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As next-generation display technologies, eco-friendly colloidal quantum dot
light-emitting diodes have drawn great attention due to their excellent lumi-
nescence properties, along with their rapid development. However, practical
applications of eco-friendly quantum dot light-emitting device remain chal-
lenging, primarily due to the inferior performance of green device, which still
lag behind their red and blue counterparts. Herein, we present efficient green
device based on interfacial potential-graded ZnSeTe quantum dots. Our find-
ings show that this potential-graded structure alleviates interfacial lattice
mismatch and strain, reducing structural deformation and misfit defects. The
smoothed interfacial potential suppresses the nonradiative recombination
processes, particularly Auger recombination revealed by excitation-intensity

M Check for updates

dependent ultrafast transient absorption kinetics. Consequently, the inter-
facial potential-graded quantum dots demonstrate highly efficient green
quantum dot light-emitting diodes, with a peak external quantum efficiency of
21.7% at 520 nm and a corresponding current efficiency of 75.7 cd A™.

Quantum dot light-emitting diodes (QLEDs) are commonly seen as
crucial contenders for next-generation display and lighting
technologies' ™, owing to their exceptional luminescence properties
and low production costs. Over the past decade, significant progress
has been made in cadmium (Cd) selenide and lead (Pb) halide
perovskite-based QLEDs” . Recently, heavy-metal-free indium phos-
phide (InP) and zinc selenide-telluride (ZnSeTe) quantum dot (QD)-
based QLEDs have emerged as a more sustainable alternative for dis-
play applications and have demonstrated promising performance'”
For instance, red InP-based QLEDs and blue ZnSeTe-based QLEDs have
reached external quantum efficiency (EQE) of 21.4% and 20.2%,
respectively, having long lifetimes—615h at 1000 cd m™ for Tos (the
time when the luminance decreases to 95% of its original value) and

442 h at 650 cd m™ for Tso (the time when the luminance decreases to
50% of its original value)”'*. Notably, recent advancements in green
InP-based QLEDs have demonstrated a high EQE of 26.68% and a Tys
lifetime of 1241 h (at 1000 cd m™)'®, These developments, particularly
those led by Shen et al., represent a significant step forward. However,
despite these advancements, most reported green InP and ZnSeTe
QLEDs continue to lag behind their red and blue counterparts?®> %,
For instance, the maximum EQE of green ZnSeTe-based QLEDs at just
10.1%, with a Ts lifetime of only 52 h at 1000 cd m™. This disparity in
performance has impeded the balanced development and practical
utilization of heavy-metal-free red, green, and blue QLEDs. Since the
human eye is highly sensitive to the green spectral region®, resolving
this performance gap to develop efficient and bright green QLEDs is
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essential for the technological advancement and to fully realize its
potential in display and lighting applications.

Research on heavy-metal-free green QLEDs currently focuses on
QDs based on either InP or ZnSeTe'*?°***”5_ InP QDs encounter sub-
stantial hurdles because of their narrow bulk bandgap (1.35eV) and
large excitonic Bohr radius (10.0 nm)*°. Smaller cores are required for
green emission, and the synthesis of high-quality green QDs with core/
shell structures is thus complicated®**. Additionally, InP has been
classified as a Group 2A carcinogen by the World Health
Organization®, raising concerns about its safety and suitability as an
eco-friendly emitter in QLEDs. In contrast, ZnSeTe QDs show potential
as eco-friendly green emitters due to their band-gap-bowing
properties*’?**, enabling precise tuning of emission wavelengths
through alloy composition and quasi-type Il heterostructure. However,
achieving green emission in ZnSeTe QDs requires a significant amount
of Te, which results in a larger lattice mismatch at the core/shell
interface compared to blue ZnSeTe QDs. This leads to a substantial
interfacial potential difference between core and shell’**, increasing
Auger recombination rates and drastically reducing device efficiency,
particularly at high brightness levels. Currently, there is no effective
solution to mitigate Auger recombination in green ZnSeTe QLEDs**%%,
While progress has been made in suppressing Auger recombination in
Cd-based and InP-based QDs by smoothing interfacial potential’*>*¢*,
the relationship between interfacial potential and the performance of
ZnSeTe QDs in QLEDs remains unclear. These unresolved challenges
keep continue to hinder the development of high-performance green
ZnSeTe QLEDs.

In this work, we report highly efficient, eco-friendly green QLEDs
enabled by tailoring the interfacial potential structure of ZnSeTe QDs.
The interfacial potential is controlled by the growth of graded Te
distribution core/shell structure, resulting in an interfacial potential-
graded (IPG) structure, referred to as IPG QDs. We demonstrate that
the IPG QDs possess a compositional gradient alloyed heterostructure,
which significantly enhances their luminescent properties. Lattice
vibration analysis of the longitudinal optical (LO) phonon mode con-
firms that compressive strain in the QD core is reduced with the IPG
configuration. Furthermore, ultrafast exciton dynamic analysis reveals
a notable reduction in nonradiative Auger recombination in IPG QDs
compared to control QDs. As a result, the IPG QDs achieve a photo-
luminescence (PL) quantum yield (QY) of up to 95%, with a narrow
linewidth of 38 nm. Green ZnSeTe QLEDs based on IPG QDs demon-
strate a peak EQE of 21.7%, a peak current efficiency of 75.7 cd A%, and a
Tso lifetime of 99.4 h at 1000 cd m™ This work successfully addresses
the performance limitations in green ZnSeTe QLEDs and provides
deep insights into the relationship between interfacial confinement
potential and QLEDs performance, advancing the development of
high-performance, eco-friendly green QLEDs.

