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Efficient quantum dot light-emitting diodes with a
Zng gsMgp 150 interfacial modification layert

Yizhe Sun,? Yibin Jiang,® Huiren Peng,” Jiangliu Wei,“ Shengdong Zhang*® and
Shuming Chen @ *°

Efficient inverted quantum-dot (QD) light-emitting diodes (LEDs) are demonstrated by using 15% Mg
doped ZnO (Zng g5Mgo 150) as an interfacial modification layer. By doping Mg into ZnO, the conduction
band level, the density of oxygen vacancies and the conductivity of the ZnO can be tuned. To suppress
excess electron injection, a 13 nm Zng gsMgg 150 interlayer with a relatively higher conduction band edge
and lower conductivity is inserted between the ZnO electron transport layer and QD light-emitting layer,
which improves the balance of charge injection and blocks the non-radiative pathway. Moreover, accord-
ing to the electrical and optical studies of devices and materials, quenching sites at the ZnO surface are
effectively reduced by Mg-doping. Therefore exciton quenching induced by ZnO nanoparticles is largely
suppressed by capping ZnO with Zng gsMgp 150. Consequently, the red QLEDs with a Zng gsMgg 150 inter-
facial modification layer exhibit superior performance with a maximum current efficiency of 18.69 cd A~
and a peak external quantum efficiency of 13.57%, which are about 1.72- and 1.74-fold higher than
10.88 cd A™* and 7.81% of the devices without ZNno.g5Mgp.150. Similar improvements are also achieved in
green QLEDs. Our results indicate that ZnggsMgp 150 can serve as an effective interfacial modification
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1. Introduction

Colloidal quantum dots (QDs) have been attracting increasing
attention owing to their properties of tunable emission
wavelength, high color purity, high photoluminescence (PL)
quantum yield and good stability in the environment.'™
Because of these outstanding optoelectronic properties, light-
emitting diodes based on QDs (QLEDs) have been the subject
of intensive research in recent years. With the rapid develop-
ment of QD materials and device architectures, the perform-
ance of QLEDs is getting closer to that of organic (O) LEDs,
thus making them to be one of the promising candidates for
next generation displays.®™°

In typical QLEDs, ZnO nanoparticles (NPs) are widely used
as an electron transport layer (ETL) due to their advantages of
high electron mobility, suitable energy level and easy
deposition.""** Because of efficient electron injection, highly
efficient QLEDs with a low turn on voltage have been
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layer for suppressing exciton quenching and improving the charge balance of the devices.

demonstrated."®™"” For further improving the performance of

QLEDs, charge balance should be optimized. This is because
in QLEDs, hole injection is relatively inefficient due to the
high injection barrier caused by the deep valence level of QDs.
The unbalanced hole- and electron-injection charges the QDs
and consequently increases the possibility of non-radiative
Auger recombination.’®"® In addition, the interface of ZnO/QD
is problematic and has to be modified for further boosting the
performance of devices. This is because at the interface of
ZnO/QD, excitons are easily quenched by an interfacial charge
transfer process and/or by an intragap-assisted non-radiative
recombination process.””*' The conduction band level of ZnO
is well aligned with that of QDs, which facilitates the inter-
facial charge transfer and thereby promotes the Auger recom-
bination, whereas the intragap states of ZnO, resulting from
oxygen vacancies and/or surface defects, act as non-radiative
recombination centers and thereby quench the excitons
effectively.

A variety of methods have been proposed to improve the
charge balance and suppress exciton quenching.*>*” Among
them, the most practical and effective method is inserting an
interfacial modification layer (IML) between ZnO and QDs to
block the interfacial charge transfer and passivate the intragap
states. For instance, Kim et al. introduced a polyethylenimine
ethoxylated (PEIE) IML for red QLEDs. The application of PEIE
reduced the workfunction of ZnO NPs effectively, and thus

This journal is © The Royal Society of Chemistry 2017


www.rsc.li/nanoscale
http://orcid.org/0000-0001-5218-3257
http://crossmark.crossref.org/dialog/?doi=10.1039/c7nr02099f&domain=pdf&date_stamp=2017-06-30
https://doi.org/10.1039/c7nr02099f
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR009026

Published on 05 May 2017. Downloaded by Y unnan University on 8/23/2025 5:32:28 PM.

