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ABSTRACT: Quantum dot (QD)-based white light-emitting
diodes (LEDs) or white QD-LEDs were successfully fabricated
by stacking QD films of primary colors (i.e., red, green, and blue).
An ultrathin ZnO film was deposited between each QD layer to
facilitate the formation of a tricolor-stacked QD structure. Such
stacked QD films effectively suppress the Förster resonance energy
transfer between QDs and enable efficient blue light emission,
unlike randomly mixed QD films of different colors. The
photoluminescence (PL) spectra of various QD films were
obtained to study the change in the corresponding color gamut with applied voltage. In addition, QD-LEDs were fabricated
based on the PL behavior and electronic band diagrams of QDs of different colors. Maximum luminance and peak EQE of white
QD-LED shows 5700 cd/m2 and 1.1% compared to 2200 cd/m2 and 0.3% of QD-LED with mixed QD layer. Finally, a smooth color
transition and white light emission were achieved using a blue/green/red stacking sequence for the QDs, which successfully
suppressed the energy transfer effect. The overall performance and brightness of the white QD-LEDs synthesized in this study can be
further enhanced by developing high-performance blue QDs.
KEYWORDS: white light emission, atomic layer deposition, ZnO, stacked QD, color gamut, diethylzinc

■ INTRODUCTION
Colloidal quantum dots (QDs) are semiconductor nanocryst-
als that are promising materials for emissive displays owing to
their excellent optoelectronic properties and ease of large-scale
synthesis.1−5 QDs can emit a wide range of wavelengths in the
visible spectrum depending on their size and composition. The
photoluminescence (PL) quantum yield of QDs has been
optimized to reach unity for the primary colors (i.e., red (R),
green (G), and blue (B)) owing to the advancement in
synthetic parameter control and the optimization of device
architecture.6−10 QDs are typically incorporated into multi-
layer thin films for optoelectronic applications, such as light-
emitting diodes (LEDs),9,11,12 photodetectors,13,14 and light-
emitting transistors.15,16 Unicolor QD-LEDs have been
fabricated for self-emissive display applications; in addition,
QDs have been used to generate white light.17−23 In particular,
high-brightness white QD-LEDs can be used as backlight units,
as well as for outdoor lighting applications.24−26

White light emission has been achieved by mixing QD
solutions of different colors and spin-coating them in a single
step.19,27 However, the light emitted in this case is significantly
red-shifted owing to the Förster resonance energy transfer
(FRET) that occurs between QDs of different colors. In
general, QDs of two or three different colors are randomly
mixed to generate condensed films; however, red QDs (or R-
QDs) typically absorb light of shorter wavelengths. Addition-
ally, when QDs with different energy band gaps are mixed in a

single film, the QD with the smaller band gap exhibits a lower
turn-on voltage than those of green and blue under electrical
excitation. This difference can be alternatively understood as
the different exciton generation rate at a bias. Thus, exciton
generation is mainly focused on the red QDs, not the green or
blue QDs. In addition to this intrinsic problem, the bias-
dependent exciton generation rate for each QD leads to
complicated device characteristics for white QD-LEDs.
This issue can be resolved by sequentially depositing QD

layers of different colors and separating them from each other.
However, QDs are easily dissolved by organic solvents owing
to their lack of solvent resistance.22,28−30 Although a tandem
structure formed by inserting a charge generation layer can be
used to fabricate high-efficiency single-color or white QD-
LEDs, this significantly increases the driving voltage and
complicates the device structure.17,23,31,32 The FRET effect can
be suppressed by sequentially depositing layers of R-QDs,
green QDs (or G-QDs), and blue QDs (or B-QDs) to obtain
white QD-LEDs. Direct spin-casting of the QD solution onto a
precoated QD film is not preferred because of the interfacial
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mixing between the different types of QDs. To ensure solvent
resistance during the spin-casting of one QD layer onto a
preexisting QD layer, ultrathin films composed of ZnO
nanoparticles (NPs) can be deposited.21,29 Atomic layer
deposition (ALD) can be used to form an extremely thin
passivation layer of ZnO on top of the QD film, such that even
a single pulse of diethylzinc (DEZ) precursor can effectively
cross-link the QDs on the film surface, as demonstrated in our
previous studies.33,34

In this study, a ZnO layer was inserted between two or more
QD films via ALD to suppress the FRET effect and achieve
white light emission for a wide range of operating voltages
without significantly affecting the charge transport. In addition
to this, stacking QDs with different emission colors by ALD
ZnO efficiently controls the exciton recombination zone by
changing the stacking sequence of R-, G-, and B-QD films. In a
randomly mixed QD film, the B-QD film rarely emits due to
the higher turn-on voltage and lower exciton generation rate
with accelerated FRET via a small distance with R- and G-
QDs. The color balance and efficiency for different device
architectures were compared, including randomly mixed and
sequentially stacked QD films. A B/G/R stacking sequence for
the QDs was chosen for efficient white light emission. This
device structure suppressed the FRET effect more effectively
than the randomly mixed film structure; moreover, the exciton
recombination zone for the sequentially stacked structure
spanned the entire emission layer.

