedy the remaining defects
in QLEDs, such as the efficiency roll-off behavior, short device
lifetimes under high brightness, and low brightness at around
the bandgap. Together with other figures of merit, including
high efficiency, high brightness, and pure color, the well-
designed high-quality cg-QDs will motivate novel applications
of QLEDs toward cost-effective, environmentally-friendly,
energy-saving, and white-color-gamut displays. We expect the
road toward the optimized synthesis of large-size and defect-
free cg-QDs will further promote the development of next-
generation display technologies.
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