Results
Design and structure characterization
To achieve green light emission from ZnSeTe-based QDs, we tailor the
Te content in the ZnSeTe QD cores to a Te/Se ratio of 1:4, leveraging
the bandgap bowing properties of ternary alloys. Previous studies have
shown that increasing the Te content enhances the lattice mismatch
between the ZnSeTe core and the ZnSe shell, which amplifies the
potential distribution at the core-shell interface®**. This leads to a
steep interfacial potential that induces Auger recombination, reducing
luminescence efficiency®. To address this issue, we introduce an IPG
shell between the ZnSeTe core and the ZnSe shell (as demonstrated in
Supplementary Figs. 1 and 2). The designed QD structure and the
corresponding interfacial potential are depicted in Fig. 1a, while the
synthesis schematic of the IPG QDs is shown in Fig. 1b.

We first synthesize the green ZnSeysTeg, QD cores at 240 °C
(referred to Stage 1), and then passivate the surface defects with HF/
ZnCl,, using a method successfully demonstrated in InP and ZnSeTe

QDs. Next, we grow the ZnSeg oTeg IPG shell at 280 °C (Stage 2, core/
IPG). Finally, the QDs are sequentially coated with a ZnSe shell (Stage 3)
and a ZnsS shell (Stage 4), as shown in Fig. 1b. For the control QDs, we
directly coat the ZnSeq gTeg, QD cores with a ZnSe shell of the same
thickness instead of IPG shell, while keeping the other shells the same,
to ensure that size-related factors are consistent between samples
(detailed synthesis methodology is shown in the experimental
section).

X-ray diffraction (XRD) patterns (Fig. 1c, d) show that all diffrac-
tion peaks match the standard blende (ZB) ZnSe pattern (JCPDS No. 37-
1463), confirming that both QD types maintained a ZB crystal structure
without the emergence of the wurtzite (WZ) structure. This is likely
due to the effective elimination of stacking faults in the ZnSe shell
using HF during synthesis'. As the ZnSe or ZnS shell layers are applied,
both the IPG QDs and the control QDs exhibited improved crystal-
lization, as indicated by the sharpening of diffraction peaks, a slight red
shift, and the narrowing of the peak line widths.

To verify the IPG structure of the green ZnSeTe alloy QDs, high-
angle annular dark-field (HAADF) scanning transmission electron
microscopy (STEM) and energy dispersive spectroscopy (EDS) ele-
mental mapping are used to examine the morphology and composi-
tion distribution of QDs (Fig. 1e, f). The IPG QDs exhibit a well-defined
cubic shape, while the control QDs display an irregular shape
(Fig. 1g, h), likely due to greater structure deformation caused by
increased lattice strain between the core and ZnSe shell®®. EDS analysis
indicate that the Te distribution in the control QDs is more inhomo-
geneous compared to the IPG QDs (full EDS data available in Supple-
mentary Figs. 3 and 4). In traditional ZnSeTe/ZnSe core/shell structure,
the heavy Te alloying in the ZnSeTe core increases lattice strain and
interlayer mismatch®**. The inhomogeneous Te distribution in the
control QDs can be attributed to the increased interlayer mismatch,
which enhances compressive stress on the core as the shell thickness
increases, leading to a partially aggregated distribution of Te within
the core. Furthermore, element line scanning of the Se and Te atomic
fractions directly reveal the interface component changes and core/
shell structure. As shown in Fig. 1i, j, the Te distribution in the control
QDs exhibit a steep transition, whereas in the IPG QDs, the Te dis-
tribution shows a gradual gradient along the radius. These results
confirm that the IPG shell is epitaxially grown on the ZnSeTe core,
resulting in the formation of a graded interfacial potential in the target
IPG QDs.

Optical property and growth process characterization
To investigate the effects of IPG structure on luminescence perfor-
mance, we record the absorption and PL spectra at each
synthesis stage (Fig. 2a, b), along with the PL QY of QDs (Fig. 2c, d).
Due to the quasi-type Il heterostructure of ZnSeTe/ZnSe, electro-
ns can delocalize across the shell?**. As a result, the PL peak shifts
from 463 nm (for the cores) to 515nm (for the control QDs) and
519 nm (for the IPG QDs) with the coating of ZnSe/ZnS shells
(Fig. 2a, b). The 4 nm red shift observed in IPG QDs compared to the
control QDs is attributed to carrier wavefunction delocalization,
which is induced by the IPG structure and the effect of Te in the
shell. In the control QDs, the hole wavefunction is strongly
confined within the core. However, the introduction of the IPG leads
to a stronger leakage of the carrier wave function outside the core.
In the IPG QDs, the hole wavefunction becomes more
delocalized due to the gradient potential, as shown in the inset of
Fig. 2e. This delocalization results in a lower confinement of the hole,
causing the red shift in the PL peak®. Additionally, the presence of Te
in the shell further affects the band structure, contributing to the
redshift.

