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Abstract: We report the effects of ultraviolet (UV) irradiation and storage on the performance of
ZnO-based inverted quantum-dot light-emitting diodes (QLEDs). The effects of UV irradiation on
the electrical properties of ZnO nanoparticles (NPs) were investigated. We demonstrate that the
charge balance was enhanced by improving the electron injection. The maximum external quantum
efficiency (EQE) and power efficiency (PE) of QLEDs were increased by 26% and 143% after UV
irradiation for 15 min. In addition, we investigated the storage stabilities of the inverted QLEDs.
During the storage period, the electron current from ZnO gradually decreased, causing a reduction
in the device current. However, the QLEDs demonstrated improvements in maximum EQE by 20.7%
after two days of storage. Our analysis indicates that the suppression of exciton quenching at the
interface of ZnO and quantum dots (QDs) during the storage period could result in the enhancement
of EQE. This study provides a comprehension of the generally neglected factors, which could be
conducive to the realization of high-efficiency and highly storage-stable practical applications.

Keywords: quantum-dot; inverted QLEDs; UV irradiation; storage

1. Introduction

Quantum-dot light-emitting diodes (QLEDs) are promising large-area electrolumi-
nescent devices used for display and solid-state lighting applications, due to their high
efficiency, tunable color, high color purity, and simple yet cost-effective solution proces-
sibility [1-3]. In the past few years, the performance of QLEDs has been significantly
improved via thorough study of the core/shell structure of QDs [4,5], the surface ligands of
QDs [6,7], and device structure engineering [8,9]. The QLEDs with high efficiency and long
operational lifetime mainly adopt a multilayer hybrid structure with an organic hole injec-
tion/transport layer and an inorganic electron injection/transport layer (ZnO or ZnMgO).
At present, the peak external quantum efficiency (EQE) of red, green, and blue QLEDs
reach 30.9% [10], 23.9% [11], and 19.8% [12], respectively. Meanwhile, the extrapolated T
operational lifetime (time taken for the luminance to drop to 50% of the initial luminance
of 100 cd/m?) of red and green QLEDs has exceeded 1 million hours [5,9,10,13].

Many researchers have reported on conventional QLEDs with high operation stability
but low storage stability. Recently, a great deal of attention has been paid to a fascinating
phenomenon—namely, positive ageing behavior in conventional QLEDs [14-16]. This
positive ageing behavior exhibits improvements in device efficiency and electrical con-
ductance within several days of storage. Currently, the underlying origin of the positive
ageing effect in QLEDs is still under debate. However, all the current research results
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agree that the positive ageing effect is related to the defect passivation of the inorganic
electron transport layer ZnO, which can be caused by the reaction of ZnO with the acid in
UV-curable resin [16] or with the evaporated electrode Al [15]. Although the performance
of the device is improved after storage for a few days, the storage stability declines. This
poor storage stability is unacceptable for practical applications.

We believe that an inverted device structure will effectively reduce the positive ageing
effect caused by UV-curable acidic resin or electrode Al because the ZnO deposited on
the bottom will be well-covered by the QDs layer and the organic layer. This will help
to improve the storage stability. In this study, the UV curing light in the encapsulation
process is shown to affect the performance and storage stability of inverted QLEDs. The UV
irradiation desorbs the oxygen adsorbed on the surface of ZnO NPs and excites electrons
from defect states, thereby significantly increasing the conductivity of ZnO and reducing
the electron injection barrier to promote the balance of carrier injection. With an appropriate
UV irradiation time of 15 min, the peak EQE and PE of the QLEDs were increased by 26%
and 143%, respectively, compared with the values of the pristine device. Subsequently, we
explored the performance changes of the inverted encapsulated device during the storage
period. We found that the current density of the device gradually declined during the
storage process, possibly resulting from the declining effect of UV light on the electron
injection. However, the ZnO was still self-passivated at the bottom layer, which may be
related to the adsorbed water on the surface of ZnO NPs and/or the QDs. The trace amount
of water passivated the defect state of ZnO during storage and reduced the quenching of
QDs, thus improving the efficiency of QLEDs.

