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The aging of ZnO nanoparticles in quantum dot light-emitting diode (QD-LED) structures was studied.
Coarsening of as-synthesized ZnO nanoparticles is observed in both solution and thin ﬁlm structures, which
potentially deteriorates the performance of QD-LED devices over time. First, the temperature eﬀect on ZnO
coarsening was investigated, and it was revealed that aging of ZnO nanoparticles is faster at higher temperature
due to a diﬀusion-controlled mechanism of nanoparticle coarsening. To observe aggregation of ZnO in the ﬁlm
state, the electron transporting part (ZnO/Al) of the QD-LED structure was prepared. The current density of a
ZnO ﬁlm and an electron-only device (QD/ZnO between two electrodes) was also measured. Resistance of the
ﬁlm increased as a function of aging time, which corresponded with observations of the ZnO ﬁlm by optical
microscopy. Aggregation of ZnO nanoparticles was directly measured by the root-mean-square value using
atomic force microscopy. Ethanolamine (EA) stabilizer was added to the ZnO solution to disperse the ZnO
nanoparticles without aggregation. The eﬀect of EA on the surface passivation of the ZnO found to suppress
pinhole formation, as revealed by scanning electron microscopy observations. Finally, the device lifetime was
measured for QD-LEDs with EA-stabilized ZnO to understand the eﬀect of ZnO aging on long-term QD-LED
device operation.

1. Introduction
Colloidal quantum dots (QDs) have attracted a signiﬁcant amount of
attention due to their outstanding physical, electrical, and optical
properties [1–3]. The electronic and optical band gaps of QDs can be
simply controlled by changing their composition and size [4]. The
emission wavelength of QDs can range from near infrared to visible
wavelength with a wide color gamut [5,6]. QDs can also be used for
next generation display, energy harvesting, and bio-imaging/sensing
[7–9]. Among many potential applications of QDs, the light-emitting
application is considered to be a good candidate for future emissive

displays [4,7,10]. At the very beginning of QD electroluminescence (EL)
development, a simple QD/polymer blend structure was used between
two electrodes [11,12]. However, after just two decades of the ﬁrst QD
light-emitting diode(QD-LED), device architecture has evolved to
complicated multilayer stack which maximize device eﬃciency
[13–15]. Current state-of-the-art QD-LEDs are adopting various charge
transport layers to provide eﬃcient charge injection to QDs and higher
radiative recombination rate which is being successfully achieved by
separate control of electron and hole transport/injection.
The most common structure for QD-LED is patterned indium tin
oxide (ITO) anode/organic hole injection and transport layer/QD
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TEM grid. The TEM grid was kept on a weighing paper overnight to
evaporate the residual solvent.

emissive layer/electron transport layer (ETL)/cathode. An inverted
structure is also frequently used, but vacuum deposition of the charge
transport layer is needed. Now, QD-LED has already reached higher
than 20% external quantum eﬃciency (EQE), which is already beyond
the theoretical limit based on the classical outcoupling eﬃciency estimations [16]. However, an understanding of how QD-LED devices fail
has yet been achieved. Some aspects of the degradation mechanism for
organic light-emitting diode can be useful [17,18], but the exact failure
mechanism of QD-LEDs is still unclear. Charge balance is believed to be
a main factor for low injection eﬃciency and relatively short device
lifetime because hole transport is limited due to a large bandgap oﬀset
between the work function of ITO and the valence band of QDs [19].
With respect to this issue, some groups have suggested an electron
blocking layer to provide a balance between electron and hole transport
[20,21], but this process is not desirable for high brightness QD-LED
devices and needs extra cumbersome steps for device fabrication. Recently, it was reported that photoluminescence (PL) of QDs was maintained, as opposed to complete quenching of EL which indicates a loss
of LED pixels [19,22]. The result is quite promising because QDs are
still active even after hundreds of hours of accelerated device lifetime
and complete quenching of LED pixels. Accordingly, nonradiative recombination between the hole transport layer (HTL) and QDs by Auger
recombination was suggested to be the main reason for QD-LED device
aging. However, there are still a limited number of studies on how ETL
ages over device operation time[23]. ZnO is the most common ETL
material, because it has high electron mobility and high electron injection eﬃciency [24]. Contrary to organic HTL, metal oxide ETL is
believed to be stable over device operation, but the coarsening of metal
oxide nanoparticles needs to be studied.
Here, ZnO nanoparticles in solution phase wwere synthesized and
spin-coated as an ETL for QD-LEDs. To study the aging behavior of ZnO
ETLs, crack and pinhole formation in ZnO was observed as a function of
aging time. To exclude the HTL eﬀect from aging of QD-LEDs, patterned
ITO/(QD)/ZnO/Al structure (the same as electron-only devices in QDLEDs) [25,26] was also fabricated to measure the electrical resistance of
ZnO ﬁlm. The resistance increased signiﬁcantly as aging proceeded, but
the resistance increase of the epoxy-encapsulated structure was retarded, presumably due to physical binding between the ﬁlm and epoxy
glue. Coarsening of ZnO nanoparticles was also quantitatively investigated by absorbance spectra and a Tauc plot. Root-mean-square
(RMS) roughness of the aged ZnO ﬁlm wasmeasured by atomic force
microscopy (AFM) and compared with that of fresh ZnO ﬁlm. To suppress coarsening of the ZnO ﬁlm, ethanolamine(EA) stabilizer was
added in ZnO solution after washing, and the aging behavior of was
observed both with and without EA. ZnO in solution (with EA added)
remained clear after a month of observation, and current density did
not change signiﬁcantly. Further, a QD-LED device with an EA-added
ZnO ETL exhibited brighter LED performance with enhanced current
eﬃciency. Scanning electron microscopy (SEM) analysis of a standard
QD-LED device revealed that pinhole formation was signiﬁcantly suppressed by adding the EA stabilizer.