The QDs grow in size from stage 1 (cores, 3.1nm) to stage 4
(8.7 nm for control QDs, 8.8 nm for IPG QDs). Transmission electron
microscopy (TEM) images of QDs at each stage (size distribution of
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Fig. 1| Schematic illustration and structure characterization. a Schematic

illustration of the IPG QDs and interfacial potential structure. b Synthesis schematic
of core/IPG/ZnSe/ZnS QDs. ¢, d XRD patterns of control and IPG QDs at each stage.
e, f HAADF STEM image and EDS elemental mapping of control and IPG QDs. The
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scale bar is 5 nm. g, h HAADF STEM image of signal control and IPG QD. The scale
bar is 2 nm. i, j Smoothed EDS line scanning profiles of the corresponding signal
control and IPG QD along dotted arrow.

QDs at all stages is shown in Supplementary Figs. 5 and 6) are pre-
sented alongside the corresponding PL spectra. At stage 2, both the
IPG and ZnSe shells are 1.0 nm thick for IPG QDs and control QDs. For
stages 3 and 4, the thickness of ZnSe and ZnS shells is measured to be
1.0 nm and 0.8 nm, respectively, for both types of QDs. TEM images
reveal that the core/IPG QDs in stage 2 exhibit a uniformly distributed
spherical shape, while the core/ZnSe QDs become increasingly irre-
gular in shape, especially after the ZnSe (stage 3) and ZnS (stage 4)
shell coatings (Fig. 2a, b). This intensified structure deformation is
attributed to the large interfacial potential and lattice strain between
the ZnSe shell and ZnSeTe core, where heavy-Te alloying significantly
narrows the optical band gap (£,)***". As the shells are applied, the PL
QY of IPG QDs increases dramatically from less than 6% at stage 1 to
95% at stage 4, while the PL QY of control QDs only reaches 70%
(Fig. 2c, d). Concurrently, the full width at half-maximum (FWHM) of

the PL decreases from 53 nm (cores) to 38 nm (IPG QDs) and 47 nm
(control QDs). It has been reported that the large lattice mismatch
between the core and shell generates increased lattice strain, applying
compressive stress to the core®*, This stress induces misfit defects
and structure deformation at the interface, ultimately degrading
luminescence performance. Therefore, the significant improvement in
PL QY and the reduction in FWHM in IPG QDs can be attributed to the
reduced interfacial strain and the suppression of interfacial defects.
To further validate the role of the IPG structure in enhancing
luminescence, we perform time-resolved PL spectroscopy (Fig. 2e, f)
on the QDs. The PL dynamics are analyzed using a triexponential
function, with the fitting results provided in Supplementary Table 1.
We observe that the average lifetime (z,,) increases from 21.6 ns in
stage 1 (cores) to 58.3 ns in stage 4 (control QDs) and 70.3 ns in stage 4
(IPG QDs). This increase is attributed to the enhanced exciton
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Fig. 2 | Luminescence and structure characteristics for control and IPG QDs.
a, b PL and absorption spectra of control and IPG QDs at each stage. The corre-
sponding TEM images are shown on the right side. The scale bar is 10 nm. ¢,d The
FWHM and PL QY of control and IPG QDs at each stage. e, f Time-resolved PL
spectra of control QDs (inset: schematic energy level diagram of delocalized

electron wavefunction and localized hole wavefunction for IPG QDs (red solid line)
and control QDs (gray dotted line)), and IPG QDs (inset: schematic energy level
diagram of radiative and non-radiative transition pathways, where 73, 7,, and 73
represents the lifetime of defect-assisted recombination, band-edge recombination
and localized state recombination of IPG QDs, respectively) at each stage.

delocalization and the suppression of nonradiative recombination due
to the successive growth of multiple shell layers.

The PL dynamic is strongly influenced by the Te content, which
can lead to localized hole states at the top of valence band and affect
the recombination processes. The fast decay components are likely
associated with nonradiative defect-assisted recombination*®**, while
the slow decay components are related to the recombination of loca-
lized hole states®*® (as shown in inset of Fig. 2f). Specifically, the
amplitude of the fast decay components in the cores is 0.43,
decreasing to 0.26 for control QDs and 0.17 for IPG QDs as additional
shell layers are coated. The reduction in the fast decay component
amplitude represents a decrease in nonradiative recombination, which
is inversely proportional to the PL QY?>*°*3, The coating of ZnSe/ZnS
shell effectively passivates interfacial defects and reduces nonradiative
recombination pathways, which directly contributes to the dramatic
improvement in PLQY from less than 6% at Stage 1 to 95% at Stage 4.
The suppression of the fast decay component in IPG QDs indicates that
defect-assisted nonradiative recombination is significantly minimized,
likely due to minimized interfacial strain in the IPG structure.

