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Abstract: The charge carrier transport and recombination dynamics in the quantum dots-based light-emitting diodes
(QLEDs) featuring multiple emitting layers (M-EMLs) has a great impact on the device performance. In this work, QLEDs
based on M-EMLs separated by polyethyleneimine ethoxylated (PEIE) layer with different stacking sequences of blue (B) ,
green (G), and red (R) QDs layer were used to intuitively explore the injection, transportation and recombination processes
of the charge carriers in QLEDs by using the time-resolved electroluminescence ( TrEL) spectra. From the TrEL spectra mea-
surements, green and red emissions were obtained first in the QLEDs with the EMLs sequences of G/PEIE/B/PEIE/R and B/
PEIE/R/PEIE/G along the direction of light emission, respectively. While the QLEDs adopt EMLs sequences of B/PEIE/G/
PEIE/R, the blue, green and red emissions were obtained nearly at the same time. The above phenomenon can be attributed
to different charge carrier transmission and radiation recombination process in the EMLs due to different valence band offsets
and conduction band offsets between R-, G- and B-QDs by using different sequences of EMLs. White emission with coordi-
nates of (0.31, 0.31) and correlated color temperature (CCT) of 5 916 K was obtained in the QLEDs with the EMLs se-
quences of B/PEIE/G/PEIE/R , which can be attributed to the relative uniform emission of B-, G- and R-QDs due to the effec-
tive injection and radiation recombination of charge carriers in each of the EMLs. The above results have great significance

for further understanding and improving the performance of QLEDs with M-EMLs.
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1 Introduction

Modern optoelectronics demand advanced illu-
mination systems with high efficiency and multifunc-
tionality'"™. Quantum dots (QDs), as solution-pro-
cessed semiconductor nanocrystals, offer narrow emis-
sion, tunable bandgaps, high quantum yield, and low-

cost processing™, making QLEDs ideal for next-gen-

[6-71

eration displays and solid-state lighting Recent

progress in QLEDs stems from optimized QD materi-
als, transport layers, and device architectures™’.
State-of-the-art monochromatic QLEDs with sand-
wiched QD emissive layers (EMLs) achieve exter-
nal quantum efficiencies (EQEs) exceeding 20%
across red (R-), green (G-), and blue (B-) devic-
es'"™ highlighting superior carrier injection and
suppressed non-radiative recombination.

The transition from monochromatic to white-
light-emitting diodes stems from demands for natural
illumination and enhanced optoelectronic effica-
ey, Despite efficiency advances in white quan-
tum dot LEDs (WQLEDs), research predominantly
prioritizes device structure and electroluminescent

[16-17] . :
, leaving operational mecha-

(EL) performance
nisms underexplored. Unlike monochromatic QLEDs,
where EL arises from direct charge injection into
QDs, WQLEDs exhibit greater complexity. Two domi-
nant configurations exist: ( i ) blended EMLs con-
taining R-/G-/B-QDs or ( ii ) vertically stacked multi-
ple EMLs"". Both suffer from detrimental energy
transfer (ET), exacerbated by size variations in

[20-21]

mixed monolayers and interfacial carrier imbal-

[22]

ances in stacked structures Physical isolation of

emissive layers via buffer materials such as poly (p-

W HOE T RO T ZRHZE; MRS FR BN ; B0R T3 1

phenylene benzobisoxazole) and metal oxides like
ZnO, suppresses ET and prevents solvent damage
during fabrication, though material selection re-
quires balancing solvent resistance, electrical com-

23-24
| Tandem structures

patibility, and ET mitigation'
offer superior alternatives, with interconnecting lay-
ers inherently isolating QD-EMLs and demonstrating
near-complete ET suppression via optimized photolu-
minescence™.

However, the ET dynamics during electrolumi-
nescence and its performance impacts in white-light
devices remain poorly understood. Critically, exist-
ing ET assessments predominantly rely on indirect

