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Abstract

®

CrossMark

As an indium-free transparent conducting film, Al-doped zinc oxide (AZO) was prepared by
magnetron sputtering technique, exhibiting good electrical, optical and surface characteristics.
UPS/XPS measurements show that AZO and zinc oxide nanoparticles (ZnO NPs) have matched
energy level that can facilitate the electron injection from AZO to ZnO NPs. Inverted structural
green quantum dot light-emitting diodes based on AZO cathode were fabricated, which exhibits
a maximum luminance up to 178 000 cd m 2, and a maximum current efficiency of 10.1 cd A~
Therewith, combined with the simulated space-charge-limited current (SCLC) theory, the
measured current density—voltage characteristics of charge-only devices were analyzed. It
demonstrated that AZO and ZnO NPs had much better electron injection efficiency than ITO,
showing a electron injection efficiency close to 100%. By studying the relationship between the
electric field and the current density, the measured curve of AZO-based devices nearly fits the

theoretical curve of SCLC and the AZO electrode has a better ohmic contact with ZnO NPs

than ITO.

Keywords: AZO, quantum dots, QLEDs, SCLC, space-charge-limited current

(Some figures may appear in colour only in the online journal)

1. Introduction

During the past three decades, colloidal quantum-dot light-
emitting diodes (QLEDs) have become promising display
technologies for lighting and flat displays owing to their
unique characteristics such as tunable narrow linewidth
emission, simple preparation process, and high electro-
luminescence (EL) performance [1-9], which brings about a
better color purity and gradually improved EL parameters in
green and red QLEDs that close to those of organic light-
emitting diodes (OLEDs). Red and green QLEDs with

5 Authors to whom any correspondence should be addressed.

0957-4484/17/365201+-08$33.00

inverted hybrid sandwich structure were reported to have
maximum  luminance  over 160000cdm > and
200 000 cd m 2, respectively [10, 11].

EL emission of QLEDs is reliant on the radiative
recombination of excitons in emission layer [2, 12]. EL effi-
ciency and luminance depend on the effective injection of
charge into quantum dots (QDs), which is related to the bias,
the work function of electrodes and the energy barrier
between functional materials. At present, indium tin oxide
(ITO) is regnant in QLEDs for the great intermingling of low
resistance, high transmittance in visible region and mature
preparation process. Nevertheless, in OLEDs, the ITO elec-
trode has a negative effect on EL performances owing to the

© 2017 IOP Publishing Ltd  Printed in the UK
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diffusion of indium elements into the device [13], similar
effect may also exist in QLEDs with a normal structure that
having organic materials next to the ITO layer. Besides, from
the view of practicality, transparent electrode of indium with
poor flexibility used in QLEDs has a high cost due to the
scarcity of indium element. Therefore, it is essential to
develop suitable transparent electrodes for low-cost as well as
future flexible and high-performance QLEDs. Some emerging
electrodes have been adopted in QLEDs, such as graphene
[14], silver nanowire [15], fluorine-doped tin oxide [16] and
so on. As we know, owing to the good optoelectronic prop-
erties including inexpensive, low resistivity and high trans-
mittance in visible light rang [17], nontoxic Al-doped ZnO
(AZO) is a kind of transparent conducting oxides that has
been used wildly in many display devices as an indium-free
transparent electrode [18-20]. In inverted QLEDs, solution-
processable ZnO NPs are used as the electron transport layer
(ETL) on top of the transparent electrode [21]. But due to the
low conduction band of ZnO NPs (~4.02¢V) [10], ITO as
cathode has a higher bias of electron injection. By studying
the optical and electrical characteristics, AZO should be a
good choice for inverted QLEDs. In other words, the quality
of the AZO/ZnO NPs interface is better than that of ITO/
ZnO NPs, which facilities effective charge injection and
improved EL performance.

Herein, employing an inverted device structure with the
AZQ electrode, we realized a high-performance green QLEDs
with maximum luminance and current efficiency over
178000 cdm 2 and 10cd A", respectively. Also, the AZO
based sample has much lower turn-on voltage (~2.8V),
compared with the reference device. These results have a
foundation for the application of indium-free electrode in
QLEDs. Furthermore, study charge-only devices with SCLC
model, the calculated results show that the AZO has a higher
electron injection efficiency than ITO, which is consistent
with the results of a close energy level between AZO and
ZnO NPs.

