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ABSTRACT

The origin of the efficiency drop of quantum dot light-emitting diode (QLED) under consecutive voltage sweeps is still a puzzle. In
this work, we report the voltage sweep behavior of QLED. We observed the efficiency drop of red QLED with ZnMgO electron
transport layer (ETL) under consecutive voltage sweeps. In contrast, the efficiency increases for ZnO ETL device. By analyzing
the electrical characteristics of both devices and surface traps of ZnMgO and ZnO nanoparticles, we found the efficiency drop of
ZnMgO device is related to the hole leakage mediated by trap state on ZnMgO nanoparticles. For ZnO device, the efficiency
raise is due to suppressed electron leakage. The hole leakage also causes rapid lifetime degradation of ZnMgO device.
However, the efficiency and lifetime degradation of ZnMgO device can be eliminated with shelf aging. Our work reveals the
distinct voltage sweep behavior of QLED based on different ETLs and may help to understand the lifetime degradation

mechanism in QLED.
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1 Introduction

Quantum dot light-emitting diode (QLED) featuring self-emission
and narrow linewidth is highly attractive for next generation
displays [1-5]. It enjoys a better contrast ratio and wider color
gamut compared to existing displays including organic light-
emitting diode (OLED) and liquid crystal display (LCD). Since its
first report, the performance of QLED has been boosted with
extensive efforts [1-5]. At present, the maximum external
quantum efficiency (EQE) of red, green and blue QLEDs has
reached 21.6%, 28.7% and 21.9% respectively [2, 3]. Furthermore,
the operation lifetime Ty; of red, green, and blue QLEDs has
reached 7,668, 7,500 and 57 h at 1,000 cd/m’, respectively [3,4]. In
particular, the operation lifetime Ts, of inkjet-printed red and
green QLEDs has reached 25,178 and 20,655 h at 1,000 cd/m? [5],
which satisfy the requirement of display applications.

QLED:s are self-emitting devices, consisting of an emissive QD
layer between electron transport layer (ETL) and hole transport
layer (HTL), and two electrodes [6]. For a working device,
electrons and holes are injected from their respective electrode
under bias, and transport through charge transport layer, then
they are injected into QD emission layer to form excitons. After
exciton radiative recombination, photons would be generated and
then extracted from the device. In a working QLED, the device
efficiency EQE = ##p#j [6], where 7, is the ratio of injected
charges that form excitons in QD layer, #p is the quantum yield of
QD film, #,, is the light extraction efficiency. Therefore, #, is a key

factor determining the QLED efficiency. ZnO nanoparticles are
commonly employed as electron transport materials in QLED for
their matched conduction band minimum (CBM) and high
electron mobility [7]. However, it may cause electron over-
injection into HTL [3, 8], which would decrease the factor 7,
lowering the device efficiency. According to previous report, Deng
et al. discovered that green and blue QLEDs behave poor
performance was mainly due to the electron leakage. They
employed a new HTL PF8Cz to suppress the electron leakage,
which improves the performance of green and blue QLEDs [3].
Wang et al. observed the trap site in PVK could accept over-
injected electrons in blue QLED, and they inserted a ZnSe-based
QD interlayer to suppress the electron leakage [9]. Apart from the
electron leakage, hole leakage in QLED was also reported. For
instance, Chrzanowski et al. reported ZnMgO traps mediated hole
leakage in green QLED, they found H,O could passivate the trap
states and block the hole leakage path [10]. Wang et al. found
standard QLED based on PEDOT:PSS/TFB suffered from strong
hole leakage, and developed a new HTL mTFF to alleviate the hole
leakage [11]. Therefore, to fabricate high performance QLED,
both electron and hole leakage should be suppressed [3, 8-14].
Furthermore, the leakage current plays a dominating role in
QLED stability. For operation stability, the QLED lifetime
degradation are often associated with the HTL degradation
because of the electron leakage into HTL [3, 8, 15]. On the other
hand, shelf stability is also an important point of QLED, positive
aging ie., the current density and efficiency improvement of
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QLED after several days’ storage is attributed to suppressed
leakage current [16, 17]. Besides the effect of leakage current on
efficiency and lifetime of QLED, herein, we focus on the impact of
leakage current to the voltage sweep behavior of QLED, which is
rarely discussed in previous report. In OLEDs, the current
efficiency dropped under consecutive voltage sweeps, because of
the charged small molecule induced leakage current [18].
Similarly, the device efficiency drop under consecutive voltage
sweeps was also observed in QLED [2, 10]. However, the origin is
not clear yet. In this work, we observed the efficiency drop of red
QLED with ZnMgO ETL under consecutive voltage sweeps, while
surprisingly the efficiency of ZnO device raises. By the analysis of
the electrical characteristics of both devices and the surface traps of
ZnMgO and ZnO nanoparticles, we attribute the efficiency drop
of ZnMgO device to hole leakage mediated by trap state on
ZnMgO nanoparticles. For ZnO device, the efficiency raise is
ascribed to suppressed electron leakage. Furthermore, the hole
leakage also causes rapid lifetime degradation of ZnMgO device.
Finally, the EQE and lifetime degradation of ZnMgO device can
be eliminated with shelf aging. Our work reveals a perspective of
the origin of efficiency and lifetime degradation in red QLED and
may help to understand the device physics of QLED.