110261 Characteriza-

photoluminescence (PL) methods
tion approaches for monochromatic QLEDs primarily
analyze device structure/material modifications and
correlate them with optoelectronic responses. While
effective for identifying efficiency-loss mechanisms
in monochromatic devices, the absence of tailored
characterization techniques for white-light devices
obscures fundamental connections between mono-
chromatic and WQLEDs physics. Conventional
TrEL measurements, which detect EL intensity via
photomultiplier tubes to probe carrier dynamics, are
incompatible with color-mixed or white-light sys-
tems. Developing advanced characterization plat-
forms specifically designed for WQLEDs is thus ur-
gently required to elucidate their operational mecha-
nisms and accelerate industrial deployment.
Time-resolved electroluminescence spectrosco-
py enables advanced characterization of carrier dy-
namics in QLEDs. Capitalizing on this technique, we

employ wavelength-resolved TrEL to probe carrier



5510 4

YAN Shanshan, et al. : Time-resolved Electroluminescence of Charge Carrier Dynamics -+ 1853

distributions, recombination kinetics, and electric-
field-driven energy transfer in white-light devices.
The solution-processable polymer polyethyleneimine,
a low-work-function (3.3 eV) interlayer with demon-
strated electron-injection capabilities in OLEDs,
emerges as a promising interconnecting layer (1CL)
candidate owing to its environmental stability and
processing versatility”"*. Herein, PEIE-based ICLs
are engineered for M-EML QLEDs to concurrently
suppress Forster resonance energy transfer (FRET)
and safeguard underlying emissive layers during fab-
rication. TrEL analysis of devices incorporating blue
(459 nm), green (529 nm), and red (624 nm) QDs
in varying stacking sequences reveals how valence/
conduction band offsets govern carrier transport and
recombination pathways. These findings correlate
EML sequencing with chromaticity coordinates, en-

abling spectral control in multilayer architectures.

2  Experiment

2.1 Reagents and Materials

Poly (ethylenedioxythiophene): polystyrene sul-
phonate (PEDOT: PSS, 99. 7%) and poly (9,9’-dioc-
tylfluorene-co-bis-N, N’- (4-butylphenyl) diphenyl-
amine) (TFB, 99.7%) were purchased from Xi’ an
Polymer Light Technology Corp, China. Zn(OAc),*
2H,0 (99%), KOH (99%) were purchased from
Alfa Aesar, USA. 2-Methoxyethanol (99.7%), eth-
anolamine (99.7%), ethanol (99.7%), and hex-
ane (99.5%) were purchased from Aladdin, Chi-
na. High-quality blue (459 nm) CdZnS@ZnS, green
(529 nm) CdZnSeS@ZnS, and red (624 nm) Cd-
SeS@7ZnS QDs were purchased from Suzhou Xingshuo
Nanotech Co. , Ltd, China. Polyethyleneimine (80%
ethoxylated, 37% (mass fraction) in H,0) was pur-
chased from Sigma-Aldrich. All chemicals were
used without further purification.
2.2 Synthesis of ZnO nanoparticles

Zn0 nanoparticles were synthesized through a
sol-gel process. First, 5.488 g Zn(0OAc),2H,0 was
dissolved in 150 mL absolute ethanol in a three-neck
flask with magnetic stirring at 80 °C for 30 min. Sepa-
rately, 2 ¢ KOH was dissolved in 20 mL absolute eth-

anol with 15 min stirring. The KOH solution was

added dropwise (5 min duration) to the zinc acetate
precursor under vigorous stirring, followed by 5 min
additional mixing. The mixture was cooled in an ice-
water bath, combined with 340 mL n-hexane, and
sealed for 30 min refrigeration at 4 “C. The resulting
white precipitate was centrifuged at 3 000 r/min for
5 min, washed twice with ethanol/hexane (1:1 v/v),
and vacuum-dried at 60 °C for 60 min. The ZnO
powder was dispersed in ethanol/ethanolamine (1:
1 v/v) to prepare a 30 mg/mL colloidal solution for
device fabrication.
2.3 VFabrication of WQLED Device

WQLED devices employed an ITO/PEDOT:
PSS/TFB/EMLs/Zn0O/Al device structure with three
EMLs of B-QDs/PEIE/G-QDs/PEIE/R-QDs (denot-
ed as D1), G-QDs/PEIE/B-QDs/PEIE/ R-QDs (de-
noted as D2), and B-QDs/PEIE/R-QDs/PEIE/G-QDs
(denoted as D3), respectively. Indium tin oxide
(ITO) glass substrates were sequentially cleaned
(acetone/ethanol/water, then UV-ozone treated for
8 min. PEDOT: PSS was spin-coated (4 000 r/min,
60 s) and annealed (120 °C, 30 min, air) before trans-
fer to a N, glovebox ( <0.1x10° 0,/H,0). TFB solu-
tion was spin-coated (8 mg/mL, 3 000 r/min, 60 s)
and annealed (120 °C, 30 min) at N, atmosphere. QD
monolayers (R-: 3 mg/mL, G-: 2 mg/mL, B-: 8 mg/mL
in n-octane) were sequentially spin-coated (2 000 r/
min, 60 s) with designated stacking orders and baked
(80 °C, 30 min). PEIE interlayers (0. 005 mg/mL in
2-methoxyethanol) were spin-coated (4 000 r/min,
60 s) between QD layers and annealed (120 °C,
30 min). Non-orthogonal solvents (2-methoxyetha-
nol/n-octane) prevented underlying layer damage
during processing. ZnO NPs were then spin-coated
(3 000 r/min, 60 s) before thermally evaporating the
Al cathode (100 nm, 5x10™ Pa). Finally, the QW LEDs
were encapsulated immediately using UV-curable
resin and glass covers.
2.4 Characterizations