Nanoscale

promoted charge balance and improved current efficiency
significantly.”* In 2014, Peng et al. reported QLEDs with an
extremely high external quantum efficiency (EQE) of 20.5% by
inserting an insulating poly(methylmethacrylate) (PMMA) layer
between ZnO NPs and QDs. The PMMA layer reduced excess
electron injection and mitigated the negative impact caused by
Auger recombination.”* In addition, exciton quenching
induced by metal oxide was also alleviated. According to Liu’s
report, a thin polyvinylpyrrolidone (PVP) polymer was employed
to passivate the surface of nickel oxide, which enhanced the
performance of devices with inhibited efficiency roll-off.>®
Generally speaking, the adoption of IML is certainly helpful
to the improvement of device performance. However, most
reported IMLs are based on insulated polymer materials.
Considering the relatively insulated property of these
materials, the magnitude of current density may be limited.
More profoundly, for organic materials, they are highly sensi-
tive to oxygen and moisture, which may deteriorate the lifetime
and impede the practical application of QLEDs. In this work,
to solve these problems, an inorganic semiconductor based on
15% Mg-doped ZnO (Zn, gsMg 150) is adopted as an IML for
inverted QLEDs. With a ZnMgO IML, electron injection is
significantly alleviated and thus charge balance is effectively
improved. Meanwhile, non-radiative recombination centers
induced by the defects of ZnO could also be reduced by
doping Mg into ZnO. As a consequence, the demonstrated
QLEDs with ZnMgO IML exhibit the maximum current
efficiency (CE) of 18.69 cd A™' and the peak EQE of 13.57%,
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which are about 1.72- and 1.74-fold higher than 10.88 cd A™"
and 7.81% of the devices without IML.

2. Results and discussion

ZnMgO NPs were synthesized according to the methods
reported in ref. 28. Fig. S1 shows the transmission electron
microscopy (TEM) images of the obtained NPs. The diameter
of the NPs is about 3-4 nm. The composition of ZnMgO was
characterized by X-ray photoelectron spectroscopy (XPS).
As shown in Fig. 1(a), for undoped ZnO, the Zn 2p3,, peak cen-
tered at 1022.4 eV represents the presence of Zn-O bonds.
When Mg is doped into ZnO, because of the replacement of
Zn>" by Mg>" and the formation of Zn-O-Mg bonds, this peak
shifts to a higher binding energy.>® The inset in Fig. 1(a)
shows the Mg 1s spectra of ZnMgO, which also indicates the
presence of MgO. By analyzing the atomic concentration of
each element, the composition of the NPs was confirmed to be
Zng g5sMg.150.

The electronic structures of ZnO and ZnMgO NPs were
characterized by ultraviolet photon spectroscopy (UPS).
Fig. 1(b) and (c) show the UPS spectra of the secondary-
electron cutoff and the valence regions of the NPs. Generally,
the work function (WF) could be estimated by the difference
between the incident light energy (21.2 eV) and the energy of
secondary cutoff. In this case, the WF of ZnO NPs and ZnMgO
NPs is calculated to be 4.08 eV and 3.69 eV, respectively, as
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Fig. 1 (a) Zn 2ps,, XPS spectra of ZnO and ZnMgO NPs. The inset shows the Mg 1s spectra of ZnMgO. UPS spectra of (b) secondary-electron cutoff
and (c) valence-band edge regions of ZnO and ZnMgO films. (d) (ahv)® — hv plots converted from the absorption spectra of ZnO and ZnMgO NPs.
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labeled in Fig. 1(b). Compared to ZnO NPs, the lower WF of
ZnMgO NPs represents an upward drift in the Fermi level,
which is consistent with previous studies.***' In order to
define the position of valence band maximum (VBM), the
energy gap between the Fermi level and VBM (AEyg) is
extracted from the valence-band region. As shown in Fig. 1(c),
the AEyg values of ZnO NPs and ZnMgO NPs are 3.41 eV and
3.63 eV, respectively. As a result, via the summation of WF and
AEyg, the VBM levels of ZnO and ZnMgO are calculated to be
7.49 eV and 7.32 eV below the vacuum level, respectively.
Fig. 1(d) shows the absorption spectra of ZnO NPs and ZnMgO
NPs, illustrated as the plots of (ahv)® vs. photon energy hv,
where «a is the absorbance. The band gaps (E;) of these two
materials could be determined through the absorption onset
of the linear region and the E, values for ZnO and ZnMgO are
found to be 3.50 eV and 3.66 eV, respectively. Therefore, the
conduction band minimum (CBM) levels are deduced to be
3.99 eV for ZnO NPs and 3.66 eV for ZnMgO NPs. It is noted
that the CBM level of ZnMgO NPs is 0.33 eV higher than that
of ZnO NPs. Therefore, considering the alighed CBM between
ZnO NPs and QDs (Fig. 2(b)), this energy offset induced by the
ZnMgO interlayer could serve as an injection barrier for elec-
trons, which may improve the charge balance and suppress
the non-radiative Auger recombination.