2 Results and discussion

2.1 Voltage sweep behavior of QLED

Our QLED was fabricated with the following structure: ITO
/PEDOT:PSS/TFB/QDs/ZnMgO/Al, where ITO, PEDOT:PSS,
TFB, QDs, ZnMgO, Al functions as anode, hole injection layer,
hole transport layer, emission layer, electron transport layer and
cathode, respectively. The EL spectrum of fabricated QLED is
located at 621 nm (Fig.S1 in the Electronic Supplementary
Material (ESM)), suggesting a pure red emission of our device. To
study the voltage sweep behavior of QLED, five consecutive
voltage sweeps are conducted on red QLED with ZnMgO ETL.
Each voltage sweep is conducted after the end of previous sweep
without any pause, the voltage step is 0.1 V and each voltage
sweep lasts for about 20 s. Figure 1(a) shows the current
density-voltage (J-V), luminance-voltage (L-V), and current
efficiency-voltage characteristics of the ZnMgO device. It is clear
that the current density of ZnMgO device raises under five
consecutive voltage sweeps. For instance, the current density of
ZnMgO device at 4 V is 59.52 mA/cm’ at the first sweep, then it
raises to 61.12, 61.96, 62.72, 63.28 mA/cm’ respectively in the next
four voltage sweeps. At the same time, the luminance of ZnMgO
device at 4 V increases from 14,526 to 14,918, 15,227, 15,529, and
15,772 cd/m?’ for the 2™ to 5™ sweeps, respectively. They are shown
in details in Fig. 1(c). However, the maximum current efficiency
(CE) of the ZnMgO device in this case drops from 29.52, to 25.80,
25.06, 25.03, 24.96 cd/A (Fig. 1(c)), which is similar to the results
in the previous report [2, 10]. To investigate the origin of CE drop
in ZnMgO device, we employ ZnO nanoparticles as ETL to
fabricate red QLED. As shown in Fig. 1(b), the current density and
luminance of ZnO device raise under voltage sweeps, but the
maximum CE of ZnO device tends to raise under voltage sweeps.
Concretely, the maximum CE of ZnO device raise from 23.02 to
23.69, 24.01, 24.25, and 24.30 cd/A (Fig. 1(c)) for the 2™ to 5"
sweeps, respectively. Therefore, although the current density and
luminance of both devices are increased under voltage sweeps,
their maximum CE exhibits opposite trend in this case. Herein, we
aim to figure out the mechanism of the distinct voltage sweep
behavior between ZnMgO and ZnO based devices, i.e., i) why the
current density and luminance of both devices raise under voltage
sweeps; ii) why the maximum CE of ZnMgO device drops under
voltage sweeps, while it increases for ZnO device.
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Figure1 Current density-luminance-current efficiency-voltage characteristics
of (a) ZnMgO and (b) ZnO devices under five consecutive voltage sweeps. The
insets show the corresponding enlarged detail in (a) and (b). (c) Current density
and luminance @ 4 V, and maximum CE versus sweep order of ZnMgO and

ZnO devices.