■ EXPERIMENTAL SECTION
Synthesis of QDs. Red light-emitting CdSe/CdS/CdZnS core/

shell (C/S) QDs were synthesized using the one-pot procedure
described by Borg et al.35 Green light-emitting CdZnSeS/ZnS C/S
QDs were synthesized using the one-pot procedure described in our
previous studies,33,36 and blue light-emitting CdZnS/ZnS C/S QDs
were prepared using the procedure described by Bae et al.7

Transmission electron microscopy (TEM) images of each C/S QDs
in this work are given in Figure S1.
Stacking of QD Films via ALD of ZnO. First, a QD film of a

particular color was deposited onto a glass substrate. Next, the
substrate was placed in an ALD chamber at 130 °C, where DEZ and
water were used as the precursor and reactant, respectively. The
pulsing and purging times used for DEZ were 0.1 and 15 s,
respectively. For water, the pulsing time was kept the same, but the
purging time was 50 s due to its high boiling point. To stack the
different QD films, first, 10 cycles of ALD of ZnO were performed;
subsequently, the QD films of the remaining colors were stacked onto
the predeposited QD film. Cross-sectional TEM image of white QD-
LED that includes a stacked B/G/R QD is shown in Figure S2.
Device Fabrication. To fabricate stacked QD-LEDs, first, the

prepatterned indium tin oxide (ITO) substrate was sequentially
cleaned with acetone, ethanol, and isopropyl alcohol. Next, the
substrate was treated with UV ozone for 15 min to create a
hydrophilic surface and modify the work function of ITO. Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS) was
used as the hole injection layer (HIL) and spin-coated onto the
substrate at 4000 rpm for 30 s. Subsequently, the substrate was baked
at 120 °C for 5 min in the air to evaporate water and then again at 210
°C for 10 min in a N2-filled glovebox. The hole transport layer (HTL)
was composed of Poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4′-(N-(4-
sec-butylphenyl)diphenylamine)] (TFB) (5 mg) and 2,3,5,6-Tetra-
fluoro-7,7,8,8-tetracyanoquinodimethane (F4TCNQ) (1 mg) was
used as a dopant in xylene and spin-coated onto the HIL at 3000
rpm for 30 s, followed by annealing at 180 °C for 30 min. A
multicolored emissive layer (EML) was formed by depositing B/G/R
QDs sequentially at the optimized concentrations of 16.5, 7, and 10
mg/mL, respectively. (Detailed concentrations of QDs are given in

Table 1). First, the B-QDs were deposited onto the HTL, following
which ALD of ZnO was performed. Next, the G-QDs were deposited

onto the ZnO-coated layer of B-QDs, and finally, the R-QDs were
deposited onto the layer of G-QDs after the ALD ZnO process. Spin-
coating was performed at 2000 rpm for 30 s, and annealing was
performed at 180 °C for 30 min, for all three QD layers. The electron
transport layer (ETL) was composed of a ZnO NP solution with a
concentration of 30 mg/mL, which was spin-coated onto the substrate
at 2000 rpm for 30 s and baked at 110 °C for 30 min. An Al cathode
of thickness 100 nm was deposited onto the substrate using a thermal
evaporator. Finally, to enhance the lifetime of the QD-LED and
measure its performance, the substrate was encapsulated with epoxy
(NOA 8610 B) and a glass coverslip.
Characterizations. The PL spectra of the QDs were obtained

using FC2-LED (Prizmatix). The UV−visible absorbance of the QDs
was measured using a DH-2000-BAL light source. The energy levels
of the films were analyzed using ultraviolet photoelectron spectros-
copy (UPS), which was performed using the Thermo Fisher Scientific
Nexsa for a sample bias of −10 V. The time-resolved PL was
measured using the Horiba FluoroMAX Plus-C spectrofluorometer.
Various device characteristics, such as current density, luminance,
EQE, electroluminescence (EL) intensity, and CIE coordinates were
recorded using the CS-2000 spectroradiometer (Konica Minolta) and
Keithley 2400B.