PL spectra of B-, G-, and R-QDs were mea-
sured using an FS5 spectrofluorometer (Edinburgh
Instruments) with xenon lamp excitation.
thicknesses in WQLEDs were characterized via FIB-
SEM (CrossBeam, Zeiss). HRTEM and HAADF-

Layer
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STEM imaging employed a high-voltage TEM instru-
ment. Electroluminescent properties (current densi-
ty, luminance, current efficiency) were measured us-
ing a Keithley 2 400 source-measure unit coupled
with a Konica Minolta LS-160 luminance meter.
Chromaticity coordinates were determined using an
Ocean Optics Maya 2 000 spectrophotometer. TrEL
measurements were performed on a system consist-
ing of a photomultiplier tube (Zolix PMTH-S1-
CR131), a digital oscilloscope (RIGOL DS4054)
and a signal generator (RIGOL DG5102). The de-
vices were driven by 400- s rectangular pulses at 1

kHz repetition frequency.

3 Results and Discussion

The structure of D1 is shown in Fig. 1(a), com-
prising ITO/PEDOT: PSS/TFB/EMLs/ZnO/Al  with
stacked B-QDs/PEIE/G-QDs/PEIE/R-QDs EMLs.

ITO and Al were used as anode and cathode, re-

(a) (b)
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spectively. PEDOT: PSS and TFB were used as
HIL and HTL, respectively. QLEDs with M-EMLs
were fabricated by all-solution method. Two PEIE
layers were inserted between B-, G, and R-QDs lay-
ers, respectively, which can be used to prevent the
EMLs of QDs from mixing. The solvents of PEIE
(2-Methoxyethanol) and QDs (octane) are non-or-
thogonal to each other, which can also be used to
prevent the previously coated EML from damaging
during the subsequent solution spin-coating process
for fabrication of the following EML (Fig. S1). Fig.
1 (b) displays the normalized PL spectra of the B-,
G-, and R-QDs, exhibiting narrow FWHMs of 22, 21,
24 nm, respectively. Fig. 1(c¢) shows the molecular
structure of PEIE, a low-work-function polymer criti-
cal for interfacial charge modulation. The boundar-
ies of each functional layer are clearly revealed in
the cross-sectional TEM images and element line

scan (Fig. 1(d)-(e) ), indicating that each layer
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Fig.1 (a)Device architecture. (b)Molecular structure of the PEIE. (¢) Normalized PL spectra of the B-, G-, and R-QDs. (d) Cross-

sectional TEM image. (e)Element line scan. (f) Energy band diagram of the D1
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maintains a well-defined structure throughout layer-
by-layer coating process for preparing the QLEDs
with M-EMLs. The thickness of each functional layer
in the QLED is about 35 nm, 33 nm, 30 nm, 52 nm,
and 100 nm for PEDOT: PSS, TFB, B-QDs/PEIE/G-
QDs/PEIE/R-QDs, Zn0, and Al, respectively.

Due to the well-aligned conduction band energy
levels between ZnO, the cathode, and the QD layer,
the energy barrier for electron injection from cathode
to QDs is low (Fig. 1(f)), and electrons can be in-
jected from the cathode into the QDs layers easily.
Simultaneously, Zn0O’ s deep valence band confines
holes within QD EMLs, enhancing recombination.
However, significant injection barriers impede hole
transport from anode through PEDOT: PSS/TFB lay-
ers. This asymmetry is compounded by higher elec-
tron mobility in ZnO versus hole mobility in PEDOT:
PSS/TFB™, creating charge imbalance in QD EMLs.
Inserted PEIE interlayers improve charge balance by

functioning as electron-blocking layers (higher con-

(a)

EL intensity/a. u.

1 1 ;i
400 450 500 550 600 650 700 750
A/nm

(e)

Intensity/a. u.

