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ABSTRACT: It is a big challenge to achieve pure-blue (<470 nm) perovskite
light-emitting diodes (PeLEDs) with high efficiency and stability. Here, we report
pure-blue (electroluminescence at 469 nm) PeLEDs with a full width at half-
maximum of 21 nm, high external quantum efficiency of 10.3%, luminance of
12 060 cd m 2, and continuous operation half-life of 25 h, representing the state-
of-the-art performance. This design is based on strongly quantum confined J ;]
CsPbBr; quantum dots (QDs) with suppression of Auger recombination, which "
was enabled by inorganic ligands, replacing initial organic ligands on the QDs.

The inorganic ligand acts as a “capacitor” to alleviate the charge accumulation

and reduce the exciton binding energy of the QDs, which suppresses the Auger
recombination, resulting in much lower efficiency roll-off of PeLEDs. Thus, the 0.1
devices maintain high efficiency (>10%) at high luminance (>2000 cd m™2),
which is of considerable significance for the display application.
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P I etal halide perovskites have shown significant mixed halides issue, thus achieving better operation stability
promise for application in light-emitting diodes and a continuous operational halflife (Ts,) of several
(LEDs),'™* owing to their facile color tunability, hours.”>”*" However, the soft and highly ionic lattice

narrow emission line widths, wide color range, as well as a cost- structures and low intrinsic formation energies of perovskites

effective fabrication in solution.’”'" In recent years, a lead to ultrafast nucleation and growth rates of the QDs (they
tremendous increase in electroluminescence (EL) efficiency form via subsecond fast and hence hard-to-control ionic
has been achieved for PeLEDs, with external quantum metathesis reactions). Therefore, it is challenging to obtain
efficiencies (EQE) of more than 20% for red, green, and strongly confined pure-blue single-bromide perovskite QDs of
near-infrared emission wavelengths.'~'"'> However, the uniform size and regular shape.”*” Furthermore, the pure-blue
performance of blue PeLEDs still lags far behind, although perovskite QDs are a strongly confined system comprising
blue emission is a critical component in solid-state lighting and both quantum and dielectric confinement, which leads to the

full-color displays.">~*° As a result, much effort has been
focused on constructing high-performance blue PeLEDs.
Although state-of-art blue PeLEDs show EQEs of around
13%, their emission wavelengths within a range of 475—490

formation of strongly bound excitons and high exciton binding
energies (Eb).30’31 Rapid Auger recombination is proportional
to E, because of the enhanced Coulomb electron—hole

- . 6" T interaction, which leads to carriers that are no longer uniformly
nm cannot meet the high blue purity emission (emitting

. o distributed in space, thus raising the probability of finding two
wavelength below 470 nm with narrow emission band) .
A . o ; 5721 electrons and one hole at the same position to accelerate the
requirements of solid-state lighting and displays.””

In principle, the blue emission of perovskites should be
achieved easily through perovskite compositional engineering
based on the Br/Cl mixed halides, but it suffers from halide Received: November 17, 2022
segregation issues under an electric field, resulting in much Accepted: December 21, 2022
poorer spectral and operational stabilities for the PeLEDs.**~** Published: December 28, 2022
Recently, pure-blue PeLEDs based on small bromide-only
perovskite QDs with diameters of ~4 nm were obtained by
utilizing the quantum confinement effect, which can avoid the

Auger process, which results in the fast efficiency roll-off for
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Figure 1. Morphology and structural characterization of QDs. (a) Schematic illustration of the Z-QD fabrication. Low-magnification
HAADF-STEM images of the (b) control QDs and (c) Z-QDs. (d) Atomic-resolution HAADF-STEM images of the Z-QDs and (e) the
corresponding FFT patterns, which arise from yellow box area in (c). Simulated (f) crystal structure and (g) FFT patterns of the Z-QDs

based on data from (d).

the PeLEDs.*>™** Thus, the EQE of the pure-blue PeLEDs
based on QDs is much less than 10%.