■ RESULTS AND DISCUSSION
Figure 1a illustrates the method used to stack the QDs of
different colors using ALD. The QD layers of different colors
were deposited sequentially via spin-casting. ALD of ZnO
facilitated the surface cross-linking of the QDs, which occurred
within 10 cycles of ALD (i.e., < 2 nm thick ZnO layer) when
the QD surface was treated with a DEZ precursor. This process
yielded stacked QD layers of different colors. Unlike the QD
films synthesized from a solution of QDs of different colors,
the ZnO-coated preexisting QD layer was not damaged during
the spin-casting of an additional QD layer. Yang and co-
workers reported that spin-casting of an ultrathin film of ZnO
NPs can provide solvent resistance to QD films and enable the
stacking of multiple QD layers.21 However, we believe that
ALD can be used to deposit an even thinner layer (i.e.,
submonolayer) of ZnO. Moreover, ALD enhances the
performance of QD-LEDs, as shown in our previous
studies.33,34,36 In contrast to ZnO NPs that have surface
defects and can cause PL quenching of QDs,12 ALD of ZnO
enhances the PL intensity of QDs. Figure S3 illustrates the PL
spectra improvement of QD films for each primary color
following the application of ultrathin ALD ZnO. When ALD of
ZnO was not performed, the precoated G-QD film was easily
damaged during spin-casting of the R-QDs, as shown in Figure
1a. However, when a ZnO layer was coated onto the G-QD
film via ALD, a uniform bilayer of R- and G-QDs was obtained.
Figure 1b illustrates a stacked multicolored QD device
fabricated using ALD, which functions as a white QD-LED.
The magnified image shows the detailed structure of the

Table 1. QD Concentration in the Bicolor and Tricolor QD
Films

concentration of QDs (mg/mL)

final color red green blue
bicolor yellow 20 14

magenta 10 30
cyan 10 25

tricolor white 10 7 20
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multicolored QD layers with a B/G/R stacking sequence from
bottom to top, as well as the DEZ molecules that cross-link the
QDs. Thus, QD layers of different colors can be sequentially
deposited using a ZnO interlayer to achieve white light
emission. Figure S2 shows a TEM image of white QD-LED in
this work and the stacked QD film shows no detectable
formation of ZnO between QDs with different emission colors.
The thickness of each QD layer was modified systematically to
achieve color balance and white light emission for a wide range
of applied voltages. Figure 1c,d shows the electronic band
diagrams of the white QD-LEDs developed in this work.
Stacked multilayers of R/G/B (or B/G/R) QD films were
inserted between the PEDOT:PSS/TFB:F4TCNQ HIL/HTL
and ZnO ETL. The valence and conduction bands of the
charge transport layers and QDs were determined using UPS
data, as shown in Supporting Information Figure S4 and the
literature.11,37,38

Before stacking the R/G/B QD films to fabricate white QD-
LEDs, it is necessary to optimize the ratio of the different
colors of QDs. To understand the effect of combining QDs of
two or more colors, the PL spectra of the mixed and stacked
QD films were compared, as shown in Figure 2. The
absorbance and PL spectra of the unicolor R-, G-, and B-QD
films are shown in Figure 2a, which shows that the emission of
the B-QDs would be absorbed by the G- and R-QDs. Note
that the R-QDs would absorb the emission by both the B- and
G-QDs owing to their spectral overlap. The PL spectra of the

bicolor and unicolor QD films are compared in Supporting
Information Figure S5. The exact concentrations of the QDs in
the bicolor and tricolor QD films are listed in Table 1. Figure
2b shows the PL spectra of the stacked and mixed R/G/B QD
films, and the insets show the corresponding photographs. The
mixed tricolor QD film exhibited significantly stronger red and
green light emissions than the stacked tricolor QD film owing
to the FRET effect. This can be further confirmed using the
time-resolved PL lifetime data presented in Supporting
Information Figure S6 and Table 2. The PL lifetime of the
randomly mixed R-QDs in the condensed film state is much
longer than that of the R-QDs in the stacked QD film.
Conversely, the PL lifetime of the B-QDs in the mixed QD film
is much shorter than that of the B-QDs in the stacked QD film.
These results clearly indicate that a significant amount of
energy transfer occurs in the randomly mixed R/G/B QD film
compared to that in the sequentially stacked R/G/B QD film.
A mixed R/G QD film was prepared by randomly mixing R-
QDs (20 mg/mL) and G-QDs (14 mg/mL) and spin-casting
the solution in a single step. Additionally, stacked R/G and G/
R QD films were prepared by first spin-casting a QD layer of a
particular color, followed by ALD of ZnO, and finally spin-
coating the second QD layer of a different color. The PL
spectra and photographs of the mixed and stacked R/G QD
films are presented in Figure 2c. The mixed R/G QD film
exhibited the weakest green light emission and an overall
orangish color, owing to the enhanced FRET effect. By