2.2 Electrical analysis of QLED with different ETL

The increase of QLED current density under voltage sweeps may
come from conductivity improvement of the ZnMgO and ZnO
films. As we know, ZnO is widely employed in resistive switching
memory device for their tunable resistance under electric field
[19-23]. Usually, ZnO exhibiting high resistance state (HRS) will
turn to low resistance state (LRS) under a positive voltage sweep
[19]. For instance, Chen et al. argued that oxygen ion migration
under electrical field forms conducting channel [20], which
improve the conductivity of ZnO. Besides, Chang et al. concluded
that an interfacial metal oxide layer forms at the metal/ZnO
interface, which controls the oxygen outflow and leads the resistive
switching process [21]. Therefore, ZnO exhibits clear resistive
switching effect under electrical field. Figure 2(a) shows the
current density-voltage characteristics of the devices with the
following structures: ITO/ZnMgO/Al and ITO/ZnO/Al. The J-V
characteristics of both devices show evident hysteresis. Concretely,
it exhibits HRS in forward sweep and LRS in reverse sweep for
both devices, indicating that conductivity of ZnO and ZnMgO
nanoparticle films are improved under the electric field. Therefore,
the current density and the corresponding luminance increase for
both ZnO and ZnMgO devices under consecutive voltage sweeps.
In a working QLED, the current efficiency CE = L/J. Therefore,
although the current density and luminance of ZnMgO device
raise at the same time under the consecutive voltage sweeps, to
explore the origin of EQE drop in ZnMgO device, we have to
consider the ratios of the current density and luminance for 2™ to
5" sweeps (Figs. S2 and S3 in the ESM) with respect to that in first
sweep ie., L/, L/l T/l Js/Jy and Ly/L,, Ly/L,, L,/L,, Ls/L,. We
take Js/J; and Ls/L, as an example, as shown in Fig. 2(b), the
current density increment is larger than the luminance increment
of ZnMgO device (J5/J, > Ls/L;). For instance, J5/J; is 2.38 at the
applied bias of 1.7 V, which is larger than Ly/L; (2.07). That is to
say, the luminance increment cannot follow the current density
increment, then part of current may leak out and doesn’t
contribute to luminance increase, which causes the CE drop in
ZnMgO device. To identify the leakage current cause of the CE
drop, we analyze the luminance-current density characteristics of
ZnMgO device (Fig.S4(a) in the ESM). With the same current
density, the luminance drops under voltage sweeps, indicating part
of current leaks out that doesn’t contribute to the emission.
Furthermore, the peak capacitance of ZnMgO device drops
slightly from 3.69 to 3.63 nF under voltage sweeps (Fig. 2(c)),
suggesting the charge leakage in ZnMgO device. On the other
hand, the voltage for the minimum CE (0.611) is 1.9 V, where the
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Figure2 (a) Current density-voltage characteristics of ITO/ZnMgO/Al or
ITO/ZnO/Al in forward and backward sweep, (b) current density increment
(J5/J1), luminance increment (Ls/L,), and current efficiency increment (CE5/CE,)
of ZnMgO and ZnO devices, (c) capacitance-voltage characteristics of ZnMgO
and ZnO devices with a frequency of 1 kHz, (d) current density-EQE-voltage
characteristics of ZnMgO and ZnO devices. The inset shows the enlarged detail
of the curves.

ratio of Ls/L, over J;/J; reach its minimum. Such an applied bias is
indeed located at leakage current regions [17, 24], implying the CE
drop of ZnMgO device is attributed to the leakage current.

For ZnO device, the case is more complex. Shown in Fig. 2(b) is
the current density (J5/J;), luminance (Ls/L,), and current
efficiency (CEs/CE,) ratios of ZnO device. The luminance and
current density drop before 1.9 V and raise after 2 V under voltage
sweeps, which are quite different from that of ZnMgO device.
Moreover, the applied bias at the maximum CE ratio of ZnO
device is 1.8 V, in this case, the luminance and current density
drop simultaneously. However, Ly/L, is larger than Ji/J;, ie,
although the current density of ZnO device drops, but the
luminescence efficiency is improved, which contributes to the CE
raise. In the capacitance-voltage (C-V) characteristics of ZnO
device (Fig.2(c)), the peak capacitance of ZnO device raises
slightly from 3.57 to 3.85 nF under voltage sweep, implying the
electron accumulation in ZnO device under voltage sweep [8].
According to previous report, charge injection can be modulated
by the electron in QD layer under electrical aging [25]. Therefore,
electrons left in first voltage sweep can block the electron over-
injection in next voltage sweep owing to the Coulombic
interaction, which suppresses electron leakage in ZnO device,
thereby causing the current density drop before 1.9 V. On the
other hand, the factor #, (the ratio of injected charges that form
excitons in QD layer) is improved with suppressed electron
leakage, which in turn improve the luminescence efficiency. Figure
S4(b) in the ESM show the luminance-current density
characteristics of ZnO device, With the same current density, the
luminance raises under voltage sweeps, suggesting higher
luminescence efficiency at 2™ to 5" sweeps in ZnO device.