To verify our assertion, inverted red QLEDs with the struc-
ture ITO/ZnO/ZnMgO/QDs/TcTa/NPB/HATCN/Al were fabri-
cated, where ITO (indium-tin-oxide), ZnO, ZnMgO, QDs,
TcTa (4,4',4"-tris(carbazol-9-yl)triphenylamine), NPB (N,N'-di
(naphthalene-1-yl)-N,N"-bis( phenyl)-benzidine), HATCN (dipyr-
azino[2,3-f:2',3’-h]quinoxaline-2,3,6,7,10,11-hexacarbonitrile)
and Al work as a cathode, ETL, IML, a light emitting layer, an
electron blocking layer, a hole transport layer, a hole injection
layer and an anode, respectively. The schematic structure and
the energy level alignment of the devices are shown in Fig. 2.

To study the effect of ZnMgO thickness on device perform-
ance, the thickness of ZnMgO was varied from 0 to 25 nm. As
shown in Fig. 3(a), all devices exhibit saturated red emission
with a central emission wavelength of 633 nm and a full width
at half maximum (FWHM) of 36 nm. Fig. 3(b) shows the
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current density-voltage-luminance (J-V-L) characteristics of
the devices. By doping Mg into ZnO, the conductivity of the
resultant ZnMgO is effectively decreased due to the reduction
of oxygen vacancies, as will be discussed later. Therefore,
devices with ZnMgO IML exhibit reduced current density.
Besides, the ZnMgO tends to block the injection of electrons
due to its relatively higher CBM. The turn on voltage for the
devices with ZnMgO is slightly higher than that of the devices
without ZnMgO. However, the luminance for the QLEDs with
7-13 nm ZnMgO is close to that of the control devices
especially at a large driving voltage. For example, QLEDs with a
13 nm ZnMgO interlayer exhibit a luminance of 23 590 cd m™>
at a driving voltage of 13 V, which is close to 27 290 cd m~> for
the reference devices. The comparable luminance obtained at
a relatively small current indicates a higher efficiency for the
device modified by ZnMgO. Indeed, as shown in Fig. 3(c) and
S2,f all devices with ZnMgO IML exhibit significantly
increased CE and EQE compared to those of the devices
without ZnMgO. Maximum improvement is achieved by using
13 nm ZnMgO. For example, with 13 nm ZnMgO, the CE and
EQE are improved from 10.88 cd A" to 18.69 cd A™", and from
7.81% to 13.57%, respectively, revealing enhancement factors
of 1.72 and 1.74 compared with the reference devices. For
devices with thicker ZnMgO IML (25 nm), the performance is
deteriorated, which is due to the insufficient carrier injection,
as reflected by the extremely low injection current. Similar
results are observed in the device with a single ZnMgO ETL as
shown in Fig. S3.f