2.2. Quantum dot synthesis
Red-emitting CdSe/CdS/CdZnS QDs were synthesized using a onepot multi-shell synthetic scheme reported by L. Borg et al.[28] We
carried out all reactions under inert conditions and suﬃciently evacuated reaction precursors before use to remove oxygen and water. To
prepare CdSe cores with a radius of 2 nm, 1 mmol CdO (99.998 %,
Sigma Aldrich), 3 mmol myristic acid, and 15 mL of 1-octadecene
(ODE) (90%, Sigma Aldrich) were placed in a 3-neck round-bottom
ﬂask and the temperature of the mixture was increased to 280 °C. When
the solution became optically clear, the reactor was quenched to ~120
°C and evacuated at < 500 mTorr for 10 min. After reﬁlling the ﬂask
with nitrogen and recovering the reaction temperature to 270 °C, we
injected 0.25 mL of TOP-Se solution [2 M; made by dissolving 3 mmol
of elemental Se (99.998%, Alfa Aesar) in 1.5 mL of tri-n-octylphosphine
(TOP) (97%, Sigma Aldrich)] as quickly as possible, maintaining the
reaction for 3 min to grow the CdSe core. To grow a CdS shell, we
slowly added 2 mL of Zn(OA)2 [0.5 M; made by reacting 10 mmol Zn
(Ac)2 (99.99 %, Sigma Aldrich) with 10 mL of oleic acid (OA) (90 %,
Sigma Aldrich) and 10 mL ODE at 120 °C under vacuum] and 1.5 mmol
of 1-dodecanethiol (DDT) (97 %, Sigma Aldrich) at 300 °C for 30 min.
In this reaction, Zn(OA)2 does not participate in the shell growth, but
adsorbs on the QD surface and promotes the formation of a CdZnS shell
in the subsequent reaction. For additional CdZnS shell growth, we ﬁrst
added 1.5 mL of TOP-S [2 M; made by dissolving 8 mmol of elemental S
(99.998 %, Sigma Aldrich) in 4 mL of TOP] and 4 mL of Zn(OA)2 to the
reactor and slowly introduced 2 mL of Cd(OA)2 (0.5 M; made by reacting 5 mmol CdO with 5 mL of OA and 5 mL of ODE) for 1 min. After
9 min, 2 mL of TOPS and 6 mL of Zn(OA)2 were added to the reaction
and also 3 mL of Cd(OA)2 were slowly introduced over 1 min as before.
After the reaction had progressed for 5 min, the reactor was rapidly
quenched to room temperature. We puriﬁed the crude solution by a
precipitation/re-dispersion procedure using more than 5 washes with
toluene and ethanol and kept the puriﬁed QDs in toluene.
2.3. Device fabrication and characterization
For the current density-voltage measurements, pre-patterned ITO
coated glass substrates were prepared and rinsed with deionized water,
acetone, and isopropanol. For fabricating an electron-only device, a red
light-emitting (~630 nm) QD solution was spin coated on pre-patterend
ITO, and 30-50 mg/mL ZnO in butanol was spin coated. After spincasting, the samples were heated at 110 °C on a hotplate for 30 min in a
glove box. Al metal was deposited by thermal evaporator and a pattern
was made by using a shadow mask. For an encapsulated device,
Norland optical adhesive (NOA) 8610B was used as an epoxy. A glass
cover slip was attached to the devices by applying a single droplet of
NOA 8610B. For measurement of the current-voltage characteristics of
the ZnO ﬁlm, a Keithley 2401 source measurement unit was used.
Optical microscopy (OM) images were captured to observe crack and
pinhole formation on the ZnO/Al ﬁlm. To reduce aging of ZnO nanoparticles, 10-100 μL of ethanolamine were added in the ZnO solution
after washing. The amount of ethanolamine was precisely controlled by
micropipette, and addition of ethanolamine was stopped when the solution became clear. Solution processed QD-LED device fabrication was
done by a typical spin coating technique as reported previously [19].
Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS,
Ossila) was spin coated on pre-patterned ITO/glass substrate at 4,000
RPM. After heating at 120 °C for 5 min, the substrate was loaded into a
nitrogen-ﬁlled glove box. Then the substrate was annealed at 210 °C for
a further 10 min. Poly[(9,9-dioctylﬂuorenyl-2,7-diyl)-co-(4,4′-(N-(4sec-butylphenyl)diphenylamine)] (TFB, Ossila) and 2,3,5,6-Tetraﬂuoro7,7,8,8-tetracyanoquinodimethane (F4TCNQ, Jilin OLED Material