VIV

duction band than QDs/Zn0O) while maintaining un-
impeded hole transport. As a verification of device
performance, D1 exhibits clear rectification behavior
in its current density-voltage and luminance-voltage
characteristics, with current density increasing un-
der applied bias (Fig. S2). The turn-on voltage is
4.2 V, beyond which current density rises sharply.
Maximum luminance of 13 640 cd/m? is achieved at
6 V. Peak current efficiency reaches 11.38 cd/A at
35.5 mA/cm® These performance metrics align
closely with the reported results™, confirming struc-
tural feasibility. While lower than state-of-the-art
devices, this performance level remains suitable for
investigating charge carrier injection and recombina-
tion dynamics during operation.

The EL spectra of device D1 at varying operat-
ing voltages reveal significant voltage-dependent
modulation of emission intensity for the B-, G-, and

R-QDs (Fig. 2 (a) = (b) ).

(Fig. 2(¢) ) shows dominant B-QD emission when

Quantitative analysis
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Fig.2 The EL spectra of the D1 under operation voltages of (a)5.2 V to 6.6 V and (b)6.6 V to 8.0 V. (¢) The emission intensity

of the individual emission peak and (d)CIE coordinates of the D1 operated at different operation voltages
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the operation voltage is lower than 6.4 V, and the
emission intensity increases with the applied voltage.
The emission intensity of the R-QDs is nearly equal to
that of the G-QDs and both show increase simultane-
ously with the increase of operation voltages. As men-
tioned before, the turn-on voltage of the WQLED is
about 4. 2 V (Fig. S2(a)—(b) ). For thin PEIE layer
and low electron injection barrier (Fig. 2(c¢) ), the
electrons are almost evenly distributed in the EMLs
of the B-, G- and R-QDs when the device is turned-
on. However, significant hole barriers confine exci-
ton formation primarily to B-QDs at low voltages,
explaining blue’ s spectral dominance. PEIE’s high
CBM creates intrinsic electron barriers, but opera-
tional bias enables two competing pathways: ( i )
trap-assisted tunneling across PEIE at low voltage,
distributing carriers; and ( il ) voltage-enhanced
trapping in low-CBM QDs (e. g., R-QDs), effective-
ly confining electrons despite high tunneling proba-
bility. This duality is resolved through carrier kinet-
ics, where trapping rates dominate at high voltage
fields. Further increasing the operation voltage, blue
emission intensity decreases while red emission
shows further increase and green emission tends to
saturate (Fig. 2(¢)). Minimal hole-injection barri-
ers between QD layers enable rapid hole transfer
from B-QDs to G/R-QDs under high electric fields,
reducing exciton formation probability in B-QDs, so
the intensity of the blue emission becomes weak. In
addition, since the top of the valence band of the R-
QDs is higher than that of the G-QDs, holes can be
easily injected into the R-QDs EML after being in-
jected into the G-QDs EML, the intensity of the red
emission shows continuous increase and is higher
than that of the green light, and the intensity of green
emission tends to be saturated with the increase of
operation voltage. With the increase of voltage from
5.2 V to 8 V, the Commission Internationale de 1’
Eclairage (CIE) coordinate and CCT of the QLED
shifts from (0.24, 0.21) to (0.31, 0.31) and from
167 155 K to 4 794 K, respectively (Fig. 2(d) and
Fig. S3). At 7.4 V, the balanced white emission
with coordinate of (0.31, 0.31) and CCT of 5 916
K was obtained (inset of Fig. 4(c) ), which can be

attributed to the relative uniform emission from B-,
G- and R-QDs. Therefore, by controlling the charge
carrier transport and radiation recombination pro-
cess upon operation voltage, the chromaticity param-
eters of the QLED can be modulated.

TrEL spectroscopy is a versatile technique to
probe carrier injection/transport dynamics in EL devic-
es, characterized by intensity evolution from initial
rise to final steady-state. To investigate ET process
in M-EML QLEDs, wavelength-resolved TrEL was
performed on Device D1 (Fig. 3). The probe wave-
length was located at 460 nm, 533 nm and 640 nm
corresponding to the B-, G-, and R-QDs, respective-
ly, slightly deviating from the emission peak to avoid
the signal crosstalk due to the emission overlap.
From the rising edges of the TrEL for D1 under dif-
ferent driving pulse voltages (Fig. 3 (a)—-(d) and
Tab. S1), the rising time of red emission is smaller
than that of green and blue emission at low driving
voltage. During initial carrier injection, electrons
preferentially occupy low-energy R-QD sites near
the cathode due to band offset-driven trapping (Fig.
1(f) ). However, high electron mobility and PEIE-
enabled