Lattice strain and ultrafast carrier dynamics

To further explore the effects of interfacial potential on lattice strain of
ZnSeTe alloy QDs, we conduct Raman spectroscopy measurements®,
Figure 3a, b shows the Raman spectra of both IPG and control QDs,
revealing asymmetric fundamental Raman peak around 240 cm™
These spectra are deconvoluted into three Lorentzian peaks (fitting
results are shown in Supplementary Table 2), corresponding to

transversal optical (TO) phonons (-200 cm™), first-order longitudinal
optical (1LO) phonons (-240 cm™), and surface optical (SO) phonons
(220 cm™*. The 1LO peaks show a low-frequency shift (-10 cm™)
compared to binary ZnSe (1LO, ~252 cm™), which is attributed to the
effect of ZnTe alloying (1LO, ~210 cm™). After shell coating, the 1LO
peak shifts to a higher frequency in both IPG QDs (from 237.6 cm™ to
240.2 cm™) and control QDs (from 237.6 cm™ to 244.1cm™). The rela-
tive intensity of 2LO to 1LO (/5 o/h10) ratio increases from 0.52 for the
core to 0.74 for the IPG QDs and 0.65 for the control QDs as the QDs
grow in size (Supplementary Fig. 7)*°. The trend is attributed to the
confinement of electron and hole wavefunctions. The higher L o/h0
ratio observed in IPG QDs can be explained by the stronger leakage of
carrier wavefunction due to the gradient interfacial potential, as dis-
cussed in the previous study®. Additionally, the linewidth (/) of the 1LO
peak narrows from 31.0cm™ to 20.2cm™ in control QDs and to
153cm™ in IPG QDs. The more pronounced 1LO peak shift
(Aw=6.9 cm™) and less linewidth narrowing (AI'=10.8 cm™) observed
in control QDs suggest that they experience more significant com-
pressive strain compared to IPG QDs.

To quantify the strain on the ZnSeTe cores, we analyze the relative
1LO phonon shifts (42) of core/IPG QDs and core/ZnSe QDs to estimate
relative changes in lattice constant (&%) using the Griineisen parameter
(y)38,39:

-y
A7‘"=<1+3Aﬁ> -1 1
(0] a
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Fig. 3 | Lattice strain variations and recombination dynamics. a, b Raman
spectra of IPG and control QDs at different stages. The purple dotted line refers to
TO mode, the black dotted line refers to SO mode and the red/blue dotted line
refers to the 1LO mode of IPG/control QDs. ¢, Raman shift and 1LO linewidth versus
different stages of QDs, relative change in lattice constants versus different stages
of core, core/IPG, core/ZnSe QDs. The inverse Fourier transform (FFT) images of
core/IPG QDs (top) and core/ZnSe QDs (bottom) along [111] are also shown on the

Time delay (ps)

Excitation density (mJ cm™2)

right side. The scale bar is 2 nm. d, e TA spectra at selected timescales for IPG and
control QDs. f, g PB1 bleach dynamics of IPG and control QDs at different excitation
densities. h The bleach amplitude of PB1 as a function of excitation density.

i, Average lifetime of PB1 dynamics as a function of excitation density for IPG and
control QDs. The schematic diagram depicts the Auger recombination under high
excitation density.

The y= 0.85 is taken in these calculations for both IPG and
control QDs*. This analysis reveals that both IPG and ZnSe shells
introduced compressive strain on the ZnSeTe core, with the ZnSe
shell inducing a larger compressive strain (42=0.65%) compared to
IPG shell (82=0.16%), as shown in Fig. 3c. The lattice constant,
derived from the mean interplanar spacing, is 5.71 A for core/IPG QDs
(d=3.29 A) and 5.84 A for core/ZnSe QDs (d=3.37 A) along the [111]
crystallographic direction (Fig. 3c and Supplementary Fig. 8). Addi-
tionally, the lattice mismatch between the ZnSeTe core and the IPG
shell is calculated to be 1.5%, while the mismatch with the ZnSe shell
is significantly higher at 3.9%. These findings suggest that the IPG
structure effectively alleviates interfacial potential, reduces com-
pressive strain, and minimizes misfit defects, thereby enhancing the
luminescent performance of the QDs, which aligns well with the PL
characterization results.

To investigate excited-state dynamics and Auger recombination
in IPG QDs, we perform ultrafast transient absorption (TA) spectro-
scopy. The TA spectra for both IPG and control QDs (Fig. 3d, e) reveal
two distinct photoinduced bleaching (PB) features at ~410 nm (PB2,

3.02 eV) and 471 nm (PB1, 2.63 eV). PB2 is attributed to carrier filling in
the ZnSe shell transition, while PB1 corresponds to state-filling of band-
edge in core*. At a high excitation density of 4.5 mJ cm™, the 1S exciton
bleach (PB1) in control QDs recovers by about 90% within 0.5ns,
whereas in IPG QDs it recovers by around 60%, indicating that Auger
recombination occurs more rapidly in control QDs.