2. Experimental
2.1. ZnO nanoparticles synthesis
ZnO nanoparticles were synthesized by reacting zinc acetate dihydrate with potassium hydroxide (KOH) in methanol solution for 2 h
[27]. Zinc acetate dihydrate (2.95 g) and 1.48 g of KOH (Sigma Aldrich)
were added to 125 and 65 mL of anhydrous methanol, respectively. The
KOH solution was added dropwise to the zinc acetate and maintained
for 2 h with vigorous stirring. The ZnO nanoparticles were washed
thoroughly with methanol three times by centrifuging the solution and
then, dissolved in butanol at a concentration appropriate for use. For
observation of ZnO nanoparticles by transmission electron microscopy
(TEM, JEOL 2100 Cryo), one droplet of ZnO in butanol was placed on a
999
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bilayer structure on a ﬂat substrate and observed the surface during
aging. Optical microscopy images are shown in Fig. 2 (a) and (b). One
can clearly see that surface undulations develop after a certain period of
time (14–21 days) as shown in Fig. 2 (a). The amount of surface
roughness gradually increases as a function of aging time. Especially for
some samples, cracks are formed after two weeks of observation, as
shown in Fig. 2 (b). We believe that this is the result of aggregation of
ZnO nanoparticles, but we do not know speciﬁcally which samples have
cracks or just surface undulations. This can be a serious issue when
trying to transfer multilayer stacks of QD and ZnO to another substrate.
[31,32] Al ﬁlm was deposited as a reference without ZnO, and it is not
surprising that the pure Al ﬁlm did not show any crack formation after a
month of observation as shown in the right column of Fig. 2 (a) and (b).
This conﬁrms that the crack formation in Al ﬁlm is formed by coarsening of the underlying ZnO ﬁlm.
RMS roughness and a 3D image of as-prepared ZnO nanoparticle
ﬁlm are given in Fig. 3 (a). A smooth surface was achieved (0.643 nm of
RMS roughness) when fresh ZnO nanoparticles were spin coated, but
the RMS roughness increased to 1.773 nm with aging. The rougher
surface of ZnO ﬁlm is clearly visible in the 3D image of ZnO ﬁlm in
Fig. 3 (b) (2D images are also shown in supporting information.)
Coarsening of the ZnO nanoparticles increased the roughness of ZnO
ﬁlm after 1 month of aging. These AFM images are direct evidence for
the fact that ZnO nanoparticles aggregate and contribute to aging of
QD-LED devices, and even the Al electrode can be damaged due to
aggregation of ZnO nanoparticles, as seen in Fig. 2.
To observe aging of ZnO nanoparticles directly, ZnO solution was
prepared and separate samples were maintained at room temperature
and in a refrigerator. Fig. 4 (a)-(c) clearly shows coarsening of ZnO
nanoparticles in 1-butanol solution as a function of aging time. Right
after the synthesis of ZnO nanoparticles, one of the vials was kept in the
refrigerator (at 4 °C), and the other vial was kept at ambient temperature (higher than 20 °C in the summer season when the experiment
was carried out). The initial solution was optically clear, which means
there was no scattering of light by ZnO nanoparticles. However, the
ZnO solution kept at room temperature became opaque after a week,
and aggregation of ZnO nanoparticles is clearly observable. Fig. 4 (d)
shows the optical absorbance spectra of the ZnO solution as a function
of aging time. The baseline of absorbance gradually increases, and the
optical band gap shifts as a function of aging time. For better understanding of coarsening behavior by optical absorbance, a Tauc plot is
shown in Fig. 4 (e). The optical band gap of the initial ZnO nanoparticle
in solution is 3.48 eV, but the value decreases to 3.25 eV, and this
means that the size of ZnO particles is larger. We usually keep ZnO in
butanol after dispersion, but when we kept ZnO in powder form after
washing and drying, coarsening of the ZnO nanoparticles was easily
observed. In particular, bulk ZnO rock formation was observed after a
month of observation without adding any solvents to disperse the ZnO.
However, the ZnO kept at 4 °C did not show signiﬁcant coarsening.