Here, we report a route to synthesize strongly confined pure-
blue CsPbBr; QDs in a rich Br™ ion environment by
controlling the thermodynamic equilibrium (Figure 1a). The
synthesized QDs are named as intermediate QDs in the
following discussion. The introduction of ZnBr, could induce
the strong binding of inorganic ligands to passivate
uncoordinated sites and facilitate in situ partial exchange
with the initial organic ligands of the intermediate QD surface,
thus achieving ZnBr, inorganic ligands QD (Z-QD). The high
intrinsic conductivity of the inorganic ligands will improve the
charge mobility between adjacent Z-QDs. In addition, the
larger dielectric constant of the inorganic ligands compared to
the organic ligands can weaken the dielectric confinement and
suppress Auger recombination. Thus, this strategy would
effectively suppress nonradiative recombination of carriers in
the QDs, including defect trapped recombination and Auger
recombination.

In order to present the excellent performance of the Z-QDs,
we have prepared pure-blue CsPbBr; QDs based on state-of-
the-art pure-blue works, which are named as the control QDs
in the following discussion. As shown in Figures 1b and S1, the
scanning transmission electron microscopy (STEM) images of
the control QDs exhibit irregular and inhomogeneous
morphologies with a broad size distribution of 3.8 + 0.8 nm
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(Figure S2). In contrast, the intermediate QDs and Z-QDs
exhibit a more regular shape and uniform size distribution (3.7
+ 0.5 and 3.5 £+ 0.3 nm, respectively), as shown in Figures S3
and 1c, which are attributed to the thermodynamic equilibrium
of the excess Br~ between the crystal lattice and solution
medium. Because Br™ is the most labile species in CsPbBr;,
thus diffusing with a low kinetic barrier within the lattice, the
QD size would be most susceptible to the variation of Br~ ion
equilibrium between the crystal and solution medium.”>™*’
Excess Br™ ions could increase the kinetic barrier of Br~, which
induces homogeneous nucleation and growth. All the QDs
show a much smaller size than the intrinsic exciton Bohr radius
of CsPbBr; (~7 nm), further verifying the formation of strong
quantum confinement, mentioned above.”® As shown in
Figures 1d and S1, the atomic-resolution high-angle annular
dark field (HAADF) images of these QDs (yellow block area
in Figure lc) confirm that all have lattice spacings of 0.59 nm,
corresponding to the (001) crystal plane of CsPbBr; and a
cubic crystal structure (see fast Fourier transform (FFT) image
and simulated results, inset to Figure le—g), which is
consistent with the X-ray diffraction (XRD) results shown in
Figure S4. The Z-QDs show nearly the same XRD patterns as
the control QDs, without any noticeable peak shift. Energy
dispersive X-ray spectroscopy (EDS) measurements show that
the Cs:Pb:Br ratio also remains close to 1:1:3 for the
intermediate QDs and Z-QDs (Tables S1 and S2), consistent
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Figure 2. Photoexcited carrier dynamics analysis. Pseudocolor representation of transient absorption (TA) spectra of the (a) control QDs
and (d) Z-QDs. Wavelength of pumping laser = 365 nm; pulse energy density ~ 90 uJ/cm? Comparison of TA bleach recovery kinetics of
the (b) QDs and (e) the Z-QDs monitored at 435 and 455 nm. Comparison of TA bleach recovery kinetics of the (c) control QDs and (f) Z-
QDs under the monitored wavelength of 455 nm and pulse energy densities of 20 and 90 pJ/cm>

with the CsPbBr; composition being maintained rather than
changing to some other stoichiometry. In addition, the
adjacent Z-QDs exhibit a distance of ~1.2 nm (Figure S2d),
which is shorter than that of the control QDs and intermediate
QDs (2.2 nm, Figure S2b). The narrower interatomic distance
indicates that the inorganic ligands successfully replace organic
ligands on the surface, because the length of inorganic ligands
is much shorter than that of organic ligands. EDS mapping
further verifies the conclusion. As shown in Figures S$ and S6,
Zn enrichment is observed between adjacent Z-QDs, but there
is no Zn signal for the intermediate QDs, indicating that the
Zn signal of the Z-QDs results from the inorganic ligands on
the boundary of the Z-QDs, rather than from doping of ZnBr,,
thereby further demonstrating the successful ligand exchange
between ZnBr, and organic ligands.