Further investigation using excitation-intensity-dependent TA
measurements (varying the excitation density from 0.1to 4.5mJ cm?,
Supplementary Fig. 9) focuses on PB1 for detailed kinetic analysis
(Fig. 3f, g). All dynamics are well-fitted using a triexponential function,
where 1, 75, and 73 represent multiexciton, biexciton, and single-
exciton lifetimes, respectively. The fast component (ry) is primarily
associated with Auger recombination*®***5474852 For IPG QDs, the
average lifetime decreases from 495.5 ps (at 0.1 mj cm ™) to 282.7 ps (at
4.5 mJ cm?), while control QDs exhibit a faster decrease, from 405.2 ps
to 159.1ps (Supplementary Tables 3 and 4). Both QD types exhibit
similar 7; amplitudes up to an excitation intensity of 1.6 mJcm?,
beyond which control QDs exhibit larger 7; amplitudes, indicating
faster Auger recombination. We fit the 1S absorption changes at the
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different excitation densities using the formula®***:

(nys)=1- e (14j,0,/2) @

where (n;s) is the average occupation number of the 1S electron state,
the j, is excitation density and o, is the absorption cross-section of a
QD. As shown in Fig. 3h, the change in absorption (AA) initially
increases linearly before saturating at densities above 1.6 mJ cm™. This
behavior aligns with previous studies of ZnSeTe, CulnS,, and CdSe
core/shell QDs***>** and supports our earlier findings.

To quantitatively analyze Auger recombination, we examine the
relationship between excitation density and average lifetime. It is
widely acknowledged that when the densities of photoexcited elec-
trons and holes are identical, the rate equation for the photocarriers
can be simplified to: 1/7=k; + k,n + k3n?, where ky, k,, and k; repre-
sent the nonradiative single-carrier-trapping rate, radiative bimole-
cular recombination coefficient, and nonradiative Auger
recombination coefficient*?**, respectively. Global fitting is carried out
to simulate the relationship between average lifetime (7) and excita-
tion density (j,). The fitting results (Fig. 3i) show that the average
lifetime remains constant under low excitation densities but decreases
rapidly above 1.6 mJ cm™, confirming the onset of Auger recombina-
tion at high excitation densities. The calculated Auger recombination
coefficient for IPG QDs is 9.7 x 107 ps* mJ 2 cm?*, which is significantly
lower than the 2.2 x 10 ps™ mJ™2 cm* for control QDs (Supplementary
Table 5). These results demonstrate that the smoothed interfacial
potential in IPG QDs effectively suppresses Auger recombination,
indicating a key factor in their enhanced luminescence performance.

Green ZnSeTe-based QLED performance

To verify that reducing defect-assisted nonradiative recombination
and Auger recombination in QDs through a smoothed interfacial
potential enhances electroluminescence (EL) performance, we fabri-
cate a series of QLEDs. The device structure used in this work is as
follows: indium tin oxide (ITO)/poly-(ethylene dioxythiophene):

polystyrene  sulfonate  (PEDOT:PSS) (45 nm)/poly((9,9-dioctyl-
fluorenyl-2,7-diyl)-alt-(9-(2-ethylhexyl)-carbazole-3,6-diyl)) (PF8Cz)
(40 nm)/ZnSeTe-based core/shell QDs (25nm)/ZnMgO nanocrystal
(60 nm)/Al (100 nm), as depicted in Fig. 4a. The energy levels of QDs
are determined using ultraviolet photoemission spectroscopy (UPS)
and absorption spectra (Supplementary Fig. 10), while the energy band
diagram of QLEDs is provided in Supplementary Fig. 11. The large
potential barrier and high electron mobility of ZnMgO lead to electron
accumulation at the interface>'***. The introduction of the IPG con-
figuration enhances carrier injection into the IPG QDs compared to
control QDs, as shown by capacitance-voltage curves (Supplementary
Fig. 12). As the applied voltage increases, carriers are injected and
accumulate in the QLEDs, which is reflected by a slight initial increase
in capacitance followed by a rapid rise around 2.2 V. The peak capa-
citance of IPG QLEDs occurs at a lower voltage and shows a smaller
value than that of control QLEDs, indicating a lower carrier injection
barrier and charge accumulation.