2. Materials and Methods
2.1. Materials

The ITO glass substrates were purchased from China Southern Glass Holding Corp.
(Shenzhen, China). The ZnO NPs solution was purchased from Guangdong Poly Pho-
toelectric Technology Corp. (Jiangmen, China). The red nanocrystals (CdSe/ZnS with a
typical solution PLQY of ~82%) were purchased from Suzhou Mesolight Inc. (Suzhou,
China). The QDs solution had a pure red emission at 632 nm with a full width at half
maximum (FWHM) of 26 nm, and the electroluminescence (EL) peak of QLEDs was located
at 634 nm with an FWHM of 27 nm. The 4,4’ 4" -tris(carbazol-9-yl)-triphenylamine (TcTa)
and 4,4'-bis(N-carbazolyl)-1,1’-biphenyl (CBP) were purchased from Xi’an Polymer Light
Technology Corp. (Xi’an, China). The molybdenum oxide (MoOy, 99.97%) was purchased
from Sigma-Aldrich (St. Louis, MO, USA).

2.2. Device Fabrication

The glass/ITO substrates were thoroughly and sequentially cleaned in an ultrasonic
bath with acetone, isopropanol, detergent, deionized water, and isopropanol, before being
dried in a vacuum baking oven at 70 °C. After cleaning, the ITO substrates were transferred
to a Np-filled glovebox to fabricate each functional layer. Firstly, the ZnO NPs were
dissolved in ethanol at a concentration of 30 mg/mL, spin-coated on the ITO substrate
at 3000 rpm for 30 s, and annealed at 150 °C for 15 min. Subsequently, the QDs which
were dissolved in octane at a concentration of 20 mg/mL were spin-coated on the ZnO
layer at 3000 rpm for 45 s and annealed at 120 °C for 12 min. After that, the samples
were transferred to a vacuum evaporator (base pressure 9 x 107> Pa) for deposition of
the organic layer and Al electrode. The deposition rates of TcTa, CBP, and MoOy layers
were 0.1-1 A /s, and the deposition rate of Al electrode was 0.3-1.5 A /s. The evaporation
rates were monitored by a frequency counter. Then, devices were encapsulated using a
glass cover plate with ultraviolet-curable epoxy and irradiated with a UV curing machine
(EC-500, Electro-Lite Corporation, USA). The UV curing machine had four 365 nm lamps
with a power of 9 W. The encapsulated devices, after UV irradiation for 5 min, were stored
in a nitrogen-filled glovebox (with a gas concentration of O, <2 ppm and H,O < 0.1 ppm).
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2.3. Characterization

The film thickness was determined by a step profiler (Bruker Dektak XT, Karlsruhe,
Germany). The current density-voltage-luminance (J-V-L) characteristics were mea-
sured via a Keithley 236 source meter (Cleveland, OH, USA) and a silicon photodiode
system, and calibrated by a Konica Minolta Chroma Meter CS-200 (Tokyo, Japan). The
electroluminescence (EL) spectra, photoluminescence (PL) spectra, and photoluminescence
quantum yield (PLQY) were measured by a QE Pro spectrometer system (Biaoqi Optoelec-
tronics, Guangzhou, China). Kelvin probe measurements were carried out using the KP
Technology SKP5050 system (KP Technology Ltd., Wick, UK) in a nitrogen-filled glove-
box. Absorption spectra were obtained using the UV-2600 (SHIMADZU, Kyoto, Japan).
Time-resolved photoluminescence (TRPL) spectra were measured using the Hamamatsu
C11367-11 (Hamamatsu Photonics, Iwata, Japan). The EQE was calculated from the data of
luminance, current density, and EL spectrum.

3. Results and Discussion
3.1. The Effects of UV Irradiation on Inverted QLEDs

Inverted QLEDs with the hybrid structure of ITO/ZnO (60 nm)/QDs (25 nm)/TcTa
(50 nm)/CBP (5 nm)/MoOx (8 nm)/Al were fabricated. Figure 1a exhibits the schematic
device structure of QLEDs. The ZnO, TcTa/CBP and MoOy were used as the electron-
transport layer, hole-transport layer, and hole-injection layer, respectively. The fresh devices,
without UV-curable resin, were put into the UV curing machine and subjected to varying
UV irradiation times. The UV light treatment and assessment of device characteristics were
carried out in a nitrogen-filled glovebox.
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Figure 1. (a) Schematic structure of inverted QLEDs; (b) the current density—voltage-luminance (J-V-L)
characteristics; (c) external quantum efficiency—current density (EQE-]) characteristics; (d) and power
efficiency-voltage (PE-V) characteristics of the QLEDs treated with UV irradiation for different durations.