The UV-—vis absorption and photoluminescence (PL)
spectra results (Figures S7a—c and S8) demonstrate that all
the QDs exhibit the similar band-edge excitonic absorption
and PL peaks, located at 455 and 460 nm wavelengths,
respectively. The intermediated QDs and Z-QDs show a
narrower full width at half-maximum (fwhm) of the PL (19
nm) than the control QDs (28 nm), which is consistent with
the more uniform size distribution, owing to the metal-halide-
controlled thermodynamic equilibrium. The PL quantum yield
(PLQY) of the Z-QDs is near unity (99%), which is slightly
higher than that of the control QDs, demonstrating the lower
trap density for the Z-QDs. As shown in Figure S7e, the
Urbach energy of the Z-QDs (27 meV) is slightly smaller than
that of the control QDs (30 meV), further demonstrating the
much lower trap density for the Z-QDs. The time-resolved PL
(TRPL) decay was carried out to further study the trap density
of the QDs (Figure S7d and Table S3). The control and Z-
QDs exhibit similar near single-exponential carrier decay
dynamics, while the average PL lifetime of the Z-QDs is 12.2
ns, i.e,, longer than that of the control QDs (10.7 ns). The Z-
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QDs also exhibit a slower apparent nonradiative rate (8.0 X
107 ns™!) compared to the control QDs (8.0 X 107 ns™).
These results indicate that the inorganic ligands could
passivate surface defects more effectively, suppressing defect
trapped nonradiative recombination.

Femtosecond transient absorption (fs-TA) measurements
were performed to elucidate the mechanism underlying the
superb photophysical properties of the Z-QDs. Both the
control QDs and Z-QDs present two noticeable negative probe
bleaching (PB) peaks at 435 and 455 nm (Al and A2) (Figure
2a,d). The A2 peak is consistent with the steady absorption,
which is attributed to the ground state bleaching (GSB) of the
band-edge excitonic state, and the mechanism by which it
bleaches is typically attributed to state-filling.””** The Al peak
is ascribed to the high-energy exciton transition.”” Next, we
adjusted the pump intensity to study a different dynamic
process in the QDs, and Figures 2a—f and S9 clearly show the
distinguishing decay process of the control QD and Z-QD
films at different pump intensities of up to 90 uJ/cm? It is
clearly seen that the decay process becomes fast when the
pump intensity is larger than 30 uJ/cm® This observation
indicates the presence of a serious Auger recombination
process in control QDs. The control QDs were characterized
by biexponential bleach recovery dynamics when the pump
intensity increases to 90 uJ/cm?, exhibiting a fast component
of 12.6 ps (7}, 63.3%) and a long component of 561.7 ps (7,,
36.7%), in which 7, can be attributed to the Auger process
occurring on the same dot (intradot Auger recombination) or
trap-assisted Auger recombination. For 7,, the longer hundreds
of picoseconds component arises from diffusion-assisted Auger
processes in a thin film.** However, the exciton recovery
dynamics of the Z-QDs is almost independent from the pump
intensity (Figures 2d—f and S9b). The decay reaction of the Z-
QDs exhibits near single-exponential decay dynamics (Figure
S10 and Table SS), with two time constants of 46.9 ps (7},
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Figure 3. Auger recombination for Z-QDs. Time-resolved PL decay spectra of (a) QDs and (b) Z-QDs with different excitation. Integrated
PL intensity of the (c) control QDs and (d) Z-QDs as a function of reciprocal temperature. (e,f) DFT calculation of electronic charge
density with an additional two electrons under an external electronic field near the valence band (yellow) for DDDAm-QDs, PEA-QDs, and

ZnBr,-QDs.

7.4%) and 5626 ps (7, 92.6%), which suggest that the Auger
recombination is suppressed in the Z-QDs. To exempt traps as
the reason for the different TA kinetics based on the pump-
intensity-dependence TA spectra, the TA response with low
pump intensity (20 uJ/cm?*) was also carried out, as shown in
Figure S11, because the Auger recombination in the QD can
be negligible under low-power intensity."” However, the decay
reaction of the two QDs exhibits almost the same
approximately single-exponential decay dynamics with the
time constants used (Table S4), suggesting negligible electron
or hole trapping pathways in the two QDs, and the trap state
density is therefore not the key factor determining the excellent
properties of the Z-QDs. Thus, the above results indicate the
presence of a strong intradot or diffusion-assisted Auger
recombination process in the control QDs under the high-
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pump-intensity excitation, while the Auger recombination may
be effectively suppressed in the Z-QDs.