Therefore, we can understand the opposite CE trend of ZnMgO
and ZnO devices combining with J-L-C-V characteristics. As
shown in Fig 2(d), we separate the J-V curve (log scale) of
ZnMgO and ZnO devices into three regions. The current density
of both devices keeps unchanged in Region I and raises in region
IIT under voltage sweep, while the J- V' characteristics of ZnMgO
and ZnO devices is quite distinct in region II. For ZnMgO device,
the leakage current in region II raise under voltage sweeps, then
factor 7, would decrease in this case, which lower the device
efficiency. The maximum EQE of ZnMgO device drops from
18.57% to 15.68%. Furthermore, the voltage at the maximum EQE
is increased from 2.4 to 2.9 V, indicating the charge balance in
ZnMgO device is weakened by the leakage current. For ZnO
device, the leakage current in region II drops under voltage
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sweeps. As discussed above, accumulated electron in ZnO device
can block electron over-injection, which suppresses the electron
leakage in ZnO device. Then the factor #, would raise with
suppressed leakage current, which improves the device efficiency.
The maximum EQE of ZnO device raise from 15.05% to 15.88%
in this case. Furthermore, the voltage at the maximum EQE is
decreased from 3.1 to 2.7 V, which also have the opposite trend to
ZnMgO device, suggesting a more balanced charge injection
under voltage sweeps in ZnO device [17]. Therefore, the EQE
drop of ZnMgO device is attributed to leakage current, and the
EQE raise of ZnO device is ascribed to suppressed electron

leakage.

2.3 The origin of hole leakage

Besides the origin of EQE drop of ZnMgO device, we also
investigate the source of the leakage current in ZnMgO device.
According to previous report, the ZnMgO nanoparticles can be
embedded in red QD layer, which provide a hole leakage channel
across the QD layer [10, 17]. Owing to the energy alignment of
highest occupied molecular orbital (HOMO) of TFB and the trap
state of ZnMgO, hole can be transferred from TFB to ZnMgO
layer through the embedded ZnMgO nanoparticles, which forms a
hole leakage path. Therefore, the hole leakage should be highly
correlated to the surface traps in ZnMgO nanoparticles.
Considering the suppressed electron leakage in ZnO device, it is
necessary to compare surface traps of ZnO and ZnMgO
nanoparticle films. We measured the PL spectra of ZnO and
ZnMgO nanoparticle films (thickness ~50 nm). As shown in Fig.
3(a), apart from an intrinsic emission, a strong green-yellow band
is also observed in PL spectra of ZnO and ZnMgO nanoparticle
films, which is associated with oxygen defects [26]. The defect
emission of ZnO and ZnMgO films peak at 538 and 508 nm,
respectively. It is clear that the defect emission intensity of ZnMgO
film is stronger than that of ZnO film, indicating the defect density
of ZnMgO film is higher than ZnO film. To quantitatively
compare the defects of ZnO and ZnMgO films, XPS was
conducted to analyze the surface oxygen composition. As shown
in Figs. 3(b) and 3(c), the O 1s was deconvoluted into two peaks
using Gaussian fitting. One peak is located at 530.1 eV,
representing the oxygen lattice, while another peak is located at
531.4 eV, representing the oxygen vacancy and hydroxyl groups,
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Figure3 (a) PL spectra of ZnO and ZnMgO films, XPS spectra of (b) ZnMgO
and (c) ZnO films on O 1Is, (d) current density-EQE-voltage characteristics of
red QLED with PMMA interlayer under consecutive voltage sweeps, (e) current
density-EQE-voltage characteristics of blue QLED with ZnMgO ETL under
consecutive voltage sweeps. The inset shows the corresponding enlarged detail
of curves.
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which is regarded as oxygen defect [17]. The ratio of oxygen
defects over oxygen lattice of ZnO film is 2.5, however, it raises to
5.1 for ZnMgO film (Table S1 in the ESM), implying the trap
density of ZnMgO film is much higher than that of ZnO film.
Therefore, the leakage current in ZnMgO device is attributed to
hole leakage mediated by trap state in ZnMgO nanoparticles,
which is illustrated in Fig. 4(a). For ZnO device, the hole leakage
path is blocked in ZnO device because of lower trap density.
Instead, the accumulated electrons in QD layer play a dominating
role to suppress electron leakage, which is illustrated in Fig. 4(b).