across EMLs, achieving quasi-uniform steady-state

tunneling then facilitate redistribution

distribution. This temporal resolution reconciles
transient localization with steady-state uniformity.
The low hole injection efficiency persists due to sub-
stantial injection barriers. However, valence band
offsets (R-QDs>G-QDs>B-QDs) enable facile hole
transfer from B-QDs to G/R-QDs under electric fields.
Holes ultimately accumulate preferentially in R-
QDs, causing the red emission first, followed by the
green and blue emission (Fig. 3(a)). Above 7 V,
R/G/B emissions exhibit parallel rise dynamics
(Fig. 3(c)), eliminating ET as a significant factor.
Elevated voltages enhance direct exciton formation
in wider-bandgap QDs by promoting hole injection.
Consequently, voltage dependent TrEL rise times
reflect carrier redistribution dynamics rather than
interlayer energy transfer.

It is well known that the EL decay after turning
off the driving pulse is attributed to the existence of

residual charges at the interfaces of QDs EMLs/
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Fig.3 Normalized TrEL in the rising edges( (a)=(d)) and falling edges( (e)=(h)) for D1 measured at 460 nm, 533 nm and

640 nm under different voltage pulses

charge transport layers or/and in the QDs EMLs.
From the falling edges of the TrEL for D1 under dif-
ferent driving pulse voltages (Fig. 3 (e)=(h)), the
decay trend is nearly the same under different driv-
ing voltages, and the decay time of the red emission
is the longest. From the energy band diagram of D1
(Fig. 1(f) ), the traps of electrons and holes are
formed in the R-QDs layer with low conduction band
and a high valence band. Compared with B-QDs
and G-QDs layers, more electrons and holes remain
in the R-QDs layer while turning off the driving
pulse voltages, and then a longer decay time of red
emission can be obtained by the radiative recombina-
tion of the residual exciton in R-QDs layer.

To compare the voltage-dependent EL spectra

of different device structures, D2 and D3 with EMLs
sequences of G-QDs/PEIE/B-QDs/PEIE/R-QDs and
B-QDs/PEIE/R-QDs/PEIE/G-QDs were fabricated,
respectively. For D2 below 6 V, the intensity of
green and red emission shows obviously enhance-
ment while blue emission remains stable with the
increase of operation voltages (Fig. 4(a)). Further
increasing the operation voltage, all the colors
enhance until red and blue saturate at higher voltag-
es, with green continuing to increase. D2’ s band
structure (Fig. S4 (a) ) facilitates electron injection
into R-QDs and tunneling to B-/G-QDs due to low bar-
riers. Significant hole barriers initially confine holes

to high-valence-band G-QDs for exciton formation

and radiate recombination luminescence. At elevated
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Fig.4 The EL spectra of the (a) D2 and (b)D3, and (¢) CIE coordinates of the D1, D2 and D3 operated at different operation
voltages from 5 V to 8 V, the insert is the EL photos of the D1, D2 and D3 operated at 7 V
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voltages, holes tunnel through PEIE to B-QDs and
subsequently to higher-valence-band R-QDs. This
hole redistribution results in stronger green wversus
blue emission. R-QDs’ low valence band traps holes,
enhancing radiative recombination. As the operation
voltage further increases, the number of excitons in
the B-, G- and R-QDs layers will increase with the
injection of large number of holes, which will enhance
the EL emission intensity significantly. In the EL
spectra of D3 (Fig. 4(b) ), blue and red emissions
increase substantially with voltage while green shows
minimal enhancement. The band alignment of D3
(Fig. S4(bh)) enables facile electron injection into G-
QDs with subsequent transfer to R-/B-QDs, which can
be attributed to the smaller injection barrier of elec-
trons and thin PEIE layers. R-QDs’ high valence
band and low conduction band confine carriers, pro-
moting exciton formation and strong red emission.
During holes injection from ITO into the G-QD layer,
the holes recombine with electrons in both the B-
QDs and R-QDs layers successively. Additionally,
holes injected from the R-QDs layer into the G-QDs
layer must overcome a potential barrier. Conse-
quently, green emission is markedly weak due to in-
sufficient holes for exciton formation. CIE coordi-

nates and EL images (Fig. 4(c¢) ) confirm only D1

achieves balanced white emission at 7 V, demon-

strating uniform carrier injection and recombination
across EMLs. Unlike spatially fixed ZnO-buffered
stacks, PEIE interlayers enable voltage-dependent
hole redistribution. D1’s blue-to-white CIE shift
stems from progressive hole injection into G/R-QDs,
contrasting the red-dominant initiation and minimal
shift®", highlighting PEIE’ s role in dynamic exci-
ton balance.