Global fitting was carried out to simultaneously simulate all
the kinetics for the QDs (Figure S12). The fitted kinetics
indicate that the GSB mainly consists of three photophysical
processes,“’42 in which the hot electrons relax from the excited
states to the bottom of the conduction band on the
femtosecond time scale.”’ The slightly longer component is
attributed to the Auger recombination (hundreds of pico-
seconds stemming from diffusion-assisted Auger recombina-
tion, whereas intradot Auger may still exist) and the trap-
assisted nonradiative recombination occurs on the picosecond
time scale.*” The nanosecond components are obviously
derived from the intrinsic edge exciton radiative recombination
and are consistent with the steady-state PL lifetime.** Weaker
bleaching intensity and longer kinetic times of the Z-QDs

https://doi.org/10.1021/acsenergylett.2c02613
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control QDs and Z-QDs.

indicate that the Auger recombination has been effectively
inhibited. In addition, the relative intensity ratio of A1/A2 of
the Z-QDs is smaller than that of the control QDs, indicating
that the high-energy excitons in the Z-QDs could are relaxed
easily to the band edge, which is of benefit to alleviate the
accumulation of high-energy excitons inside the QDs, thus
suppressing the Auger recombination process.

To further verify the suppressed Auger recombination in the
Z-QDs, excitation-intensity-dependent TRPL spectra were
obtained. As can be clearly seen from Figure 3a, the decay
process rate increases with the increase of excitation intensity,
and the carrier dynamics also changes from single-exponential
decay to triexponential decay, due to the significant Auger
recombination process in the control QDs under high
excitation intensity.”* In contrast, there is no change for the
TRPL spectra of the Z-QDs (Figure 3b), even if the intensity is
increased to 20 uJ/ cm?, indicating the absence of Auger
recombination in the Z-QDs under high carrier density. The
trimolecular Auger recombination constant is an order of
magnitude lower for the Z-QDs compared to the control QDs.
To understand fully the exciton dynamics of two samples, we
first carried out the temperature dependence of PL measure-
ments, shown in Figures 3¢,d and S13. The extracted E, is
estimated to be 157 and 112 meV for the control and Z-QDs,
respectively, which suggests that the suppressed Auger
recombination might result from the decreased E,, because
the dielectric constant of the inorganic ligand is close to
CsPbBr;, which reduces the dielectric confinement. Moreover,
the temperature-dependent PL FHWM has an important
influence on the excitonic PL emissions and can provide
information about the interaction of excitons with optical or
acoustic phonons.*® As presented in the Figure S13, the optical
phonon energy (y.o) of the Z-QDs (317.7 meV) is much
lower than that of the control QDs (374.4 meV), verifying the
effectively suppressed exciton—phonon interaction in the Z-
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QDs, thereby enabling the radiative recombination with
considerable PL efliciency.

To further clarify the mechanism of the suppressed Auger
recombination, we have carried out first-principle calculations
based on the density functional theory (DFT). First, we
simulated the QD surfaces with different adsorbates and
without any external field (EF). It is observed that the
inorganic ligand exhibits a stronger coordination interaction
with the QDs than that of the initial organic ligands (Figure
S$14). Furthermore, no obvious differences in the partial charge
density, as shown in Figure S15, demonstrate their similar PL
behaviors, which is consistent with the experimental results. To
research the EL properties of the surfaces with different
adsorbates, the plot of the partial charge density of the QDs
with EF and additional electrons has been depicted in Figures
3e,f and S15—17. For the surfaces with the initial organic
adsorbates (PEA and DDDAm), the charge density near the
valence band maximum (VBM) and conduction band
minimum (CBM) is distributed over all the layers from the
bottom to the top, including the adsorbates, while in the
surface with inorganic ligands, the charge density near the
VBM in the subtop and bottom layers has decreased (Figure
3f), and instead, a remarkable concentration of the charge in
the top layer adjacent to the inorganic ligand is observed near
its Fermi level, illustrating that the inorganic adsorbate could
act as a “capacitor” and attract the charge in the subtop layers
and concentrate it in the surrounding area, which would
reduce the accumulation of carriers inside QDs and suppress
the possibility of Auger recombination. By combining the
above DFT calculations with the temperature-dependent PL
spectra, we conclude that the capacitive action of the inorganic
ligand effectively decreases E, and inhibits Auger recombina-
tion. This behavior can reversibly store and release electrons
driven by the partial electronic density of states redistribution,
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at an initial luminance of 115 ¢d m™2.