The surface trap difference between ZnO and ZnMgO films
provide a reasonable explanation for hole leakage path in ZnMgO
device, but we still can’t prove it directly. To verify the source of
hole leakage, we insert a polymer PMMA interlayer between the
red QD layer and ZnMgO layer to prevent the ZnMgO
nanoparticle from embedding into QD layer. As shown in Fig.
3(d), the leakage current of red QLED drops slightly under voltage
sweeps, suggesting suppressed hole leakage by PMMA interlayer,
which is illustrated in Fig. 4(c). Then the EQE of QLED
consequently raises under voltage sweeps, which reveals the source
of hole leakage. Furthermore, we compare the performance of
blue QLED with ZnMgO ETL. Owing to the quantum size effect
[27, 28], the size of blue QD is smaller than that of red QD, shown
in Fig. S6 in the ESM is the TEM images of red QD and blue QD,
the diameter of red QD is about 13 nm, while it is only 6 nm for
blue QD. Considering the diameter of ZnMgO nanoparticle is
about 5 nm (Fig. S7 in the ESM), the ZnMgO nanoparticle can be
embedded into red QD rather than blue QD, which also block the
hole leakage path in blue QLED (illustrated in Fig.4(d)). As
expected, the leakage current of blue QLEDs with ZnMgO ETL
drops under voltage sweeps (Fig. 3(e)), in this case, the EQE of
blue QLED raises from 6.60% to 6.91% with suppressed leakage
current. Therefore, the EQE drop of ZnMgO device is indeed
attributed to hole leakage.

24 Operation lifetime of QLED

Interestingly, the EQE drop of ZnMgO device can be eliminated
with shelf aging. Positive aging, i.e., the device efficiency of QLED
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Figure4 Diagrams of (a) hole leakage path in red QLED with ZnMgO ETL,
(b) electron accumulation in red QLED with ZnO ETL, (c) hole leakage path is
blocked with a PMMA interlayer, (d) hole leakage path is blocked in blue
QLED.
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improvement after several day’s storage is frequently reported [16,
17,29,30]. Chen et al. contributed the efficiency raise to the
interaction between ZnMgO nanoparticles and encapsulation
resin, which improved the conductivity of ETL and passivated the
trap sites in ZnMgO nanoparticles [16,17]. Remarkably, in our
experiment, the EQE drop of ZnMgO device can be eliminated
with shelf aging. As shown in Fig. 5(a), the leakage current of shelf-
aged ZnMgO device drops under voltage sweeps, because the trap
sites on ZnMgO nanoparticles are passivated by resin with shelf
aging [17], which block the hole leakage path. Instead, the
accumulated electrons play a dominating role in the current
density of shelf-aged ZnMgO device, which suppress the electron
leakage. Herein, we should notice that the luminance of shelf-aged
ZnMgO device also drops in this case, but the luminance
decrement is smaller than the current density decrement (Fig. S9
in the ESM), i.e., the luminescence efficiency of shelf-aged ZnMgO
device is improved under voltage sweep. Therefore, the maximum
EQE of shelf-aged ZnMgO device raise from 20.71% to 22.58%
under voltage sweeps. The current density and luminance of shelf-
aged ZnMgO device at 4 V are more than twice higher than that
of pristine ZnMgO device. Moreover, the maximum EQE of shelf-
aged ZnMgO device are improved from 1857% to 22.58%,
indicating an evident positive aging effect in red QLED. For ZnO
device, the maximum EQE raise from 15.88% to 19.53% with shelf
aging (Fig. S10 in the ESM).

Apart from the efficiency drop of ZnMgO device, hole leakage
also causes rapid lifetime degradation in ZnMgO device. As
shown in Fig. 5(b), Ty, of ZnMgO device is just 6.6 h (at 10,000
cd/m?) with a constant current of 1.97 mA. As a comparison, the
Ty, of ZnO device is 171 h (at 10,000 cd/m?) with a constant
current of 2.04 mA, exhibiting much longer lifetime for ZnO
device. The large gap between the lifetime of ZnMgO and ZnO
device is due to continuous luminance drop (Fig. S4(a) in the
ESM) in ZnMgO device under electrical aging. That is to say, the
hole leakage also plays a dominating role in the lifetime of ZnMgO
device. Notably, the operation lifetime of ZnMgO is improved
greatly with shelf aging, As shown in Fig. 5(c), the Ty, of shelf-aged
ZnMgO device is 202 h at 10,000 cd/m?, which is much larger
than that of pristine ZnMgO device. The improved lifetime of
ZnMgO device is attributed to suppressed leakage current with
shelf aging. As shown in Fig. 5(d), the leakage current of shelf-
aged ZnO device drops slightly compared to that of pristine ZnO
device, but the leakage current of shelf-aged ZnMgO device is
much smaller than that of pristine ZnMgO device. For instance,
the current density of shelf-aged ZnMgO device at 1.5 V is 0.0011
mA/cm’, which is one order smaller than that of pristine ZnMgO
device (0.0178 mA/cm?). As discussed above, for shelf-aged
ZnMgO device, the hole leakage path is blocked with shelf aging,
which suppresses continuous luminance drop. The Tj, of aged
ZnO device is about 523 h at 10,000 cd/m? if we take the
accelerate factor n = 1.8, the Ty, of aged ZnO device at 100 cd/m’
is estimated to be 2,082,000 h.

