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The balance between charge transport and charge injection is always a key factor in enhancing the
performance of quantum-dot light-emitting diodes (QD-LEDs), particularly for the blue QDs due to their
large optical band gap and relatively low valence band level compared with their green and red
counterparts. High performance blue QD-LEDs have been demonstrated by blending polyethylene
glycol (PEG) into solution-processed ZnO nanocrystals as the electron transport layer. PEG can
effectively tune the electron mobility of ZnO and simultaneously passivate its surface defect states. As
a result, the maximum current efficiency (CE) and external quantum efficiency (EQE) of the blue QD-
LEDs increased from 4.33 cd A™! and 9.98% for pure ZnO to 8.03 cd At and 14.84% for 4% PEG
blended into ZnO, respectively. Furthermore, operational lifetime of the device is also significantly
improved from 8.95 h to 25.06 h. This result indicates that PEG is a promising material for regulating the
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Introduction

Colloidal quantum dots (QDs) have been widely used as lumi-
nescent materials in light-emitting devices due to their excellent
optical property."*> Quantum dot light-emitting diodes (QD-
LEDs) exhibit a high luminescence quantum yield, narrow
emission with a small full width at half maximum (FWHM),
size-adjustable spectrum, superior thermal stability and simple
solution process, all of which make it a promising application
for the next generation lighting source and display tech-
nology.** The polymers, organic small molecules, and inorganic
metal oxides are used as hole transport layers (HTLs) of QD-
LEDs.*” The metal oxides like ZnO or TiO,, have been widely
adopted towards electron transport layers (ETLs) because of
their matched energy levels and excellent electron transport
properties.*® However, holes are more difficult to inject into the
QD emissive layer than electrons because most QDs have
a much lower valence band than the highest occupied molec-
ular orbital (HOMO) level of HTL.”** To enhance the QD-LED
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charge balance of the blue QD-LEDs.

performance, researchers focus on the balanced injection of
the electrons and holes in the devices and the reducing QDs
charged by optimizing the QD nanostructure, device architec-
ture, and interfacial modification.***#

QD-LEDs based on ZnO nanoparticles (NPs) as ETL and
organic/polymer films as HTLs have been one of the most
popular device structures.®** Solution-processed ZnO NPs have
high electron mobility of 107> em® V' s7',** which is higher
than that of the commonly used organic HTL materials and will
lead to unbalanced carrier transport in the QD-LEDs. In addi-
tional, ZnO NPs have a lot of defects, such as surface groups and
surface defect states within the band gap of ZnO associated with
the oxygen vacancies, zinc vacancies, zinc interstitials and
oxygen interstitials,”*** resulting in the QD exciton quenching
of the QD/ZnO interface. Therefore, the introduction of addi-
tional functional layers between the ZnO ETL and the QD
emissive layer or doping of the ZnO layer are used to optimize
the charge-transport balance and the interface fluorescence
quenching of the ZnO-based QD-LEDs.'***?¢ Compared with
their red and green counterparts, the blue QD-LEDs exhibit
a larger hole injection potential barrier due to their large optical
band gap and relatively low valence band level, which leads to
the imbalance between the electron-hole injection and restrict
the development of QD-LEDs in display applications.””*®
Recently, Sun et al. used polyvinylpyrrolidone-doped ZnO NPs to
reduce the electron injection and realized a maximum EQE of
2.95% for the blue QD-LEDs.” Wang et al., reported metal
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complex-doped AZO NPs and organic molecule-doped poly(9,9-
dioctylfluorene-co-N-(4-(3-methylpropyl))diphenylamine) as ETL
and HTL of the blue QD-LEDs, respectively, and achieved
maximum external quantum efficiency (EQE) of 10.7%.?° Wang
et al. tuned the electron transport properties of ZnO NPs by
optimizing the synthesis procedure and demonstrated a peak
EQE of 19.8% for the blue QD-LEDs.** In spite of these
improvements, the performance of blue QD-LEDs is still much
below than those of the red and green QD-LEDs.*

Polyethylene glycol (PEG), a neutral surfactant, is widely used
as an additive to improve the performance of polymer light-
emitting diodes (PLEDs)*?** and perovskite light-emitting
diodes (PeLEDs).*® Herein, we successfully realized high
performance blue QD-LEDs by blending PEG with the ZnO NPs
to form PEG:ZnO composite films as ETLs. Based on this
method, the maximum current efficiency (CE) and EQE of the
blue QD-LEDs reached 8.03 cd A" and 14.84%, respectively, for
the optimized PEG blend ratio of 4%. Compared with the pure
ZnO NP ETL, the electron mobility of the PEG:ZnO NP
composite film was obviously reduced. Simultaneously, PEG
can passivate the surface defect states of ZnO NPs due to the
interaction between PEG and ZnO NPs, resulting in decreased
QD exciton quenching of the QD/ZnO interface.