The improvement of efficiency is likely due to the reduction
of electron injection, which thus improves the charge balance.
To verify this hypothesis, electron-only devices with structures
of glass/ITO/ZnO(30 nm)/ZnMgO(10 nm)/QDs/ZnMgO(10 nm)/
ZnO(30 nm)/Al and glass/ITO/ZnO(40 nm)/QDs/ZnO(40 nm)/Al
were fabricated and their j-V characteristics were measured.
To exclude the influence of increased device thickness on J-V
characteristics, the total thickness of ZnO/ZnMgO is kept the
same as that of ZnO. As shown in Fig. 3(d), devices with
ZnMgO IML indeed exhibit a remarkably lower electron
current than that of the devices without ZnMgO IML. This is
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Fig. 2 (a) Schematic structure and (b) energy level alignment of the inverted QLED with a ZnMgO modification layer.
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Fig. 3 Device characteristics of the inverted red QLEDs. (a) Normalized EL spectrum of the device. The inset shows the photograph of a device
working at 5 V. (b) J-V-L and (c) EQE-J characteristics of the devices with different ZnMgO thickness. (d) J-V characteristics of the electron-only
devices with the structures of ITO/ZnO/QDs/ZnO/Al and ITO/ZnO/ZnMgO/QDs/ZnMgO/ZnO/AL.

because the CBM of ZnMgO (3.66 eV) is higher than that
(3.99 eV) of ZnO and thus there exists a 0.33 eV injection
barrier when electrons are injected from ZnO to ZnMgO. In
other words, ZnMgO can effectively block the injection of elec-
trons and thereby reduces the electron current. In addition,
the lower conductivity of ZnMgO also contributes to the
reduction of electron current. It is known that the conductivity
of ZnO is heavily dependent on the amount of oxygen
vacancies that generate free carriers and influence the mobility
of electrons.**** By doping Mg into ZnO, the concentration of
oxygen vacancies can be effectively reduced. This is because
the Mg-O bond has a stronger bonding energy (393.7
k] mol™") than that of the Zn-O bond (284.1 k] mol™").**
Therefore, it would be much harder to form oxygen vacancies
in Mg-doped ZnO NPs. To verify this hypothesis, the chemical
bonds of oxygen in ZnO and ZnMgO were characterized by XPS
and the resulting O 1s spectra are shown in Fig. 4. The asym-
metric O 1s peaks of ZnO and ZnMgO are thoroughly de-
convoluted into three Gaussian distributions, which are centered
at 529.9 + 0.1 eV (OI), 531.2 + 0.1 eV (OII) and 532.0 + 0.1 eV
(Or111), respectively, as shown in Fig. 4(a) and (b). The OI, OII
and OIII states are related to the oxygen in oxide lattices,
oxygen vacancies and oxygen bonds in the hydroxide, respect-
ively. It is clear that the relative ratio of oxygen vacancies (OI1/
OI + OII + OIII) is reduced from 29.6% to 16.9% by doping Mg
into ZnO NPs. This result indicates that the oxygen vacancies
or loosely bonded oxygen states are effectively reduced by
the Mg doping and this leads to the lower conductivity of
ZnMgO compared to ZnO. To conclude, the reduction of
electron current in devices with ZnMgO IML is due to: (1) the

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 The O 1s XPS spectra of (a) ZnO and (b) ZnMgO films.
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higher CBM level of ZnMgO which induces an extra energy
barrier for the injection of electrons and (2) the lower conduc-
tivity of ZnMgO which slows down the pace of electron
transport.