Figure 1. (a) Schematic illustration of the stacking of QD films of different colors with (lower) and without (upper) ALD of ZnO. The insets show
the photographs of the stacked QD films. (b) Structure of the QD-LED with stacked QD layers, and the magnified image demonstrates the cross-
linking of the QDs in the precoated QD layers. (c) Energy band diagrams of (c) B/G/R stacked QD-LED and (d) R/G/B stacked QD-LED.
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contrast, the stacked R/G QD film exhibited a strong green
light emission and hence a comparatively greener color. The
mixed and stacked R/B and G/B QD films exhibited a similar
behavior, as shown in Figure 2d,e, respectively. Despite a
relatively higher concentration of B-QDs (30 mg/mL) than R-
QDs (10 mg/mL), the mixed B/R QD film appeared almost
red in color due to a significant amount of energy transfer, as
shown in Figure 2d. By contrast, both the stacked R/B and B/
R QD films exhibited a strong blue light emission, as shown by
the corresponding spectra and photographs (inset) in Figure
2d. The stacked G/B QD film exhibited a stronger blue light
emission than the mixed G (10 mg/mL)/B (25 mg/mL) QD
film.
Unlike the PL spectra of the stacked QD films (which

exhibit a strong FRET effect), the relative and normalized EL
spectra of the mixed and stacked QD films are notably
different, as shown in Figure 3a−f for mixed and stacked R/G
QD films (for the results corresponding to R/B and B/G QD
films, see Supporting Information Figures S7 and S8). Figure
3g−i shows the CIE color indices of the mixed and stacked R/
G QD films, which demonstrate the variation of color with

operating voltage. For an operating voltage of 3.8 V, the mixed
R/G QD film exhibited predominantly red light emission, as
shown in Figure 3a. This is consistent with the corresponding
PL spectrum of the mixed R/G QD film, as shown in Figure
2c. When the applied bias was increased to 7.4 V, the emission
from the G-QDs enhanced significantly. However, the overall
emission color remained in the red region of the CIE diagram,
as shown in Figure 3g. It is important to consider the stacking
sequence of the QD films when fabricating stacked QD-LEDs.
For instance, for the R/G stacked QD-LED, as shown in
Figure 3b, the emission color was predominantly red at all
operating voltages. The intensity of green light emission was
extremely low, and the overall emission color was located in
the red region of the CIE diagram, as shown in Figure 3h. Yang
and co-workers investigated the effect of different stacking
sequences on multilayer QD films with a ZnO NP interlayer.20

In a typical QD-LED, charge transport is often unbalanced
owing to faster electron transport and higher hole injection
barriers.39,40 Therefore, the exciton recombination zone is
more likely to be located near the interface between the HTL
and QD film rather than at the exact center of the EML.37,41

Consequently, a G/R stacking sequence (i.e., R-QDs deposited
on top of G-QDs) is preferred because it facilitates light
emission from the QDs with a larger bandgap. Once the holes
are injected from the HIL/HTL into the EML of the QDs with
the larger bandgap, the exciton recombination zone can extend
across both the R- and G-QD layers owing to the absence of
additional charge injection barriers.42 A more balanced color
emission between red and green can be achieved by applying a
higher voltage to facilitate more charge injection into the G-
QD layer. Thus, a gradual transition from red to green
emission color was successfully achieved by adopting a G/R
stacking sequence for the QD films, as demonstrated by the

Figure 2. (a) Absorbance and normalized PL spectra of R, G, and B QD solutions. (b) PL spectra of tricolor stacked and mixed QD films. The
insets show the photographs of the tricolor QD films. PL spectra of bicolor stacked and mixed QD films: (c) R/G, (d) R/B, and (e) G/B.