Experimental section
1. Preparation of materials

ZnO NPs were synthesized via a low-temperature solution-
precipitation method reported by Kwak et al* Poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) (PEDOT:PSS),
poly(9-vinlycarbazole) (PVK) and polyethylene glycol (PEG, Mn
= 1500) were purchased from Sigma-Aldrich. Blue QDs (ZnCdS/
ZnS/oleic acid core/shell-type) were obtained from Guangdong
Poly Opto Electronics Co., Ltd. All the materials were used as
received without further purification.

2. Preparation of devices

In this study, blue QD-LEDs have the structure of glass/ITO/
PEDOT:PSS/PVK/QDs/ZnO or ZnO:PEG/Al. The ITO glass
substrates with a sheet resistance of 15 Q per square were
ultrasonically cleaned with a detergent, deionized water,
acetone, and isopropyl alcohol, sequentially for 15 min.
PEDOT:PSS were spin-coated on the pre-cleaned and O,-
plasma-treated ITO substrates at 2000 rpm for 60 s and then
heated on a hot plate at 150 °C for 20 min to remove the residual
water. All the samples were then transferred into a nitrogen-
filled glove box for depositing subsequent multilayer films
and fabricating cathodes. PVK (in chlorobenzene, 8 mg mL ")
and the blue QDs (in octane, 10 mg mL™ ") were sequentially
spin-coated on top of the PEDOT:PSS film at 2000 rpm for 60 s
as the HTL and emissive layer, respectively. The HTL and QD
layers were heated at 120 °C for 30 min and 100 °C for 20 min,
respectively, before spin-coating the next layer. The ZnO NPs
and PEG were dissolved separately in ethanol and then blended
at different ratios to achieve the appropriate weight ratio. The
blended solutions of ZnO and PEG were deposited on the top of
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the QD emissive layer at 2000 rpm for 60 s and then baked at
100 °C for 30 min. Finally, the samples were transferred into
a thermal evaporation system, and the Al cathodes (100 nm)
were evaporated on the top of PEG:ZnO composite films under
a vacuum of 4 x 10~ Pa.

3. Characterization

The measurement of the device properties was carried out in
a nitrogen-filled glove-box at room temperature. A Keithley 2400
voltage and current source meter and a Konica Minolta LS-150
luminance meter were used for current-voltage and light
output measurements, respectively. The electroluminescence
(EL) spectra of the corresponding QD-LEDs were collected by an
Ocean Optics fiber optical spectrometer (Maya2000 Pro). The PL
spectra of the glass/PVK/QD/ZnO or ZnO:PEG films were
measured using a Horiba FluoroMax-4 spectrofluorometer.
Transient PL measurements were performed on a lifetime
spectrometer (FL920, Edinburgh Instrument) at room temper-
ature, and the samples were excited by a 375 nm pulsed diode
laser. A function wavelength generator (Rigol DG4162) was used
to provide pulse voltages for the transient EL tests. AFM images
of the films were recorded with NT-MDT. XPS and UPS
measurements were carried on an ESCALAB 250Xi (Thermo)
system. Samples for the XPS and UPS measurements were
excited with an Al Ko (1486.6 eV) X-ray source and He1(21.22 eV)
ultraviolet source, respectively. The transmission electron
microscopy (TEM) images of the ZnO and PEG:ZnO NPs were
obtained using JEM-2100HR operated at an accelerating voltage
from 100-400 kV. The UV-visible absorbance spectrum of the
ZnO NP thin film was recorded using a HP8453A
spectrophotometer.

Results and discussion

The device structure of the blue QD-LED and the energy level
diagram of the used materials are illustrated in Fig. 1a and b,

(b) 22

Intensity (a.u.)
Absorbance Intensity (a.u.)