Tech) were dissolved in anhydrous m-xylene (Sigma Aldrich) and spin
coated at 3,000 RPM. The solvent was dried at 180 °C for 30 min, and
red QDs (20 mg/ml) in toluene were spin coated at 2,000 RPM and
annealed 30 min at 180 °C. ZnO solution was coated at 3,000 RPM and
annealed at 110 °C for 30 min. After depositing an Al electrode by
evaporator, the QD-LED device was encapsulated by NOA 8610B epoxy
in a glove box for the measurement. The luminance of the LED pixels
was measured by Chroma meter (CS-150, Konica Minolta) and a current
and voltage source unit. SEM (Supra, Karl Zeiss) was used for the observation of the ZnO ﬁlm.
3. Results and discussion
TEM images of as-prepared ZnO nanoparticles are shown in the
supporting information. As-prepared ZnO nanoparticles are typically
3–5 nm in size. At low concentrations, the size of ZnO nanoparticles can
be easily measured, and continuous ﬁlm formation is observed by
concentrating the ZnO solution. Since there are no surface passivating
ligands in the ZnO synthesis procedure, it is expected that small nanoparticles would aggregate and form bigger ZnO particles after a
certain period of time. [29] The mechanism of metal oxide nanoparticle
coarsening has been well studied, and a diﬀusion-controlled aggregation model has been suggested.[30] The coarsening/aggregation of ZnO
nanoparticles in ﬁlm or QD-LED structure can cause changes in device
performance.
Fig. 1 shows current density-voltage (J-V) characteristics of ITO/
QD/ZnO/Al ﬁlm (electron-only device) versus aging time. ZnO ﬁlm was
deposited without QD as well, but a thin layer of ZnO ﬁlm shows a
linear J-V curve presumably due to very thin ﬁlm thickness and high
leakage current as shown in the supporting information. However, one
can clearly see that the resistance of ZnO ﬁlm continuously increases as
a function of aging time. According to electronic band gap calculations,
the coarsening of ZnO should form smaller electronic band gaps due to
less quantum conﬁnement eﬀect. This is believed to decrease the resistance of the ﬁlm, but we observed a gradual increase of resistance
over time, presumably due to aggregation of ZnO nanoparticles and
increasing surface roughness. As shown in Fig. 1 (b), optical adhesiveencapsulated ZnO ﬁlm (ITO/QD/ZnO/Al/epoxy) also shows increasing
resistance, but the aging behavior is retarded compared to the sample
without epoxy in Fig. 1 (a). Note that this change in current density is
the sole result of ZnO aging and no QD-LED operation was involved
during the measurement. One should consider both electron and hole
injection in a full QD-LED stack, but in an electron-only device where
the electronic band alignment is suitable for only electron transport,
hole transport can be ignored. During the measurement, a high voltage
was not applied in this device since the device is thinner than a standard full device stack.
To understand how coarsening of ZnO aﬀects a QD-LED device, we
prepared ZnO/Al (which is the electron-transporting part of a QD-LED)