Table 2. Average PL Lifetime Constant (ns) of R-, G-, and
B-QDs in the Mixed and Stacked Bicolor and Tricolor Films

bicolor tricolor

yellow magenta cyan white

red stacked 11.51 9.75 8.11
mixed 11.76 12.4 10.6

green stacked 4.35 9.41 4.31
mixed 3.03 11.3 3.64

blue stacked 4.85 5.66 2.71
mixed 1.3 4.35 1.73
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inset in Figure 3f and CIE diagram in Figure 3i. EL spectra of
QD-LEDs at each applied bias and PL spectra of mixed and
stacked G/R QD films are shown in Figure S9. A similar color
variation with operating voltage was observed for the R/B and
G/B QD-LEDs, as shown in Supporting Information Figures
S7 and S8.
Figure 4 presents the current density, luminance, and EQE

values of different mixed and stacked bicolor QD-LEDs. Figure
4a shows the current density and luminance as functions of
applied voltage and Figure 4b shows the EQE as a function of
current density for the mixed and stacked R/G QD-LEDs. The
stacked G/R QD-LED demonstrated the highest luminance
(65,000 cd/m2) and EQE across the entire range of applied
voltage and current density, respectively. Hole injection into
the G-QD layer resulted in a high-brightness G/R QD-LED, as
also demonstrated by the energy band diagrams in Figure 1c,d.
Although the mixed R/G QD film exhibited the highest
current density because of its smaller thickness compared to
that of the stacked bilayer films, it exhibited the lowest EQE.
Figure 4c shows the current density and luminance and Figure

4d shows the EQE of the mixed and stacked R/B QD-LEDs.
The stacked R/B QD-LED demonstrated the highest
luminance, which can be attributed to the higher sensitivity
of the photopic function to red light, as well as the fact that the
R-QD film was located closer to the HTL and exciton
recombination zone in this case. The stacked B/R QD-LED
exhibited the lowest brightness across the entire voltage range
owing to the relatively low performance of the B-QDs.
However, this QD-LED exhibited the highest EQE and lowest
current density owing to the significantly large energy bandgap
of the B-QDs. The G/R QD-LEDs shown in Figure 4e,f
exhibited a slightly different behavior owing to the significant
difference between the performance of the B- and G-QDs.
Specifically, the G-QDs have a higher brightness and smaller
electronic bandgap than the B-QDs. Consequently, the stacked
G/B QD-LED exhibited the highest current density owing to
the smaller bandgap of the G-QDs and the highest luminance
because of the higher brightness of the G-QDs (owing to their
proximity to the exciton recombination zone). When the B-
QDs were located near the exciton recombination zone, the

Figure 3. Color characteristics of mixed and stacked R/G QD-LEDs for different applied voltages. Relative EL spectra of: (a) mixed, (b) R/G
stacked, and (c) G/R stacked QD films. (d−f) Normalized EL spectra with respect to red light emission corresponding to (a)−(c), respectively.
CIE color gamut of (g) mixed, (h) R/G stacked, and (i) G/R stacked QD films. The insets show the schematic structures of the bicolor QD films.
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brightness of the stacked B/G QD-LEDs reduced significantly
owing to the relatively lower performance of the currently
developed B-QDs compared to that of the R- and G-QDs. The
performance of LEDs based on unicolor R-, G, and B-QDs is
shown in Supporting Information Figure S10. Note that the
stacked B/G QD-LED exhibited a significantly lower EQE
than the mixed B/G QD LED. This is because in the mixed
QD-LED, both the G- and B-QDs were located near the
exciton recombination zone. The color characteristics of the
bilayer QD films are summarized in Supporting Information
Figure S11.
To fabricate a white QD-LED, the R-, G-, and B-QD layers

were sequentially deposited after the QDs were cross-linked via
ALD of ZnO. Figure 5a−f shows the relative and normalized
EL spectra of the mixed, R/G/B stacked, and B/G/R stacked
QD-LEDs. Figure 5g−i presents the CIE diagrams of the
mixed, R/G/B stacked, and B/G/R stacked QD-LEDs,
respectively, for different applied voltages. For the mixed
tricolor QD-LED, the emission color was predominantly red at
lower operating voltages and yellow at higher voltages, as
shown in the corresponding CIE diagram. Interestingly, blue
light emission was significantly low even at 7.5 V. This
indicates that either electrical excitation occurred mostly in the
low-bandgap QDs, or significant energy transfer occurred
between the blue and other QDs. A higher operating voltage
shifted the emission color in the CIE diagram to the yellow