The improvement of efficiency is also due to the suppres-
sion of exciton quenching. Fig. 5(a) and (b) show the steady
and time-resolved PL spectra of three samples with structures
of glass/QDs, glass/ZnO/QDs and glass/ZnO/ZnMgO/QDs. As
can be seen, the PL intensity and exciton lifetime of QDs drop
significantly when they are directly in contact with ZnO. This
is because at the ZnO/QD interface, excitons are easily
quenched by an interfacial charge transfer process, and/or by
an intragap-assisted non-radiative recombination process.
However, by inserting a ZnMgO IML between ZnO and QDs,
the PL intensity and the exciton lifetime are enhanced greatly,
which indicates that with ZnMgO IML, both quenching pro-
cesses can be effectively suppressed. This is because the
higher CBM level of ZnMgO blocks the interfacial charge trans-
fer, whereas the lower intragap concentration alleviates the
non-radiative recombination. The intragap states of metal
oxide usually originate from the defects such as oxygen
vacancies that could be ionized into positively charged states
(Vo', Vo™) or maintain electric neutrality (Vo)."* To examine
the defect concentration of ZnO and ZnMgO, the PL spectra of
both materials in solution were measured. As shown in
Fig. 5(c), the PL spectra exhibit two emission peaks which
correspond to a sharp band-edge ultraviolet emission and a
broad visible emission, respectively. The visible emission orig-
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inate from the recombination of the electrons trapped by the
shallow donor level near the conduction band-edge with the
holes trapped at the intragap states, and therefore the intensity
of visible emission reflects the concentration of defects. It is
found that the peak of visible emission is blue-shifted from
558.5 nm for ZnO NPs to 536.8 nm for ZnMgO NPs due to the
increasing band gap induced by Mg doping. Additionally, the
defect emission is suppressed remarkably while the band-edge
emission is promoted significantly by the Mg doping. The
diminished visible emission can be attributed to the reduction
of oxygen vacancies owing to the stronger bonding between
Mg and O, which is well consistent with the above XPS spectra
where oxygen vacancies are verified to be fewer in the ZnMgO
film. Based on earlier research, the intragap states located
inside the bandgap of ZnO could act as charge recombination
sites, which trap holes and quench excitons due to the well-
aligned defect level with the VBM of QDs.*>*® Therefore, the
introduction of ZnMgO IML could provide a preferable inter-
face with fewer intragaps or quenching sites. This process is
briefly illustrated in Fig. 5(d). To conclude, due to the reduced
defect concentration of ZnMgO, exciton quenching can be
effectively suppressed and thus the efficiency of red QLEDs is
significantly improved by using the ZnMgO IML.

To verify if the ZnMgO IML could be applied in full color
devices, inverted green and blue QLEDs were also fabricated
and tested. Their EL spectra are shown in Fig. S4.1 The device
performance of green and blue devices is shown in Fig. S5.F
For the green QLEDs with ZnMgO modification layer, although
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(a) PL spectra and (b) time-resolved PL spectra of different samples, glass/QDs, glass/ZnO/QDs, and glass/ZnMgO/QDs. (c) PL spectra of

ZnO NPs and ZnMgO NPs. (d) Illustrated scheme for exciton quenching induced by metal oxide NPs. The quenching process can be effectively sup-

pressed by inserting ZnMgO between ZnO and QDs.
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the current density is lower than that of the reference devices,
their luminance reaches to a similar level at about 10 V,
implying a higher current efficiency. This is confirmed by the
CE-J characteristic as shown in Fig. S5(b).f Green QLEDs
exhibit improved CE from 21.65 cd A™' to 29.64 cd A",
representing a 1.37-fold enhancement by the adoption of
the ZnMgO layer. The improved efficiency could be attributed
to the superior interface between ZnMgO and QDs rather
than the suppression of Auger recombination because of the
higher CBM level of green QDs. However, blue QLEDs exhibit
deteriorated performance when the ZnMgO interlayer is
applied. The remarkable positive shift of turn-on voltage
implies that ZnMgO hinders the injection of electrons
significantly.

3. Conclusions

In conclusion, by utilizing a ZnMgO IML, inverted red QLEDs
with high efficiency have been developed. The ZnMgO IML
plays dual roles in the improved device performance. On the
one hand, the relatively resistive ZnMgO layer introduces an
extra energy barrier for electron injection and thus reduces the
injection of excess electrons. This result contributes to the
balanced carrier injection and thus improves the device
efficiency. On the other hand, recombination sites induced by
oxygen vacancy related defects are effectively reduced by Mg
doping, and thus exciton quenching caused by intragap-
induced recombination is effectively suppressed by using the
ZnMgO IML. As a result, the maximum CE and peak EQE of
the red QLEDs reach 18.69 cd A~ and 13.57%, respectively.
These values are about 1.72- and 1.74-fold higher than those
of the devices without ZnMgO. Furthermore, the ZnMgO IML
is also applied in green and blue inverted devices. These
experimental results suggest that the use of the ZnMgO modi-
fication layer is a promising way to realize high-performance
inverted QLEDs for next generation display and lighting
applications.