Fig. 1. Current density(J)-voltage(V) characteristics of ITO/QD/ZnO/Al multilayer structure as a function of aging time. (a) J-V characteristics of ZnO/QD bilayer
ﬁlm sandwiched between patterned ITO/glass substrate and Al electrode, and (b) J-V curve of the same structure with (a), but encapsulated by epoxy and coverslip.
1000
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Fig. 2. Optical microscope images of ZnO covered by Al metal on glass substrate as a function of aging time (indicated in the left) at diﬀerent magniﬁcations (a) when
surface undulations occur and (b) when crack forms on the surface of Al. The last column photographs show Al deposited on glass without ZnO as a reference. Scale
bar in each column indicates 1 mm, 500 μm, 100 μm, and 1 mm, respectively.

stabilizer is a well-known method for preventing coarsening of ZnO
nanoparticles in QD-LED, [21,33] but the eﬀect of the EA ligand on
device performance is shown here for the ﬁrst time. Fig. 5 (a) clearly
shows that ZnO solution with ethanolamine added is transparent even
after a month of observation. On the other hand, typical ZnO nanoparticles without any ligand shows coarsening behavior, as indicated in

Because device application is usually at ambient temperature, and heat
is generated during device application, this aging behavior should not
be underestimated.
To prevent coarsening of the ZnO nanoparticles, ethanolamine (EA)
stabilizer was added in the ZnO solution. The amount of EA was 20 μL
in 10 ml of ZnO solution (~30mg/mL). Adding a small amount of
1001
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Fig. 3. 3D AFM images of (a) as-prepared and (b) aged (1 month old) ZnO ﬁlm. RMS roughness of (a) and (b) are 0.643 and 1.773 nm, respectively.

suppressing electron injection has been very well studied. [15,35]
To observe changes in the ZnO ﬁlm directly, SEM analysis was
carried out. At low magniﬁcation it can be seen that fresh ZnO shows
relatively dense ﬁlm formation right after synthesis (Fig. 6 (a)), but
after a month of ﬁlm formation, the ZnO ﬁlm shows voids and empty
areas, as shown in Fig. 6 (b) and in the magniﬁed image in Fig. 6 (e).
The high magniﬁcation image of aged ZnO (Fig. 6 (e)) shows surface
undulations similar to those observed in OM images of aged Al-covered
ZnO ﬁlm in Fig. 2 (a). Thus, surface roughness of ZnO ﬁlm and crack
formation is highly believed to occur due to coarsening of ZnO nanoparticles. Further, EA-treated ZnO nanoparticles were coated in the
same manner as shown in Fig. 6(c) and (f) (high magniﬁcation), and
these images clearly show that void and roughness formation of ZnO
ﬁlm is signiﬁcantly suppressed by EA stabilizer. The amount of voids is
even less than in the ZnO ﬁlm in Fig. 6 (a) and (d), and the SEM images
of 6 (c) and (f) did not change signiﬁcantly during 4 weeks of observation.
Finally, the eﬀect of EA on ZnO nanoparticles was studied via QDLED device lifetime. As shown in Fig. 7 (a), a QD-LED with ethanolamine-passivated ZnO shows a relatively long device lifetime, but the
eﬀect of ethanolamine passivation is not easy to prove due to the
complicated device structure. Furthermore, it is generally known that
HTL or the HTL/QD interface are the main reasons for the degradation
mechanism of QD-LED devices. [19,22] A QD-LED device was kept in a
glove box without applying bias, and the luminance was measured at a