Nanomaterials 2021, 11, 1606

40f10

With different UV irradiation times, the corresponding devices exhibited distinct
current density—voltage-luminance (J-V-L), external quantum efficiency—current density
(EQE-]), and power efficiency—voltage (PE-V) characteristics, as shown in Figure 1b—d.
The characteristics of the devices are summarized in Table 1. The typical pristine device
exhibited a low current density and high turn-on voltage (Von, 3.0 V), whereas the devices
exposed to UV irradiation all had higher current density and lower Vo, (2.0 V). For example,
the pristine device showed a current density of 3.2 mA/cm? at 5 V. However, the devices
subjected to 15 min of UV irradiation had a current density of 426.9 mA/cm? at 5V,
which is 133-fold that of the pristine device. The Vo, of devices with UV irradiation
were 1 V lower than that of the pristine device. These results indicate that UV irradiation
improves the carrier injection of QLEDs. Moreover, after being subjected to 15 min of
UV irradiation, all devices exhibited higher EQE and PE. The performance of the devices
subjected to 15 min of UV irradiation demonstrated the most significant improvement,
whereby EQE was enhanced by 26%, from 12.7% to 16.0%, and PE was greatly enhanced
by 143%, from 7.9 Im /W to 19.2 Im/W. However, the leakage current of QLEDs was also
continuously enhanced with increasing UV irradiation time, which may have originated
from the promotion of electron accumulation at the interface of QDs and TcTa. With further
increases in the UV irradiation time, the efficiency of the devices decreased, possibly due
to unbalanced charge injections caused by the further increase in electron current.

Table 1. The characteristics of the QLEDs with different UV irradiation times.

Uuv Von EQEmax PEmax @5V @1000 cd/m?
Time V) (%) (Im/W) L (cd/m?) J (mA/cm?) V (V) EQE (%)
Pristine 3.0 12.7 7.9 383 32 55 12.3
5 min 2.0 14.1 17.0 36,330 263.1 2.8 13.8
10 min 2.0 15.1 17.4 51,175 3432 2.7 14.5
15 min 2.0 16.0 19.2 65,445 426.9 2.7 15.7
20 min 2.0 15.0 16.8 69,694 474.8 2.7 14.1

To explain the origin of the effects of UV irradiation, we first investigated the J-V of
electron-only devices (EODs) and hole-only devices (HODs) before and after UV irradiation.
As shown in Figure 2a, the electron current density of EOD evidently improved after UV
irradiation. For example, the pristine device showed a current density of 3.8 mA /cm? at
5 V but the device after 15 min of UV irradiation exhibited a higher current density of
4353 mA /cm? at 5V, which is almost a 113-fold enhancement compared to the value of
the pristine device. In contrast, the current density of HOD was almost unchanged after
UV irradiation. These results indicate that the enhancement of current in QLEDs is mainly
due to the improvement of electron injection. In addition, we found that the hole current
of the pristine HOD was higher than the electron current of the pristine EOD from 0-3 V,
which illustrates that the hole current was more dominant in the pristine QLEDs. The very
low electron current results in a high turn-on voltage, low current density, and low EQE
because of the unbalanced charge in the pristine QLEDs. Moreover, in order to analyze
the electron current enhancement of ZnO after UV irradiation, we tested the conductivity
of ZnO film. The J-V characteristics of the ZnO thin-film are shown in Figure 2c. At
the ohmic contact region (J-V), the conductivity of the ZnO film after UV irradiation was
4.3 x 10~* S/mm, which was enhanced by 80-fold compared to the conductivity of pristine
film, which was 5.4 x 107® S/mm. Therefore, the current enhancement of EOD is mainly
ascribed to the increase in bulk conductivity of ZnO after UV irradiation. To further confirm
that the current enhancement was solely related to the UV irradiation effect on ZnO, the
J-V characteristics of the device without the ZnO layer (ITO/QD/TcTa/CBP/MoOx/Al)
were measured. As shown in Figure 2d, the device without the ZnO layer had no current
elevation after UV irradiation, which confirms that the current enhancement in QLEDs
solely originated from the improved conductivity of ZnO after UV irradiation.
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Figure 2. (a) J-V curves for electron-only devices (ITO/ZnO/QDs/ZnO/Al); (b) J-V curves for
hole-only devices ITO/PEDOT/TFB/QDs/TcTa/CBP/MoOx/Al); (¢) J-V characteristics of electron
devices (ITO/Ag/ZnO/LiF/Ag). The red dotted line exhibits the ohmic region of J-V; (d) J-V curves
for the device without a ZnO layer.