2. Experimental section

2.1. Materials

ZnO NPs were prepared in line with the experiment in lit-
erature [22]. Molybdenum oxide (MoQj3) and cesium carbo-
nate (Cs,CO3;) were purchased from regular suppliers. ITO
coated glass substrates were purchased from Wuhan Zhuoxin
Technology Co., Ltd. Cadmium selenide (CdSe) and zinc
sulfide (ZnS) alloyed QDs were provided by Suzhou Xing-
shuo Nanotech Co., Ltd. 4,4’-Bis (N-carbazolyl)-1,1’-biphe-
nyl (CBP) was purchased from Xi’an Polymer Light
Technology Corp.

2.2. Fabrication of AZO electrode

It is helpful to the preparation of thin film light-emitting
device by spin-coating method with thin transparent electrode
under the similar optical and electrical properties. The sheet

resistance of commercial AZO is about 10/0J, and the
thickness of commercial AZO film is about 700-800 nm,
which is more than twice the thickness of AZO that we
prepared. AZO films were deposited on glass substrates at
200°C by DC reactive magnetron sputtering. The base
pressure in vacuum chamber was 3.0 x 10~*Pa. An AZO
(ZnO: Al,O3 = 98: 2 wt%) ceramic target was used for the
sputtering with a target-substrate distance of 8 cm. The AZO
sputtering was carried out at a DC power of 60 W for 90 min
in a hybrid Ar/H, (Ar: H, = 100: 5) with an operating
vacuum pressure of 1.1 Pa. In order to reduce the influence of
impurities, the target was pre-sputtered for 15 min under the
same conditions. The as-deposited AZO film has a square
resistance of 9.7 /], which is similar to that of commer-
cialized ITO film. The thickness of AZO and ITO is about
300 nm and 120 nm, respectively. The optical and electrical
properties are comparable to the commercial AZO.

2.3. Device fabrication

Fabrication of the QD-LEDs starts with pre-patterned AZO
electrode on a glass substrate with active area of 1 x 1 mmz,
and the contrast device using the ITO electrode. After the
substrate is ultrasonically cleaned with acetone, isopropanol
and deionized water in sequence for 8 min, a 50 nm thick zinc
oxide (ZnO) electron-transport layer is formed by spin-casting
ZnO NPs solution onto the substrate and annealing it at
120 °C for 10 min. At last, a about 20 nm thick QD film is
spin-coated onto the layer of ZnO NPs at 2500 rpm for 30 s in
the same glove box (Mikrouna), followed by annealing at
90 °C for 10 min. The samples are then transferred into a
vacuum chamber (with a base pressure of 2 x 1074 Pa),
where a 45nm thick 4,4’-N,N’-dicarbazolebiphenyl (CBP)
hole-transporting layer, a 10 nm thick molybdenum oxide
(Mo00O3;) hole-injection layer, and a 100 nm thick aluminum
(Al) anode are deposited by sequential thermal evaporation. A
5 nm thick Cs,COj; layer by spin-coating process at 1500 rpm
from a 45mgml ' butanol solution and then annealed at
120 °C for 10 min in the glove box.

2.4. Sample characterization

Absorption and transmittance spectra were measured with a
Shimadzu UV-3101 spectrophotometer. Photoluminescence
(PL) spectrum of QDs in hexane was collected by a Hitachi
F-4500 fluorescence spectrophotometer at an excitation
wavelength of 340 nm. The surface morphology was eval-
uated by atomic force microscopy (AFM) images through a
Shimadzu SPM-9700 scanning probe microscope in tapping
mode. The x-ray diffraction patterns measurements were
carried out using a Bruker D8 Focus x-ray diffractometer (Cu
Ka, =154 A). The work function of cathodes was
investigated by a KP Technology Ambient Kelvin probe
system. The sheet resistance of cathodes was measured by a
Jandel RM3000 four-point probe. Film thickness was cali-
brated with an Ambios XP-1 surface profiler. Ultraviolet
photoelectron spectroscopy (UPS) spectra were obtained by a
Thermo ESCALAB 250 surface analysis system equipped
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with a helium discharge lamp at hv = 21.22 eV. X-ray pho-
toelectron spectroscopy (XPS) measurements were performed
by a Thermo ESCALAB 250 instrument with Al Kx-rays
(hv = 1486.6 V) to acquire the surface properties. Current
density—voltage—luminance (J-—V-L) characteristics of QLEDs
were measured using a Keithley 2611 source meter and a
Konica Minolta LS-110 luminance meter. EL spectra were
recorded by Avantes Avaspec 2048 spectrometer. All QLED
characterizations were carried out at room temperature in
ambient atmosphere.