which enhances the delocalization of electrons in QDs and
thus suppresses QD charging at high carrier concentrations.*’

The all solution-processed LEDs show potential low-cost
manufacture in comparison with conventional LEDs prepared
by metal organic chemical vapor deposition, but the perovskite
layer is easily destroyed by the solution process, resulting in
much poorer performance. Our Z-QDs exhibit remarkable
high stability (Figure S18), which can resist the destruction of
the subsequent polar solvent deposition, which is attributed to
the strong binding between inorganic ligands and QDs. We
have prepared the PeLEDs in a configuration of indium tin
oxide (ITO)-coated glass, poly(3,4-ethylenedioxythiophene)
polystyrenesulfonate (PEDOT:PSS), polyvinylcarbazole
(PVK), perovskite QDs, ZnO nanoparticles, and silver (Ag).
Note that, except for the thermal-evaporated top Ag electrode,
all other layers were spin-coated from solutions. Figure 4a
shows a STEM image of a cross-section of a device, which
reveals a well-defined multilayer structure. The device based on
Z-QDs shows a symmetric pure-blue EL peak at 469 nm with
an fwhm of 21 nm (Figure 4b), corresponding to CIE
(Commission Internationale de I'Eclairage) color coordinates
of (0.13, 0.08), which meets the standards of the National
Television System Committee (NTSC) and approaches the
new Rec. 2020 standards (Figure 4c), thus representing an
ideal blue emission for display applications. The narrow EL is
attributed to the uniform size distribution of the Z-QDs,
resulting in high-purity blue emission. The current density—
voltage-luminance (J—V—L) curves of the devices are shown in
Figure 4d, and the corresponding EQE results are shown in
Figure 4e. The turn-on voltage (Vo) (Vg is generally defined
as the applied voltage necessary to detect the luminance of 1 cd
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m™2) of the PeLED based on Z-QDs is 3.7 V, which is lower
than that of the control device (4.3 V). The PeLEDs based on
the Z-QDs film show a higher current density at the same
voltage and a faster rising trend in luminance with operating
voltage than those of the control PeLEDs, which is attributed
to the higher intrinsic conductivity of the inorganic ligands."®
The maximum luminance of the PeLED based on the Z-QDs is
12 060 cd m™2, which is a record value compared to the state-
of-art pure-blue PeLEDs. We calculated a maximum EQE of
10.3% at the current density of 20.9 mA/cm? for the PeLEDs
with QDs, while the control PeLEDs show a peak EQE of 4.8%
(Figure 4e).

The EQE and luminance of the Z-QD PeLEDs represent
new records for pure-blue PeLEDs with emission below 470
nm (Table S$6). Importantly, the PeLEDs based on the Z-QDs
show much lower efliciency roll-off than that of the control
QDs at high current density and luminance and maintain an
EQE over 10% even at 2000, thus achieving high efficiency at
high luminance, which is of major significance for display
applications, demonstrating the lesser Auger recombination of
the Z-QD PeLED. Statistical results from 30 devices (Figure
4f) confirm that the average maximum luminance and peak
EQE of the PeLEDs with Z-QDs (8.8%) are better than those
of the control devices (3.7%). The average maximum
luminance of the PeLEDs with Z-QDs (9590 cd m™) is also
much higher than that of the control devices (2630 cd m™2)
(Figure S19). It suggests that the vast improvement in the
performance of the PeLED is due to the inorganic ligand,
which not only inhibits Auger recombination but also improves
carrier mobility (small dot distance).”” The carrier mobility
and energy level alignment of the QD film are related to the
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charge injection balance of the PeLEDs. The Z-QD films
exhibit a better energy level alignment, with elimination of the
hole injection barrier in LEDs (Figure S20). Z-QD films
exhibit the low trap density as the calculated results shown in
Figure S21, indicating the great quality of Z-QD films. Z-QD
films also exhibit smaller differences between the electron and
hole mobilities, indicating better charge injection balance
within the Z-QD film than in the control QD film (Figures S21
and 22).