The effect of UV irradiation on the conductivity of ZnO is frequently attributed
to adsorbed oxygen. Trace amounts of O, could be adsorbed on the surface of ZnO
NPs with a high surface-to-volume ratio despite the ZnO NPs being spun and annealed
inside the glovebox, where O, concentration might be just several ppm. The physically
adsorbed O, might turn into chemically adsorbed ions (such as O~ and O?~) by capturing
the free electrons of ZnO, thus reducing the electron concentration and conductivity of
ZnO [17,18]. When the ZnO film is irradiated with a 365 nm UV lamp, photogenerated
electron-hole pairs are produced. As shown in Figure 3a, the optical absorption spectra of
ZnO before and after UV irradiation remained the same since the energy required for the
band edge absorption of ZnQO is slightly higher than the energy of the UV light. Thus, a few
photogenerated carriers may be produced. Subsequently, the photogenerated carriers are
separated, and the holes migrate to the ZnO surface where the ionized oxygen is trapped
and recombined with O?~. After recombination, the adsorbed oxygen ions are oxidized
to oxygen and could thus desorb from the surface of ZnO, accompanying the release of
captured electrons [19]. Furthermore, ZnO NPs have many surface defects in the band
gap [20,21]. As light with energy below the band gap illuminates the surface, the electrons
become photoexcited to the conduction band, causing electron density to be enhanced,
which is associated with negatively charged oxygen ions and oxygen vacancy [17,22].
Therefore, the conductivity of ZnO was effectively improved by UV irradiation. It has been
reported that the visible PL emission in ZnO NPs originates from adsorbed O; [23]. Our
ZnO NPs film exhibited weak green PL at an excitation wavelength of 280 nm. This green
emission became lower after UV irradiation, as shown in Figure 3b. This result indicates
the partially adsorbed O, decreased after UV irradiation, which is consistent with the other
characteristics above.
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The adsorbed oxygen can also create a potential barrier of upward band bending
by a depletion region along the ZnO surface, causing a high work function (WF) [24-26].
After UV irradiation, the adsorbed oxygen in the ZnO is released, which leads to less band
bending and lower WEF [27]. As shown in Figure 3¢, the WF of the ZnO film exhibited a
gradual drop with the exposure of ZnO to a 365 nm UV lamp for 15 min. The WF was kept
almost constant with ZnO despite further illumination with UV light, suggesting saturation
of the WF shift. The WF of ZnO in the pristine device and the device subjected to UV light
were calibrated as 4.27 eV and 3.95 eV, respectively. The barrier height on the surface band
bending was 0.32 eV. The reduction in band bending contributed to improvements in the
electron transport between adjacent ZnO NPs and the electron injection from ITO into ZnO.

As mentioned above, UV irradiation not only enhanced the conductivity of ZnO, but
also increased electron injection. Therefore, with UV irradiation, the device exhibited a
significantly larger current and lower turn-on voltage. After UV irradiation treatment,
the electron current was considerably enhanced—reaching even two orders of magnitude
higher than the hole current (Figure 2a,b). This may help electron-assisted hole injections
to improve the charge balance in the QDs layer. It was recently reported that the hole
injection is assisted by the enhanced confinement of Coulomb interactions originating from
the first electron injection into the QDs [28]. The EQE of QLEDs reached 20.3% with a good
charge balance, although the current density of the HOD was approximately three orders
of magnitude smaller than that of the EOD. As a result, the UV irradiation enhanced the
electron injection to promote the charge balance in the QDs, which led to the improvement
of EQE and PE in the QLEDs.

Furthermore, it is also worth understanding whether the UV irradiation affects exciton
quenching at the interface between ZnO and QDs. The photoluminescence quantum yield
(PLQY) of QDs interfaced with ZnO and the PL lifetime were revealed by time-resolved PL
decay curves (Figure 4). The pristine QDs film exhibited a PLQY of 70% and an average
TRPL lifetime of 25.8 ns on a quartz substrate. However, the QDs deposited onto the
ZnO nanocrystal film showed a lower PLQY of 36% and a shorter average TRPL lifetime
of 14.1 ns, which could result from significant interfacial exciton quenching by surface
defects that acted as nonradiative recombination centers [29]. The PLQY and TRPL lifetime
kept almost the same values after the ZnO/QDs film was irradiated with UV light for
15 min. These results suggest that the UV irradiation treatment did not affect interfacial
exciton quenching.
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3.2. The Effect of Storage Period on Inverted QLEDs