3. Results and discussions

As shown in figure 1(a), the XRD spectrum of AZO film has a
primary peak at 34.47° with a full width half maximum
(FWHM) of 0.24°, which can be attributed to the (002) peak
of the hexagonal-wurtzite-phase ZnO crystal structure
(JCPDS card No. 36-1451). Another very weak diffraction
peak located at 36.20° with a FWHM of 1.40°, corresponds to
ZnO (101) orientation. The dominant (002) peak in the XRD
pattern indicates that the as-deposited film has a poly-
crystalline structure with a preferred orientation in the c-axis
perpendicular to the plane of the substrate. Average grain size
can be estimated by Scherrer’s equation:

KX\

LC - —7
0 cos 6y

ey

where, L. is the mean size of crystalline domains in a film, K
(~0.89) is a dimensionless shape factor, A is the x-ray
wavelength (0.154 nm), 3 is the FWHM, and 0 is the Bragg
diffraction peak. The calculated grain size in the c-axis of
AZO films is about 39.7 nm.

Figure 1(b) compares optical transmittance spectra of AZO
and ITO, and shows that AZO film has a maximum transmittance
(Tinax) of 90.1%, 79.9% at the wavelength of 535 nm, and an
average transmittance of 81.8% in visible spectral region
(400-700 nm). By comparison, ITO has a T, of 87.9%, 83.8%
at the wavelength of 535 nm, and an average transmittance of
85.2% in visible spectral region. Hall measurements indicates that
AZO film has a resistivity of 2.72 x 10~* ) cm with an electron
concentrations of 1.02 x 10! cm ™ and an electron mobility of
2322ecm?V's™!. This electrical characteristic is somewhat
lower than that of commercial ITO which has resistivity of
9.37 x 107> Qcm with an electron concentrations of 1.91 x
10?' cm 3 and an electron mobility of 32.56 em?> Vs, While,
integrated optoelectronic properties of AZO film are rather close
to those of ITO, and meet the requirements of the electrode in
QLED:s.

AFM images over a 5 x 5 um? area in figures 1(c) and
(d) indicate that despite some spikes on the surface of AZO,
both AZO and ITO films have smooth surface topography
with a surface roughness of 1.31 nm and 0.86 nm, respec-
tively. With spin-coated ZnO NPs over the AZO and ITO
layers, surface roughness increases to 2.6 and 2.2nm,
accordingly (figures 1(e) and (f)). UPS measurements were
performed to explore the energy levels of AZO, ITO and ZnO

NPs (figure 1(g)). The calculated results indicate that the work
function of AZO is 4.65, 0.22 eV less than that of ITO. Based
on the further measured absorption spectrum of ZnO NPs (the
inset of figure 1(b)), the valence band and conduction band
levels of ZnO NPs can be identified as 7.04 eV and 3.65¢€V,
respectively. The energy level of ZnO NPs is closely related
to synthetic conditions. XPS spectra show that AZO and ZnO
NPs have roughly the same valence bond levels assigned as
Zn 3D for zinc and O 1s for oxygen (figure 1(h)) [19]. As a
result, AZO and ZnO NPs have a much lower barrier of
electron transition than ITO, which facilitates the electron
injection from the Fermi energy level of AZO to the con-
duction band of ZnO NPs. More exactly, the charge injection
efficiency relies not only upon the work function of electrodes
but also upon interfacial structure and electron states. AZO
has an appropriate work function, belongs to the same mat-
erial system of ZnO and would have a better lattice matching
with ZnO NPs than ITO. Therefore, AZO is an advisable
cathode for inverted structural QLEDs. Considering that the
ZnO NP film has a good electron mobility (ue ~ 1.3 X
10 3cm?v™! sfl), it is suitable to use 4,4’-Bis(N-carbazo-
lyl)-1,1’-biphenyl (CBP) as HTL because the hole mobility of
CBP (un ~ 1.0 x 10 3em? V! sfl) is comparable to the
electron mobility of ZnO NPs. This helps to the balance
injection of electrons and holes into QDs, so as to improve the
EL efficiency [10].