3 Conclusion

In this paper, we studied the voltage sweep behavior of QLED.
Distinct difference of QLEDs with ZnMgO and ZnO ETL under
voltage sweeps was observed in our experiment; the EQE of
ZnMgO device drops continuously, while it raises for ZnO device.
By analyzing the electrical properties of both devices and
comparing the surface trap of ZnMgO and ZnO nanoparticle
films, we found there is a hole leakage in ZnMgO device causing
the difference. There is also a distinct lifetime difference between
the two devices. However, the EQE and lifetime degradation of
ZnMgO device can be eliminated with shelf aging. Our work
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shows the distinct voltage sweep behavior of QLED based on
different ETL and may help to understand the device physics in
QLED.

4 Method

4.1 Materials

Colloidal ZnO nanoparticles were synthesized according to
previously reported method [4]. To synthesize ZnMgO
nanoparticles, 15% mole ratio Mg(CH;COO),-4H,0 was added to
solvent, the rest processes followed those in ZnO synthesis. Red
and blue CdSe/ZnS quantum dots were purchased from Suzhou
Xingshuo Nanotech Co., Ltd. TFB was purchased from America
Dyes Source. All reagents were used as received without further
purification.

4.2 Device fabrication

The ITO glass was cleaned with toluene, acetone, deionized water,
and isopropanol under ultrasonication successively for 10 min
each, followed by ultraviolet (UV) light treatment for 10 min
before use. PEDOT:PSS (Baytron PVP Al 4083, filtered through a
0.45 mm filter) were spin-coated onto ITO glass at 4,000 r.p.m for
45 s and baked at 130 °C for 15 min, then TFB (dissolve in
chlorobenzene, 8 mg/mL), red QDs (dissolve in octane,15 mg/mL)
were subsequently spin-coated layer by layer at 3,000 r.p.m for 45
s, wherein TFB layer was baked at 120 °C for 15 min, and red QDs
layer was baked at 100 °C for 5 min. ZnO or ZnMgO
nanoparticles (dissolve in ethanol, 20 mg/mL) was spin-coated at
3,000 r.p.m for 45 s, ZnO or ZnMgO nanoparticles layer was
baked at 80 °C for 20 min, after that, the device was transferred
into vacuum chamber, and Al (100 nm) electrodes were deposited
on the device under a vacuum level of 5 x 10* Torr with a speed
of 0.5-1 nm/s. The active area of the device was 0.04 cm? For
red QLED with PMMA device, PMMA (dissolved in dioxane, 3
mg/mL) was spin-coated at 3,000 r.p.m for 45 s and baked at 100
°C for 5 min. For blue QLED, blue QDs (dissolve in octane,10
mg/mL) were spin-coated at 3,000 r.p.m for 45 s and baked at 100
°C for 5 min.

4.3 Characteristics

The electroluminescence (EL) spectra of QLEDs were measured
using a fiber optic spectrometer (Ocean Optics USB 2000). The
current density-luminance-voltage (J-V-L) characteristics of
QLEDs were measured by a dual-channel Keithley 2614B source
measure unit and a PIN-25D silicon  photodiode.
Capacitance-voltage characteristics of QLEDs were determined by
Fluxim-paios System. The operational lifetimes of QLEDs were
measured by using an ageing system with an embedded
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photodiode designed by Guangzhou New Vision Opto-Electronic
Technology Co., Ltd. The PL spectra of the samples were
measured by an Edinburgh Instruments FLS980 spectrometer.
XPS spectra were conducted using PHI5000 Versa Probe II1.
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