L Gt 1
1 156 5 4 3 2 1 0 35
Binding Energy (eV)

350 400 450 500
Wavelength (nm)

Fig. 1 (a) Device structure of blue QD-LED and (b) energy level
diagram of the used materials. UPS (c) and UV-visible (d) spectra of the
ZnO NP thin film.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Current density—voltage—brightness characteristics, (b) CE—

luminance—EQE characteristics, and (c) normalized EL spectra of blue
QD-LEDs for different PEG blend ratios.

respectively. The HOMO and LUMO, conduction and valence
band levels of the materials are taken from the corresponding
reports.***® The UPS measurement was used to obtain the
valence band maximum (VBM) and conduction band minimum
(CBM) of the ZnO NPs. Fig. 1c shows the UPS spectrum of the
ZnO NP thin films. The Egnsee (Fermi edges) and E.ycoft
(secondary electron edges) are determined by the intercepts of
the tangents to the peaks with the extrapolated baselines.
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According to Evey = Ene — (Ecutotf — Eonset),'® Where Eye is the
energy of ultraviolet source He 1(21.22 eV), VBM level of the ZnO
NPs is 7.22 eV. Based on the VBM and the optical band-gap of
the ZnO NPs (3.42 eV) derived from the absorbance spectrum
(Fig. 1d, CBM level of the ZnO film is calculated to be 3.80 eV.
The thicknesses of the PEDOT:PSS, PVK, QDs, and PEG:ZnO are
40 nm, 20 nm, 20 nm, and 40 nm, respectively. The ZnO NP ETL
and PVK HTL have been widely used in the QD-LEDs. The
electron mobility of the ZnO NPs (~10 "% cm® V™' s™') is much
larger than the hole mobility of PVK (~10® cm® V™" s71).115 As
a result, the electron transport in the current device is more
efficient than the hole transport. Moreover, the electron injec-
tion into the blue QDs through ZnO NP ETL is easier than the
hole injection due to relatively larger energy barrier between the
HOMO of PVK and the VBM of QDs. These factors can lead to
excess electrons in the QD emissive layer. Therefore, we intro-
duce a neutral surfactant PEG, blended with ZnO NPs, to
regulate the electron mobility of ETL and improve the balance
of the charge carriers.

Fig. 2a shows the current density and luminance versus the
voltage (/-V-L) characteristics of the blue QD-LEDs with
different PEG blend ratios as ETLs. It is clearly observed that
proper blending of PEG into ZnO NPs as ETL can effectively
enhance the QD-LED performance. The blue QD-LED with
PEG(2%):ZnO as ETL shows a high current density than pure
ZnO, but then the current density gradually decreases as the
PEG blend concentration increases. For instance, at a driving
voltage of 6 V, the current density increases from 272 mA cm >
for pure ZnO to 303 mA cm™ > for PEG(2%):ZnO and then goes
down to 261 mA cm > for PEG(4%):ZnO and 208 mA cm ™~ for
PEG(8%):ZnO. The PEG blended into ZnO NPs as ETL can
facilitate the electron injection due to the interfacial interaction
between the PEG and Al cathode.® Fig. S1(a) and (b)} shows the
UPS and UV-visible spectra of the PEG(4%):ZnO film. It can be
seen that the VBM and CBM of ZnO reduced from 7.22 eV and
3.80 eV to 7.14 eV and 3.72 eV after 4% PEG blended into ZnO
NPs, respectively. The reduction of CBM will facilitate the
electrons to inject into the QD emissive layer. However, due to
its electric insulating property, the PEG blend will lead to the
decrease in the electron mobility of the ZnO NP ETL, resulting
in the reduction in the current density at a blend ratio of more
than 2%. The luminance intensity of the blue QD-LEDs reduces
with the increase in the PEG blend concentration. However, the
devices with the PEG blend demonstrate higher luminance
intensity than the pure ZnO. The turn-on voltage reduces from

Table 1 Summarized device performance for the different PEG blend ratios

CE(cd A™Y) EQE (%)
PEG:ZnO Von (V) @1000 cd m™2 LEmax @1000 cd m ™2 EQEmax te (em?® (V71 s7Y)
x=0% 3.30 3.84 4.33 7.08 9.98 3.21 x 107*
X =2% 3.20 5.93 7.14 10.94 13.18 7.26 x 107°
x=4% 3.50 7.85 8.03 14.49 14.84 4.73 x 107°
X =8% 3.84 7.16 7.41 13.23 13.68 7.30 x 107°

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Current density and voltage curves for the electron-only
devices with the different PEG blend ratios.

3.30 V for pure ZnO to 3.20 V for 2% PEG and then rises with
increase in the PEG content. The corresponding device perfor-
mances are listed in Table 1. The CE and EQE versus luminance
properties of the corresponding QD-LEDs are presented in
Fig. 2b. It can be found that the optimized PEG content is 4%.
The maximum CE and EQE of QD-LED increase from 4.33 cd
A" and 9.98% for pure ZnO to 8.03 cd A~ and 14.84% for 4%
PEG, respectively. No significant changes for the EL spectra of
blue QD-LEDs are observed for the different PEG blend ratios at
30 mA cm ™2 (as shown in Fig. 2c). The peak wavelength of these
devices is located at about 465 nm, indicating that the PEG
blend will not change the exciton recombination zone.