Inverted structural QLEDs were fabricated by employing
AZO as a contact cathode. Simultaneously, the reference
device was prepared with ITO as cathode. A schematic
structure and energy band diagram of AZO-based QLEDs
with a multilayered structure are shown in figures 2(a) and
(b). The used CdSe/ZnS core/shell QDs possess a PL
quantum yield of 70%. Figure 2(c) shows that the QDs have a
PL peak at 529 nm with a FWHM of 22.5 nm, and two small
absorption peaks at 452nm and 523 nm, respectively, in
visible region, and strong absorption in UV spectral region.
EL spectrum shows an emission peak at 535nm with a
FWHM of 22.6 nm, which displays a good saturated color
emission according to the 1931 Commission Internationale de
Eclairage chromaticity diagram (figure 2(f)). Red-shift of EL.
spectrum with respect to PL spectrum can be attributed to
inter-dot interaction or the electric-field-induced Stark effect.
In close packing QDs solid, electronic energy transfer would
emerge for the inhomogeneous sample because the particle
size of QDs cannot be identical absolutely and dipole—dipole
inter-dot interactions could induce the long-range resonance
transfer [23].

Electrodes can affect the EL performance of QLEDs
greatly. The curves of J-V-L and CE-V of inverted QLEDs in
figures 2(d) and (e) shows that the AZO-based device has a
higher current density of 792 mA cm 2 than the ITO-based
reference device (218 mA cm™ %) at the same voltage of 7V,
which is consistent with the fact of lower barrier of electron
transition at the interface of AZO/ZnO NPs. It can be
speculated that the electron injection from AZO cathode to
ZnO NPs is rather effective, leading to a high current density
under the same voltage in comparison to the reference device.
Similarly, the AZO-based device shows a turn-on voltage
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Figure 1. (a) XRD pattern of AZO film. (b) Transmittance spectra of AZO and ITO films. (c) AFM image of AZO film. (d) AFM image of
ITO film. (e) AFM image of ZnO NPs on AZO. (f) AFM image of ZnO NPs on ITO. (g) UPS spectra of AZO, ITO and ZnO NPs. (h) XPS

spectra of AZO and ZnO NPs.
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Figure 3. (a) Electron-only devices. (b) Hole-only devices. The thicknesses of each layers are identical to those in the optimized QLEDs.

(Vo) of 2.8V, about 1.1V lower than that of the reference
device. While the maximum luminance of 178 000 cd m ™2 for
the AZO-based device is inferior to that of 233 000 cd m >
for the reference device, and the former device reach its
maximum luminance and maximum efficiency at 8.4V and
6.3V, respectively, which is reduced by 1V and 3V,
respectively, compared to the reference device.

However, the maximum CE of 10.1 cd A~ for the AZO-
based device is lower than that of 12.2cd A~ for the refer-
ence device, the CE at 6 V for the former device is 9.9 cd A~
higher than the later (3.4 cd A™") at the same voltage. Spe-
cifically, the AZO-based device shows a higher current den-
sity, luminance, and CE than the reference device under the
same voltage, which indicates a very efficient electron
injection from AZO cathode to ETL. AZO-based device has
the external quantum efficiency (EQE) of 2.3% that is almost
the same as the EQE of reference device (2.5%). It is well
known that the J-V curve of QLEDs showed ohmic con-
duction, trap-limited conduction and space-charge limited
conduction at relatively low voltage, medium voltage and
high voltage in sequence [24]. The voltage for AZO-based
QLED corresponding to trap-limited conduction is lower than
that for the reference device, which shows that there is a better
interface between AZO and ZnO NPs. A decrease of CE after
around 6 V in AZO-based device originates from excessive
electron injection and the EL efficiency characteristics under
space-charge limited conduction mechanism.