Fig. 4 (a) to (c), and ZnO particles can even precipitate due to severe
coarsening. Emission of green PL from ZnO nanoparticles typically indicates surface defects. [34] Coarsening of ZnO particles and formation
of bulk-like ZnO eliminates surface defects resulting in a PL emission
peak. PL of ZnO nanoparticles was not observed after 1 month of aging
time. However, ethanolamine-stabilized ZnO shows very strong green
emitted PL under UV lamp illumination as shown in Fig. 5 (b) and this
indicates that the surfaces of the ZnO nanoparticles are passivated
without aggregation. Absorbance spectra for ZnO with ethanolamine
stabilizer are shown in Fig. 5 (c), and the data show that EA is stabilizing ZnO nanoparticles and coarsening behavior is signiﬁcantly suppressed even in solution phase. The Tauc plot of absorbance in Fig. 5 (d)
shows that the optical band gap diﬀerence of aged ZnO after a month is
negligible.
The eﬀect of adding EA to ZnO nanoparticles can be investigated in
QD-LED devices. The current density of QD-LED using ZnO nanoparticles with and without ethanolamine, shown in Fig. 5 (e), shows
that ethanolamine addition to ZnO suppressed current density, presumably due to suppressed electron injection and charge balance. It has
already been reported that suppressing electron injection to QD provides better charge balance in QD-LED. [15] Luminance of the QD-LED
device with EA-ZnO ETL was improved compared with a standard device, as shown in Fig. 5 (f). As a result, the current eﬃciency of the QDLED device with EA-passivated ZnO shows 30 % increase, as shown in
Fig. 5 (g). The device performance improvement of QD-LED by

Fig. 4. Optical study of ZnO aging in solution.
Photographs ZnO nanoparticles in butanol after (a) 1
day, (b) 7, and (c) 30 days. ZnO nanoparticles in the
left vial was kept at 4 °C, and ZnO in the right vial
was kept at room temperature. (d) Absorbance of
ZnO nanoparticles kept at room temperature as a
function of aging time, and (e) Tauc plot of (d)
showing optical band gap.
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Fig. 5. Optical characterization of ZnO and EA-ZnO in butanol and their use for ETL in QD-LED device application. (a) Photograph of ZnO solution (left) with
ethanolamine addition (right), (b) under UV illumination, (c) absorbance spectra of ethanolamine added ZnO solution as a function of aging time, (d) Tauc plot of (c),
(e) current density as a function of applied voltage of QD-LED with ZnO (ethanolamine added, indicated by red color), (f) luminance of QD-LED, and (g) current
eﬃciency of QD-LED with ZnO (ethanolamine added, red). Inset photograph shows QD-LED pixel with EA-ZnO ETL at dark room condition. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)

Fig. 6. SEM images of ZnO ﬁlm with and without EA stabilizer. (a) Fresh ZnO, (b) aged ZnO after 1 month, and (c) ethanolamine treated ZnO. (d) ∼ (f) are high
magniﬁcation images of (a) ∼ (c). Scale bar in (a) to (c) is 1 μm and scale bar in (d) to (f) is 200 nm, respectively.
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Fig. 7. (a) Device lifetime measurement of QD-LED with typical ZnO and EA treated ZnO ETL, and (b) luminance measurement of QD-LED with typical ZnO and EA
treated ZnO ETL at constant bias. (QD-LED device was kept in a glovebox without operating LED pixel).

constant voltage (7 V) for a month. Measurement of LED brightness was
conducted after taking devices from the glove box, and they were
loaded back into the glove box immediately after the measurement.
Fig. 7 (b) clearly shows that luminance slowly drops about 15% after 1
month without LED operation. However, the QD-LED device with EAstabilized ZnO did not show any signiﬁcant luminance drop during one
month of measurement. Since there was no LED operation and HTL
degradation due to non-radiative recombination, this can be explained
by aging of the ZnO ﬁlm.
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4. Conclusion
The aging of ZnO nanoparticle ﬁlm in QD-LED structures was studied. Coarsening and aggregation of ZnO nanoparticles were observed
in the solution phase with a temperature eﬀect and also on the ﬁlm via
optical microscopy and scanning electron image analysis. Formation of
cracks and bubbles was observed due to coarsening of the ZnO nanoparticles. Electrical resistance of ZnO and an electron-only device increased as a function of aging time, which clearly indicates that ZnO is
aggregated. The aging behavior was retarded by applying epoxy encapsulation. However, in the QD-LED structure, aggregation of ZnO
ﬁlm can deteriorate overall device performance. When ethanolamine
was added to ZnO nanoparticles to reduce this aging eﬀect, the solution
remained clear and QD-LED device performance increased by a factor of
1.3. Further, measurement of device lifetime shows that the EA stabilizer suppresses aggregation of ZnO nanoparticles and deterioration of
QD-LED devices.
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