regime. In addition, the normalized EL spectra of the mixed
tricolor QD-LED exhibited significant green light emission, but
white light emission was not achieved. The R/G/B stacked
QD-LED shown in Figure 5b,e,h, exhibited a similar color
variation with voltage as that of the mixed tricolor QD-LED,
except that no blue light emission was observed. This is
because the large-bandgap B-QD layer is too far from the
exciton recombination zone, and hence, even a high operating
voltage is not sufficient to induce charge injection into this
layer. Thus, the overall color behavior of the R/G/B stacked
QD-LED resembled that of the R/G stacked QD-LED (i.e.,
without the B-QDs), as shown in Figure 3. However, the color
transition from red to green in the R/G/B stacked QD-LED
was smoother than that in the mixed tricolor QD-LED. The B/
G/R stacked QD-LEDs shown in Figure 5c,f,i successfully
emitted white light. A dynamic color change was observed
across the entire CIE diagram due to the optimized energy
bands of the stacked QD structure and suppressed FRET
effect. Thus, white light emission could be achieved by
suppressing the FRET effect and placing the larger-bandgap B-
QDs close to the exciton recombination zone. The inset in
Figure 5f shows a photograph of the white QD-LED composed
of stacked B/G/R QD layers.
Figure 6 presents the current density, luminance, and EQE

data of the mixed and stacked tricolor QD-LEDs. Although
white light emission was achieved by the B/G/R stacked QD-

Figure 4. Current density (open circles) and luminance (closed circles) as functions of applied voltage: (a) R/G QD films, (c) B/R QD films, and
(e) B/G QD films. EQE as a function of current density: (b) R/G QD films, (d) B/R QD films, and (f) B/G QD films.
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LED, the highest brightness was exhibited by the R/G/B
stacked QD-LED, as shown in Figure S12. Unlike the
successful color change and white emission of the B/G/R
QD-LED, the highest brightness of tricolor QD-LED is
achieved by R/G/B stacked QD films. This can be attributed
to the relatively poor performance of the B-QDs. The high

EQE of the R/G/B stacked QD-LED is because of the
contribution of the green light emission to the luminance for a
high applied bias, as shown in Figure 5e. However, no blue
light emission was observed at high voltages. In case of the B/
G/R stacked QD-LED, although a gradual change in emission
color with applied bias was observed (see Figure 5f,i), an

Figure 5. Color characteristics of mixed and stacked tricolor QD-LEDs for different applied voltages. EL spectra of (a) mixed, (b) R/G/B stacked,
and (c) B/G/R stacked QD films. (d−f) Normalized EL spectra corresponding to (a−c), respectively. CIE color gamut of (g) mixed, (h) R/G/B
stacked, and (i) B/G/R stacked QD films. The insets show the schematic structures of the tricolor QD films.

Figure 6. (a) Current density (open circles) and luminance (closed circles) as functions of operating voltage and (b) EQE as a function of current
density, for the mixed and stacked tricolor QD-LEDs.
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increase in the blue light emission suppressed the overall
luminance due to the low brightness of the B-QDs. The CIE
indices of 10 white QD-LEDs at 3, 4, and 5 V are presented in
Figures S13 and S14 to understand the statistical analysis on
white QD-LED formation. It is evident that all the white QD-
LEDs exhibit similar trends as the applied voltage increases.
The ranges of x and y indices for each bias are depicted in
Figure S14c−e. Finally, the device lifetime of white QD-LEDs
was measured, as shown in Figure S15. A white QD-LED with
a mixed QD layer exhibits a gradual decrease in luminance and
a continuous shift toward red in terms of color index. In
contrast, a white QD-LED with a stacked B/G/R QD layer
experiences sudden failure and an initial color index change
toward the green regime. This suggests that the green QD is
effectively positioned in the exciton recombination zone. As
the green QD is consumed, the color index shifts toward blue
and then continues to shift toward red. The long-term stability
of white QD-LEDs can be enhanced by optimizing the green
and blue QDs in comparison to red QDs, which have a longer
lifetime and can help slow down the degradation of QDs near
the recombination zone.

■ CONCLUSIONS
In this study, ALD of ZnO was performed to cross-link the
QDs so that QD layers of different colors could be stacked
without mixing QDs. The effect of different QD stacking
sequences on the exciton recombination zone and FRET
between QDs of different colors was studied. In addition, the
PL and EL spectra of bilayer R/G, G/B, and B/R QD films
were obtained. Finally, an efficient tricolor QD-LED was
developed, which exhibited a continuous color transition from
red to blue and successfully emitted white light for a suitable
range of applied voltage. However, the overall performance and
brightness of the white QD-LED fabricated in this work can be
enhanced by developing high-performance B-QDs in the near
future.
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