We suggest that the Fermi energy level of AZO is close
to the conduction level of ZnO NPs, which brings about good
interface for the effective injection of electrons. To investigate
charge injection characteristics of transparent cathodes, elec-
tron-only and hole-only devices were fabricated. Because
Cs,CO;5 material can form a low work function interface to
facilitate electron injection [25, 26]. Cs,CO; thin film was
added between cathodes and ZnO NPs. J-V properties of
charge-only devices are showed in figure 3. For electron-only

devices, the current density of the AZO-based device is sig-
nificantly higher than ITO-based one, which is an order of
magnitude higher at the voltage of 2V, and shows more
efficient electron injection between AZO/ZnO NPs. After
adding the Cs,COj3 layer, the current density of both AZO/
ITO-based devices increase quickly as the voltage rises,
resulting from the reduced work function of cathodes. But
current density of AZO-based device begins to decrease with
the further increase of voltage owing to the fast accumulation
of space charge. For similar reasons, the rising of current
density of ITO-based device shows a reduced slope at the
high voltage stage with or without Cs,COj layer. The current
density of the two hole-only devices has the similar trend with
the variable voltage, but AZO-based device has slightly
higher current density. Comparing to electron-only device,
the current density of corresponding hole-only device
increases rapidly at a high voltage stage. The experimental
results show that the current density of AZO-based electron/
hole-only devices is higher than ITO-based ones at the same
voltage.

To further study electron-only device, assuming an
ohmic injection contact between the layers, the electron
injection behavior was analyzed by the theory of space-
charge-limited current density (Jscc) with Frenkel effect as
follows [27]:

9 V2
Jscre = g Hofosrexp (0.896yV/d )?’ 2

where, g, €0, €, and are the zero-field mobility, the vacuum
permittivity and the relative permittivity, respectively. (3 is a
constant of temperature-related, which is equal to
1.3 x 1077 (cm/V)? here. V is the applied voltage and d is
the distance between electrodes. Frenkel effect refers to the
effective depth of trap that decreases at the intense electric
field. The theoretical Jscy ¢ is obtained from the equation (2).
Figure 4(a) shows the curve of current density—electric field
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Figure 4. (a) The curves of current density—electric field for electron-only device. (b) The J-V curves of electron-only devices on log—log
scale. (c) The dependence of electron injection efficiency on electric field based on SCLC model.

(J-E) for the AZO/ITO-based devices and indicates that the
current density of the AZO-based device is enhanced distinctly
in comparison to that of ITO-based device with the similar
architecture. The J—E curve of AZO-based device is coincident
well with the theoretical Jsc ¢ curve. Simultaneously, the J-V
curves in figure 4(b) meets the power variation law under trap
charge limited [28], which obeys ohmic conduction at lower
voltage, with increasing voltage, and higher power law at
higher voltage [29]. From the fitting curves, the power value of
applied voltage for the ITO-based device is far above AZO-
based device, which suggests a deep trap states at the ITO/
ZnO NPs interface. So AZO/ZnO NPs has a better interface
contact as well as a more matching energy level than ITO/ZnO
NPs. As shown in figure 4(c), electron injection efficiency was
calculated by Minj = inj/JSCLC’ where Jinj and JSCLC are the
measured current density and the calculated theoretical value of

JscLc. The high electron injection efficiency of AZO-based
device indicates that AZO cathode has formed nearly ohmic
contact with ZnO NP layer [30].

4. Conclusion

In this work, electrical and optical properties of magnetron
sputtering-prepared AZO has been compared to that of
commercial ITO. QLEDs with inverted structure were fabri-
cated based on AZO/ITO cathodes. AZO-based devices show
a better luminance and current efficiency than ITO-based
devices under the same voltage. On the basis of SCLC model,
UPS/XPS test and the measured current density—voltage
characteristics of electron-only and hole-only devices, AZO
shows a matching energy level with ETL of ZnO NPs and
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nearly ohmic contact at the AZO/ZnO NPs interface, and thus
exhibits much better charge-injection ability, especially elec-
tron injection ability than ITO. Consequently, AZO would
have a widely practical application in inverted QLEDs because
of its series of advantages including indium-free electrode, low
cost, good electrical and optical characteristics, better com-
patibility with ZnO-based electron transport materials.
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