For the same anode side, the improvement in the device
performance of the blue QD-LEDs should be attributed to the
PEG:ZnO composite as ETL. The electron-only devices of the
different PEG blend ratios were fabricated to study the electron
mobility. Fig. 3 shows the current density-voltage characteris-
tics of the electron-only device with the device structure of glass/
ITO/Al/PEG:ZnO (200 nm)/Al It can be seen from Fig. 3 that the
electron current density reduces as the PEG content increases,
which indicates that the PEG matrix efficiently blocks the excess
electron injection into the QD active layer and balances the
electron and hole injection in QD-LEDs. The electron mobility
of the PEG:ZnO composite films can be obtained by fitting the
space-charge-limited-current region with the Child's law** and
are summarized in Table 1. As a result, the electron mobility of
the ZnO film reduces from 3.21 x 10™* cm®> V"' s7' to 7.26 x
107° em?® V! s for 2% PEG, 4.73 x 107 ° cm?> V! s for 4%
PEG, and 7.30 x 10 ® cm® V™' s~ for 8% PEG. Obviously, the
PEG blend can significantly regulate electron mobility of the

e

8 10 12 14 16 18

6

02?68]0121:1!61520

Fig. 4 AFM images of ZnO (a) and PEG(4%):ZnO (b) films.
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ZnO NPs. This can be attributed to the insulating PEG material
filling the inter domain sites between the ZnO NPs and allevi-
ating the electron transport through the domain boundaries.*”
We further applied AFM to characterize the film morphology of
ZnO and PEG(4%):ZnO by spin-coating on the top of the glass/
ITO/PEDOT:PSS/PVK/QDs (Fig. 4a and b). The film roughness
shows slight increase from a root mean square (RMS) roughness
of 1.9 nm to 2.4 nm after the PEG blending into the ZnO NPs.
However, both the films show a smooth surface without voids or
cracks.

To investigate the effects of the PEG blend on the surface
defect of ZnO NPs, the surface elements of the ZnO and
PEG(4%):ZnO layers were analyzed by the XPS measurements,
as shown in Fig. 5a-c. The Zn 2p spectra in Fig. 5a display an
energy difference of 23 eV between the two peaks, indicating
that they both have a normal chemical state of Zn>" for the
compounds. However, there is 0.35 eV shift towards the higher
binding energy for the ZnO:PEG film, suggesting more Zn atoms
are bounded with a more stable chemical state. In Fig. 5b and c,
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Fig.5 The XPS spectra of Zn 2p of ZnO and ZnO:PEG (a), O 1s of ZnO
(b) and PEG:ZnO (c).
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the O 1s spectra can be deconvoluted into three peaks: Oy
529.5, Oy 530.9, and Ogy 531.9 eV, where the Oy, Oy and Ogy
represent the metal-oxygen bond, oxygen vacancy, and
hydrogen-oxygen group absorbed on the surface of the ZnO
NPs, respectively.®® The oxygen vacancies significantly reduce
from 32.79% to 22.54% after the PEG blending, while the
hydrogen-oxygen groups increase from 8.10% to 20.59%.
Herein, the reduced Oy and increased Ogy peaks suggest that
the oxygen atoms of the PEG backbone tend to absorb onto the
surface of the ZnO NPs.* As shown in Fig. S2 and S3,} the TEM
images reveal that the average particle size of the ZnO NPs
increase from 5.06 to 5.59 nm after PEG blending, which further
indicates that PEG is absorbed on the surface of the ZnO NPs.
The PL spectra of ZnO and PEG(4%):ZnO in Fig. S41 show a wide
trap-state emission from 450 nm to 650 nm. However, the PL
peak intensity of the ZnO NPs reduces after the PEG blending,
so it is inferred that the PEG blending can diminish the trap
states of ZnO NPs. As a result, the oxygen atoms interact with
the surface defects and fill the shallow traps near the
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Fig. 6 (a) PL intensities for glass/PVK/QDs/PEG(x%):ZnO with different
PEG blend ratios, (b) time-resolved PL decay of glass/I[TO/PEDOT:PSS/
PVK/QD/ZNnO or PEG(4%):ZnO/Al, and (c) transient EL of the corre-
sponding blue QD-LEDs with ZnO and PEG(4%):ZnO as ETLs at the
current density of 50 mA cm™2,
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conduction band edge, thus passivating the surface defect sites.
The oxygen vacancy reduction will further lead to the reduction
of the electron mobility in the ZnO NP, which is in good
accordance with the reducing current density of the ZnO NP-
based QD-LEDs with the increasing the PEG blend ratio.