The current density-voltage-luminance (/-V-L) characteristics
(Fig. 4b) demonstrate that QLEDs based on IPG QDs exhibit a low
turn-on voltage of 2.2V (driving voltage at a luminance of 1cd m™),
and a peak brightness of 52,040 cd m™ at a low driving voltage of
5.4 V. This high brightness at such a low driving voltage far exceeds
the brightness of the most heavy-metal-free green QLEDs (such as
InP-based QLEDs and carbon QLEDs)?**7%%, In contrast, the QLEDs
based on control QDs show a lower peak brightness of 35,000 cd m™
As the driving voltage increased from 2.0 V to 6.0V, the EL intensity
of the IPG QLEDs rose rapidly and remained stable, without any shift
in the EL spectra at 520 nm, even under high bias voltage (Fig. 4c,
Supplementary Fig. 13a). The slight discrepancy between EL and PL
peak can be primarily attributed to two factors: Forster resonance
energy transfer (FRET) and the electric field-induced Stark effect.
Given that the EL peak consistently remains at 520 nm across various
voltages with no observable spectral shifts, this discrepancy in PL
peak can be attributed to FRET, as observed in the QDs film PL
(Supplementary Fig. 13b).
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Fig. 4 | Device structure and performance of QLEDs. a Device architecture of the
green QLED. b Current density-voltage-luminance characteristics of the green
QLEDs based on control and IPG QDs. ¢ Two-dimensional (2D) map of drive-
voltage-dependent EL spectra of IPG QLED. The photo of operating device is shown
in inset with a pixel size of 4 mm> d Corresponding EQE-luminance characteristics

(inset: summary of the reported ZnSeTe green QLEDs performance on the basis of
maximum EQE and the corresponding luminance). e Histograms of the peak EQEs
for control and IPG QDs, each measured with over 60 devices. f Operational sta-
bility of QLEDs under constant current of 1.22 mA for IPG and control QLEDs.
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Notably, the QLEDs based on IPG QDs achieve a maximum EQE of
21.7% at a high luminance of 5963 cdm™ (Fig. 4d), with a corre-
sponding current efficiency (CE) of 75.7 cd A (Supplementary Fig. 14).
In comparison, the QLEDs based on control QDs show a maximum EQE
of 13.0% at a luminance of 1290 cd m™ This high EQE at such high
luminance reflects the effect of suppression in Auger recombination,
enabled by the smoothed interfacial potential in the IPG QDs. This
performance represents the highest EQE for green ZnSeTe-based
QLEDs to the best of our knowledge (in the inset of Fig. 4d and Sup-
plementary Table 6)*%,

The reproducibility of these devices is demonstrated by the dis-
tribution of EQE values obtained from over 60 devices, as shown in
Fig. 4e. The average EQE for the control QLEDs is 10.5%, whereas QLEDs
based on IPG QDs achieve an average EQE of 18.6%. This demonstrates
consistent performance improvement in the IPG QLEDs, highlighting
the effectiveness of the IPG design in enhancing efficiency across
multiple devices. Since the Auger process significantly impacts device
operational stability'®*?, the operational stability of QLEDs is evaluated
at high luminance. The lifetimes of QLEDs are shown in Fig. 4f. The Tso
lifetime is measured at a constant current of 1.22 mA. The QLEDs based
on IPG QDs exhibit a Tsq lifetime of 18.6 h at an initial luminance of
2538 cd m?, corresponding to 99.4h @ 1000 cd m™ ((LO)n xTso=
constant, where n= 1.8 is acceleration factor). In contrast, the control
QLED exhibit a much shorter lifetime, with Tso being 1.9h at
2941cdm™ (corresponding to Tso=13.3h at 1000 cd m?). These
results demonstrate that the suppression of Auger recombination
through the engineering of the interfacial potential plays a critical role
in enhancing both the efficiency and stability of QLEDs. The substantial
improvement in both performance and operational lifetime indicates
the great potential of IPG QDs for practical, long-lasting applications in
high-performance displays and lighting technologies.

Discussion

In conclusion, we have successfully developed efficient ZnSeTe green
QLEDs by controlling the interfacial potential. The proposed IPG
structure design mitigates the lattice strain in ZnSeTe QDs and reduces
their nonradiative Auger recombination rate. Time-dependent and
excitation-density-dependent TA kinetics reveal that Auger recombi-
nation in IPG QDs is reduced by an order of magnitude compared to
that in control QDs with an abrupt interfacial potential structure. As a
result, the IPG QDs achieve an impressive PL QY of up to 95%, with a
narrow linewidth of 38 nm. Furthermore, the QLEDs based on IPG QDs
exhibit a high EQE of 21.7% and a brightness of 52,040 cd m™, along-
side a long T lifetime of 99.4 h at 1000 cd m™2. This work represents a
significant advancement toward the use of eco-friendly QDs-based
QLEDs for display and lighting applications.