As shown in Figure Sa, the control QDs shows the strong
quantum confinement and the dielectric constant mismatch
between inorganic QDs and surrounding organic ligands.
Basically, the much lower polarity organic ligands with small
dielectric constants could decrease the dielectric screening of
the electron—hole Coulomb interaction, which induces the
dielectric confinement. This leads to the formation of strongly
bound excitons and high E;. Rapid Auger recombination is
proportional to the intensity of Ey, because of the enhanced
Coulomb electron—hole interaction, which leads to carriers’
accumulation, thus enlarging the probability of finding two
electrons and one hole at the same position to accelerate the
Auger process. There is serious heat dissipation inside the
control QDs because of the Auger process, which is harmful
for the performance and operational stability of PeLEDs. After
ligand exchange by inorganic ligands, the larger dielectric
constant of inorganic ligands than that of organic ligands
weakens the dielectric confinement. The E, of the Z-QDs is
obviously decreased. In addition, the inorganic ligand could
effectively attract electrons and alleviate the charge accumu-
lation in the Z-QDs. Lastly, both the intrinsic high conductivity
of the inorganic ligands and reduced interatomic distance
between the adjacent Z-QDs will improve the charge mobility
of the Z-QD film, which further alleviates the charge
accumulation in the device. Hence, Auger recombination in
the Z-QDs was effectively suppressed.

Stability and operation lifetime are key factors for the
application of PeLEDs. Notably, the EL of these PeLEDs
exhibits excellent spectral stability during device operation,
with negligible change in the emission peak and shape of the
EL spectra even at a high voltage of 9 V (Figure Sb). We only
detected a slight red-shift in the EL spectra when the
luminance is increased to over 10 000 cd m™2, which is caused
by current-induced Joule heating and the quantum confined
Stark effect, as revealed in previous work on cadmium
chalcogenide QD LEDs.*” We also performed an operational
stability test under a constant driving current density of 12.5
mA cm™2, which generates an initial luminance of 115 cd m™>
Significantly, we measured an operational half-life T, of 25 h
(Figure Sc), with negligible change in the emission wavelength
and shape of the EL spectra (Figure $23), which represents a
remarkable improvement in comparison with the state-of-the-
art stability performance of the blue PeLEDs (Table S6). The
excellent operational stability of PeLEDs is assigned to the
stable inorganic ETL, which could protect the perovskite
emitters from the attack of H,O and O,.

In summary, we have reported a novel strategy to achieve
strongly confined pure-blue-emitting perovskite CsPbBr; QDs
with suppressed Auger recombination. A ligand exchange
process between the inorganic ligand and organic ligands was
performed to enable near-unity PLQY (99%). DFT calcu-
lations verified that the inorganic ligand could act as a
“capacitor”, which effectively attracts electrons and alleviates
the charge accumulation in QDs. In addition, the close
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dielectric constant between the inorganic ligands and CsPbBr;
decreased Ey, and thus, the Auger recombination process in the
Z-QDs was significantly suppressed. With this strategy, the
PeLEDs based on Z-QDs presented a pure-blue emission at
469 nm wavelength with a narrow fwhm (21 nm), low roll-off
EQE, remarkably high luminance of 12060 c¢d m™% and an
EQE of 10.3%, representing the best performance so far for
reported pure-blue PeLEDs with emission below 470 nm
wavelength. The operating half-lifetime at 115 cd/m? is up to
25 h. In addition, the devices could maintain >10% EQE even
at high luminance (2000 cd m™2), which is of great significance
for display applications.
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