Reduction of the ZnO traps can lower the possibility of trap-
assisted recombination in the QDs/ZnO ETL interface. The
interfacial charge accumulation and traps can significantly
influence the photoluminescence and electroluminescence
process by nonradiative recombination or exciton dissociation,
thus decreasing the exciton lifetime. The PEG blend can effec-
tively reduce the interface defects between the QD active layer
and ZnO ETL, thus improving the QD exciton lifetime. The PL
intensity of the blue QDs on the ZnO NP film of different PEG
blend ratios were measured to evaluate the fluorescence
quenching extent at the QD/ZnO ETL interface and are shown in
Fig. 6a. The PL intensity of blue QDs increases as the PEG
content increases and reduces above 4% PEG concentration.
The PL intensity of the blue QDs increases by ~240% after 4%
PEG blended into the ZnO NPs.

The time-resolved photoluminescence (TRPL) and transient
EL were carried out to study the effects of PEG blending on the
exciton recombination (Fig. 6b and c). Fig. 6b shows the PL
intensity of glass/ITO/PEDOT:PSS/PVK/QD/ZnO or PEG(4%):-
ZnO as a function of time. The TRPL decay curves can be fitted
with a bi-exponential function. The average PL lifetime of the
QDs increases from 29.05 ns to 36.33 ns after 4% PEG blend into
the ZnO NPs, indicating that the PEG blend can restrain the
fluorescence quenching of the QD/ZnO NP interface due to
passivation of the surface defect of the ZnO NPs. The transient
EL characteristics of the corresponding QD-LEDs are drawn in
Fig. 6¢c. The luminance decay time of QD-LED increases from
560 ns to 830 ns after 4% PEG blended into the ZnO NPs as ETL.
In addition, the turn-on overshoot luminance is observed in the
transient EL of the PEG(4%):ZnO device, which is related to the
radiative and nonradiative recombination of the injected
charges.”*® Based on the above discussion, the PEG blend
induced passivation of the surface defect of ZnO NPs will
effectively reduce the nonradiative recombination at the QD/
ZnO interface. Therefore, the longer decay and strong turn-on
overshoot luminance in the transient EL of the QD-LED
having PEG blend into the ZnO NPs is due to the diminishing
nonradiative recombination in QD-LED.

The PEG-induced surface passivation of the ZnO NPs will
have an important effect on the device operational stability.
Fig. 7 shows the change in the normalized brightness of the QD-
LEDs based on ZnO and PEG(4%):ZnO as ETL with operation
time at the same initial luminance of 1000 cd m > with
a constant current driving. The blue QD-LED displays a slow
luminance decay characteristic after PEG was blended into the
ZnO NPs as ETL. The reducing electron mobility and surface
defects of the ZnO NPs will obviously diminished the QD
charging and exciton quenching in the ETL/QD interface, thus
enhancing the stability of the device. The half-life-time of blue
QD-LED increases from 8.95 h for the pure ZnO to 25.06 h for
PEG(4%):ZnO. The improving device stability should be attrib-
uted to the more balanced electron and hole injection due to the

RSC Adv, 2020, 10, 23121-23127 | 23125
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Fig. 7 Brightness and driving voltage versus the operation time
characteristics of QD-LEDs using ZnO and PEG(4%):ZnO as ETLs.

PEG blend-induced defect passivation and electron mobility
reduction of the ZnO NPs. Meanwhile, the driving voltage of the
PEG(4%):Zn0O-based QD-LED is also more stable than the pure
ZnO (as shown in Fig. 7), showing a rise of 0.09 V after 25.06 h
operation, while that of the pure ZnO-based device showed
a rise of 0.24 V after 8.95 h.

Conclusions

In summary, we introduced PEG blended with ZnO NPs as ETL
to regulate the charge balance of the blue QD-LEDs by adjusting
the blend ratio of PEG. The introduction of PEG can efficiently
passivate the ZnO NP surface defect and reduce the electron
mobility of ZnO ETL, leading to an improved charge balance
and fluorescence quenching of the QD/ETL interface for the
blue QD-LEDs. As a result, the maximum current efficiency and
EQE reached 8.03 cd A™" and 14.84%, respectively, which is an
increase in about 50% than that of the device without PEG
blend. This result demonstrates that PEG is a promising
material for adjusting the charge balance of the blue QD-LEDs.
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