Storage aging often occurs in regular devices, and is usually related to the reactions
between ZnO and the acid encapsulating adhesive or Al electrode. As the impact of the
above two factors on the bottom layer of ZnO should be very small, better storage stability
in the inverted device was expected. Here, we analyzed the performance of the devices
(encapsulated with UV irradiation for 5 min) after storage for different periods. It can be
clearly seen from Figure 5a that the current density of QLEDs decreased significantly after
storage, especially after two days of storage. For example, at the driving voltage of 5V,
the current density of the device (S2D) after storage for two days reached 74 mA/ cm?,
which is only about one-fifth that of the pristine device (S0D). This means that the driving
voltage at the same brightness will increase significantly after storage. For a brightness of
10,000 cd/m?, the driving voltage of the pristine device (S0D) was 4.3 V, but it increased
to 4.8 V after two days of storage (52D), and to 6.1 V after 14 days (514D). The significant
increase of the driving voltage may reduce the stability of the device and affect the display
driving circuit. However, it can be observed that the maximum EQE of the device increases
after storage from 0-14 days, in comparison to that of the fresh device. The maximum EQE
of the device after two days of storage increased to 16.9%, which is 20.7% higher than that
of the control device. These changes in performance of the inverted QLEDs may indicate
that the device has low storage stability.
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Figure 5. (a) The current density—voltage-luminance (J-V-L) characteristics of the QLEDs after
storage from 0 to 14 days; (b) external quantum efficiency—current density (EQE-]) characteristics of
the QLEDs after storage from 0 to 14 days.
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Considering that UV irradiation during the device encapsulation process increased
the electron current by two orders of magnitude, the decrease in the current of the storage
device could originate from the change of ZnO. The EODs and the HODs were fabricated
to explore the changes of the device current during storage. As shown in Figure 6a,b, the
electron current density decreased with increasing storage time, while the hole current
did not show any detectable change. Therefore, during the storage process, the oxygen
desorbed on the ZnO surface after UV irradiation could be adsorbed again and the excited
electrons from the defect states could decay. As a result, the conductivity of ZnO reduced
and the electron injection barrier increased, thereby reducing the electron injection of
QLEDs, which in turn led to a reduction in the current density. Combined with the effect of
UV light, which improved electron injection, the carrier of QLEDs was more balanced and
a higher EQE was obtained. Therefore, during storage, the carrier balance of QLEDs will
be destroyed and the EQE will be reduced, as a result of the reduction in electron injection
during the storage process. In Figure 5b, it can be seen that the EQE of the device after
storage increased compared to the control device. Therefore, there could be other factors
improving the performance of QLEDs during storage.
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Figure 6. (a) ]-V curves for the electron-only devices ITO/ZnO/QDs/TPBi/LiF/Al) before and
after storage from 0 to 14 days; (b) J-V curves for the hole-only devices before and after storage
for 14 days; (c) the PLQY and (d) TRPL lifetime for the quartz/ZnO/QDs sample before and after
storage for 2 days.

To examine exciton quenching at the interface of ZnO and QD, PLQY and TRPL
measurements were carried out on the pristine and stored samples (quartz/ZnO/QDs).
After storage for 2 days, the QDs film exhibited a PLQY of 51% and an average TRPL
lifetime of 16.0 ns, which are both slightly increased compared to those of the pristine
sample (Figure 6¢c,d). These results reveal that the exciton quenching at the ZnO/QD
interface was reduced after storage. It was previously reported that the defects on the
ZnO surface were passivated by trace amounts of water, which could be adsorbed on the
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surface of ZnO NPs or quantum dots in the preparation process [30,31]. The effects of
water molecules on the ZnO and QDs still need further detailed characterization.

4. Conclusions

We investigated the effects of UV irradiation during the encapsulation process on the
efficiency and storage stability of ZnO-based inverted QLEDs. The pristine device exhibited
inferior device performance with a high turn-on voltage, low current, and low EQE. The
low performance could be attributed to a reduction in ZnO conductivity due to the trace
amount of O, in the glovebox being adsorbed on the surface of ZnO, and in turn capturing
the free electrons of ZnO. After UV irradiation, the conductivity of ZnO increased and
the electron injection barrier decreased. As a result, the inverted QLEDs exhibited higher
current, EQE, and PE, possibly due to a more effective charge injection. The EQE and PE of
the device after UV irradiation for 15 min was enhanced by 26% and 143%, respectively,
compared to the pristine device. Although the UV irradiation demonstrated an advantage
in boosting EQE and PE, it could affect the storage stability of the inverted QLEDs. During
the storage period, the electron current from ZnO gradually decreased due to re-adsorbed
O; and the decay of excited electrons, causing a reduction in device current. However, the
inverted QLEDs showed an improvement in the maximum EQE by 20.7% after two days of
storage. Our research indicates that the suppression of exciton quenching at the interface
of ZnO and QDs during storage could improve the EQE. The effects of UV irradiation and
storage stability in inverted QLEDs were demonstrated in this work, offering insights into
the fabrication of inverted QLEDs with improved stability.
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