To further analyze the charge carrier transmis-
sion and radiation recombination in D2 and D3,
TrEL measurements were performed. D2’ s rising
edges (Fig. 5(a)-(d), Tab. S2) reveal faster red/
green emission onset versus blue, with green emis-
sion initiating first at low voltages (Fig. 5 (a) ).
Compared with D1, the rising trend of red and green
emission of the D2 is significantly faster than the cor-
responding blue emission. From the band alignment
of D1 and D2 (Fig. 1(f) and Fig. S4(a)), the holes
initially inject into D2’ s G-QDs layer due to lower
injection barriers, confining early exciton formation
to green emitters. In D2, the holes overcome barri-
ers to penetrate B-QDs and subsequently access R-
QDs through favorable valence band offsets under
high pulse voltage (larger than turn-on voltage),
yielding synchronous red/green rise times surpassing
blue. As the pulse voltage increases above 7 V, suf-

ficient hole injection into B-QDs accelerates blue
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emission onset (Tab. S2), narrowing rise-time dis-
parities among colors (Fig. 5(b)-(d)). This con-
vergence confirms absent inter-QD energy transfer
between the three QDs EMLs.

In D3, red emission initiates first under low
voltages (Fig. 5(e) ) due to carrier confinement
in R-QD traps via band alignment (Fig. S4 (b) ),
Unlike

D1’ s sequential hole injection, which are sequen-

enabling preferential exciton formation.

tially injected into the B-, G-, and R-QDs layers,
and part of the holes is recombined with electrons
in the B- and G-QDs layers during the process of in-
jecting holes into the R-QDs layer. In D3, holes
are directly injected from the B-QDs layer to the R-
QDs layer, instead of being partially recombined in
the G-QDs layer like in D1. Consequently, R-QDs
accumulate more excitons, accelerating red emis-
sion rise versus blue/green (Tab. S1-S2). As the
pulse voltage increases, both green and red emis-
sion saturate while the accumulation and recombi-
nation of excitons in the B-QDs layer become large,
markedly accelerating blue emission. Above 7 V,
all emissions exhibit stable rise dynamics (Fig.
5(f) = (h) ), indicating sufficient hole injection.
The above results are consistent with the results of
the TrEL trends of D1/D2. Critically, D3 demon-
strates faster red emission rise compared with D1/
D2 across all voltages, reflecting higher exciton re-
combination probability in narrow-bandgap R-QDs
versus wide-bandgap B/G-QDs. This recombination
dominance depletes holes available for G-QDs, sup-
pressing green emission rise kinetics. Owing to
higher carrier potential in R-QDs across all device
structures, electrons and holes preferentially accu-
mulate in this layer. Consequently, red emission

consistently exhibits the slowest intensity attenua-

References:

tion after voltage termination (Fig. S5 (a) - (h),
Tab. S1-S2), attributable to prolonged exciton re-
combination from residual carriers in R-QDs. This
attenuation behavior aligns with D1’ s TrEL falling-

edge measurements.

4  Conclusion

In summary, we demonstrated QLEDs fabri-
cated based on M-EMLs with different stacking
sequences and PEIE interlayers, where the function-
al layers (PEDOT: PSS, TFB, QDs, PEIE, ZnO) are
processed via spin-coating, while the Al metal elec-
trode is deposited by thermal evaporation. TrEL
spectra were used to intuitively characterize the
injection, transport and recombination of the charge
carriers in QLEDs. Crucially, the synergistic com-
bination of QD stacking sequences and PEIE inter-
layers modulated hole injection barriers through
valence/conduction band offsets between R-/G-/B-
QDs and PEIE’ s hole-transport facilitation. Conse-
quently, the formation probability and spatial distri-
bution of excitons generated by injected carriers in
each EML will be altered, leading to shifts in the
QLEDs’
white emission (CIE: 0.31, 0.31; CCT: 5 916 K)
was achieved exclusively in the B/PEIE/G/PEIE/R

chromaticity characteristics.  Balanced

stack, attributable to uniform exciton radiation
across all EMLs via PEIE-mediated charge redistri-
bution. These findings hold significant implications
for enhancing the performance and practicability of
the QLEDs with M-EMLs, as well as other optoelec-

tronic devices.
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