Methods

Materials

Zinc chloride (ZnCl,, 99.99%), zinc acetate (Zn(OAc),, 99.99%), sulfur
powder (S, 99.999%), selenium powder (Se, 99.999%), diethylzinc
(DEZ; 1.0 M in ODE), trioctylphosphine (TOP, 97%), tellurium (99.99%),
tri-n-octylamine (TOA, 90%), oleylamine (OLA, 90%), oleic acid (OA,
90%), 1-octadecene (ODE, 90%), heptane (90%), octane (99%), Palmitic
acid (PA, 90%), 1-dodecanethiol (DDT, 98%), diphenylphosphine (DPP),
HF (48%), tris[2-(diphenylphosphino)ethyl]phosphine were purchased
from Aladdin. Poly-(ethylene dioxythiophene): polystyrene sulfonate
(PEDOT:PSS), poly((9,9-dioctylfluorenyl-2,7-diyl)-alt-(9-(2-ethylhexyl)-
carbazole-3,6-diyl)) (PF8Cz), and zinc magnesium oxide (ZnMgO)
nanocrystals which were purchased from Suzhou Xingshuo Nanotech
Co., Ltd All chemicals were used without any purification.

Preparation of precursors
Zn(0A), precursor: a 1000 mL flask was charged with a mixture
consisting of 500 mmol of Zn(AC),, 310 mL of OA, 140 mL of TOP,

and 140 mL of TOA. This mixture was heated to 120 °C and under-
went degassing for 1 h. Subsequently, it was heated to 300 °C and
kept boiling for 20 min. Selenium precursor: 500 mmol of selenium
powder was blended with 250 mL of TOP and stirred continuously
until a clear solution was achieved. Sulfur precursor: 500 mmol of
sulfur powder was blended with 250 mL of TOP and stirred con-
tinuously until a clear solution was achieved. Zn(OLA), precursor: a
1000 mL flask was filled with a mixture of 290 mmol of Zn(AC),,
120 mL of OLA, and 500 mL of ODE. The mixture was then heated to
120 °C and degassed for 1h. ZnCl,-OLA precursor: ZnCl, (25 mmol)
and OLA (50 mL) were loaded into a 100 mL flask, heated to 120 °C,
and degassed for 1h.

Synthesis of IPG and control QDs

For the synthesis of core, 0.256 g of PA (1 mmol), 2.5mL of OLA, and
10 mL of TOA were added into a 100 mL three-neck flask. The mixture
was heated to 120 °C and degassed for 2 h. The temperature was then
raised to 240 °C under a N, flow. At this point, DPP (2 mmol), TOP-Se
2 M, 0.48 mmol), TOP-Te (0.1 M, 0.12 mmol), and DEZ (1M, 1.2 mmol)
were injected into the flask, and the reaction was maintained for
30 min to grow ZnSeTe cores. Subsequently, 0.1 mL ZnCl,-OLA (0.5 M)
and 1.OmL of diluted HF (1wt%) were injected into the flask with
carefully controlled N, flow.

For the growth of IPG shell, after synthesizing of ZnSeTe cores, the
temperature was increased to 280 °C, and 4 mL of Zn(OA), was added
to the flask. Then, over a period of 0.7h, 0.2mL Se precursor and
0.45 mL Te precursor were injected using a syringe pump to grow the
IPG shell. For the control QDs, the same initial steps were followed,
with the temperature raised to 280 °C, and 4 mL of Zn(OA), added.
However, only 0.2 mL of Se precursor was injected over 0.7 h using a
syringe pump, without the addition of Te, to form the standard core/
shell structure.

Growth of ZnSe/ZnS shell: After the formation of IPG or control
shell, the temperature was increased to 310 °C. At this temperature,
10 mL Zn(OA), and 2.0 mL Se precursor were injected over 1h. Fol-
lowing this, the temperature was maintained at 310 °C, and 10 mL of
Zn(OA), and 2.0 mL of S precursor were injected over another 1h to
coat the ZnS shell. The reaction was then cooled to 250 °C, and 20 mL
of Zn(OLA), and 4 mL of S precursor were injected over 0.5h, com-
pleting the shell coating process. After the reaction, the flask was
cooled to room temperature. The resulting QDs were dispersed in
heptane and centrifuged at 1791 x g for 5 min. The supernatant was
purified with ethanol and centrifuged again at 1791 x g for 5min for
twice. The supernatant solution was discarded, and the precipitate was
dispersed in 10 mL octane for further characterization.

Fabrication of green QLEDs

The QLEDs were constructed based on the indium tin oxide (ITO)/
PEDOT:PSS/PF8Cz/QDs/ZnMgO/Al structure. Except for the Al cath-
ode deposited by thermal evaporation under vacuum, the remaining
layers were spin-coated onto ITO glasses. The ITO-coated glasses
underwent successive ultrasonic cleaning in washing water, deio-
nized water, acetone, and isopropanol, each for 30 min, and then 15-
min ultraviolet ozone cleaning. The PEDOT:PSS (4083) solution was
spin-coated onto ITO glasses at 3000 rpm for 30 s and annealed at
130 °C for 20 min in air. Subsequently, the PF8Cz solution (8 mg mL™
dissolved in trimethylbenzene) was spin-coated at 3000 rpm for 30 s
and annealed at 130 °C for 20 min in a glove box. Next, the QDs
solution (16 mg mL™ in octane) was spin-coated at 3000 rpm for 30 s
and annealed at 80°C for 5min in the glove box. After that, the
ZnMgO solution (20mgmL™" in ethanol) was spin-coated at
3000 rpm for 30 s, and the resulting films were annealed at 80 °C for
10 min. After that, the devices were moved to a vacuum evaporator
with a vacuum level of 5x10™ Pa to deposit a 100-nm-thick Al
cathode at a speed of 5nms™. Some devices were fabricated using
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Mesolight Inc’s “Hands-Liberated Diode (HLD-V1.0) Automated
Integration System” for reproducibility verification, which can auto-
matically process PEDOTS:PSS/PF8Cz/QDs/ZnO layers (spin-coating
& annealing). In the glove box, all the devices were encapsulated
using commercially available ultraviolet-curable resin for subsequent
characterization.