4. Experimental section
4.1 Synthesis of ZnMgO nanoparticles

Colloidal Mg-doped ZnO nanocrystals were synthesized by the
reported method under ambient conditions with some modifi-
cation.”® For a typical synthesis of the Zny gsMgo 150 solution,
an ethanol solution of potassium hydroxide (0.4 mol L™") was
dropwise added into a three-neck flask, in which 17 mmol zinc
acetate dehydrate and 3 mmol magnesium acetate were dis-
solved in a mixture of 120 mL dimethyl sulfoxide and 120 mL
ethanol previously. The solution was kept stirring vigorously
for 3 hours after the end of dropwise addition, and then
Mg-doped ZnO nanoparticles were washed and redispersed by
using ethyl acetate and ethanol, respectively. Addition of
ethanolamine was introduced to stabilize the nanoparticles.
The sample was finally stored in absolute ethanol.

This journal is © The Royal Society of Chemistry 2017
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4.2. QLED fabrication

Inverted QLEDs with a structure of glass/ITO/ZnO (25 nm)/
ZnMgO/QDs/TcTa (20 nm)/NPB (40 nm)/HATCN (10 nm)/Al
were fabricated. For comparison, devices without ZnMgO
modification were also prepared. ZnO NPs were spin-coated
at 1500 rpm onto the pre-cleaned substrate from a 20
mg mL~" butanol solution, followed by baking at 120 °C for
20 min. After that, 15% Mg-doped ZnO NPs dissolved in
ethanol were spin-coated at 5000 rpm onto the ZnO layer and
then annealed at 110 °C for 15 min. To investigate the impact
of ZnMgO thickness on device performance, the concen-
tration of the ZnMgO solution was varied from 5 to 15
to 25 mg mL™". The red CdSe/CdS/ZnS/oleic acid (core/
shell/ligand) QDs purchased from Guangdong Poly
OptoElectronics Co., Ltd with an emission wavelength of
630 nm and a PL quantum yield of 82.7% were dissolved in
n-octane with a concentration of 20 mg mL™" and then spin-
coated at 1500 rpm for 45 s, followed by annealing at 100 °C
for 5 min. Besides, the green and blue QDs applied in our
devices were also commercially available from Mesolight Inc.
and Guangdong Poly OptoElectronics Co., Ltd with the struc-
ture of CdZnSeS/ZnS/oleic acid (core/shell/ligand) and
ZnCdS/ZnS/oleic acid (core/shell/ligand), respectively. The
green QDs were spin-coated from a 5 mg mL™" hexane solu-
tion at 2000 rpm for 45 s. The blue QDs were spin-coated
from a 10 mg mL™" toluene solution at 1500 rpm for 45 s. All
layers fabricated by the spin-coating method are deposited in
a N,-filled glove box. Subsequently, other functional layers
were thermally evaporated in a vacuum evaporator with a
base pressure of 5 x 107" Pa.

4.3 Characterization

The thicknesses of the solution processed films were
measured using a Bruker DektakXT Stylus Profiler, while the
thicknesses of ZnMgO less than 20 nm were estimated by an
absorbance-thickness method (Fig. S61) that assumed a
linear dependence of the absorbance at 330 nm on thickness
and calculated to be 13 nm and 7 nm corresponding to solu-
tion concentrations of 15 mg mL™" and 5 mg mL™", respect-
ively. The current density-luminance-voltage (J-V-L) charac-
teristics were measured by a dual-channel Keithley 2614B
source measure unit and a PIN-25D silicon photodiode. The
electroluminescence (EL) spectra of QLEDs were measured by
using a fiber optic spectrometer (Ocean Optics USB 2000) in
the normal direction. The active area of the devices was
2 mm x 2 mm. All measurements were performed in air at
room temperature. Measurements of the absorbance and
photoluminescence (PL) spectra of ZnO and ZnMgO NPs were
carried out with a scanning monochromator (Ocean Optics
MonoScan 2000). The PL and time-resolved PL (TRPL) spectra
of the samples fabricated on quartz substrates were measured
by using an Edinburgh instruments FLS980 spectrometer.
The UPS and XPS results of ZnO and ZnMgO films were
obtained using a Kratos Axis Ultra DLD.
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