PL and structure characterization

PL spectra, PL QY, and TRPL of QDs were characterized using a
Horiba Fluorolog®-3 system equipped with a Synapse PLUS CCD
detection system, an F-3029 integrating sphere accessory, the
Quanta-@, and a 450 W Xenon lamp along with associated acces-
sories. For all samples, the excitation wavelength was set to 450 nm.
Absorption spectra were measured with a UV-vis spectrophotometer
(PerkinElmer Instruments, Lambda 750). The QD films were prepared
by spin-coating the QD solution on a cleaned glass at 2000 rpm for
15s. X-ray diffraction measurements were performed over a 26 range
of 20°-70°, using a Cu Ka (1=1.5405A) rotating anode with a
SMARTLAB 3 kW X-ray diffractometer (Rigaku Corporation). TEM
images were acquired using a FEI Talos F200X G2 microscope
operating at 200 kV. HAADF STEM images, EDS elemental mapping,
and line scan images of QDs were measured using a Thermo Scientific
Spectra 300 microscope. The VBM of QDs was estimated using a UV
photoelectron spectrometer (Thermofisher ESCALAB 250Xi) with a
He I (21.2 eV) photon source. XPS data were obtained using a Thermo
Scientific K-Alpha system with a monochromatic Al Kal X-ray source
(hv = 1486.6 eV, where h is the Planck constant and v is the frequency
of the X-ray photons).

Raman characterization

Raman spectra of the QDs were performed using a confocal Raman
spectral system (alpha 300 R) with a 532 nm excitation wavelength and
a 50x objective lens at room temperature. The Raman spectra were
calibrated using a standard Si wafer prior to the measurements. The
prepared samples were mounted on piezoelectric stages, and the laser
light was focused on the sample using a lens with a numerical aperture
of 0.82, producing a spot ~1 um in diameter. The emitted light was
collected by the same objective and scattered by a 0.75m spectro-
meter, equipped with 150 and 1800 lines/mm gratings and a CCD
camera.

TA characterization and analyses
Femtosecond pump-probe setup. A Ti: Sapphire laser (Coherent Libra)
was employed to generate femtosecond pulses at 800 nm. These
pulses were directed towards an optical parametric amplifier (OperA
Solo from Coherent), yielding femtosecond pulses (-50 fs, 1 kHz) with
wavelengths spanning from 400 to 2500 nm and a maximum average
power of around 500 mW. The idler light served as the pump light. The
probe light, a white-light continuum, was generated by focusing the
800 nm laser beam onto a sapphire plate. The electronic signal from
the detector was amplified by a lock-in amplifier (Stanford Research
Systems: SR830) and synchronized with the laser’s trigger frequency.
TA fitting analysis. The QD populations were modeled using a
Poisson distribution, given that pump wavelength saturation was
negligible. The average QD population, (N), was described by:
P(N)=(N)YNe~™ /N1. The change in 1S absorption (AA) is proportional
to the population of the 1S electron state: AA « (nyg), which (n;g)
represents the average occupation number of the 1S electron state.
Considering the twofold spin degeneracy for the 1S electron state, they
(nys) can be expressed as:

(ms)=1—eM(1+N)/2) 3)

here, the (N) is proportional to the pump fluence (j,) and can be
expressed as: (N)=j,0,, where g, is the absorption cross-section of the

QD. Thus, the (n;5) can be expressed as:

(M) =1— e o (1 +/50% /2) 4)

The changes in 1S absorption and excitation density were fitted
using Eq. (4).

QLED characterization

A Keithley 2400 source meter and a spectrometer (Ocean Optics,
QE65000) were utilized to measure the current density-voltage (/J-V)
characteristics and EL spectra of the QLEDs. A calibrated spectral
scanning colorimeter (Photo Research 655) was employed to measure
the luminance of the QLEDs. The EQE of the QLEDs was calculated
according to the formula:

nle  [1(HAdA

1= Kmhg * TIOVAAA )

where e represents the electron charge, h stands for the Planck con-
stant, ¢ is the velocity of light, and Km=683Im W™ is the maximum
luminous efficacy. J refers to the current density, /() refers to the
relative electroluminescence intensity at wavelength A, V() is
the normalized photonic spectral response function, and L represents
the luminance.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request.
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