EAPPLIED MATERIALS

INTERFACES

&) Cite This: ACS Appl. Mater. Interfaces 2017, 9, 38755-38760 www.acsami.org

Blue Quantum Dot Light-Emitting Diodes with High
Electroluminescent Efficiency

Lishuang Wan .T’i Jie Lin,*'® Yongsheng Hu,'® Xiaoyang Guo,’ Ying Ly, Zhaobing Tang,_{_’_“t
Jialong Zhao,™*% Yi Fan,Jr Nan Zhang,T Yunjun Wang,” and Xingyuan Liu*"
"State Key Laboratory of Luminescence and Applications, Changchun Institute of Optics, Fine Mechanics and Physics, Chinese
Academy of Sciences, Changchun, 130033 Jilin, China
*University of Chinese Academy of Sciences, Beijing 100049, China
SKey Laboratory of Functional Materials Physics and Chemistry of the Ministry of Education, Jilin Normal University, Siping, 136000
Jilin, China
ISuzhou Xingshuo Nanotech Co., Ltd. (Mesolight), Suzhou, 215123 Jiangsu, China

© Supporting Information

ABSTRACT: High-efficiency blue CdSe/ZnS quantum dots (QDs)

have been synthesized for display application with emission peak over '3:310'-

460 nm with the purpose of reducing the harmful effect of short- =

wavelength light to human eyes. To reach a better charge balance, 5100_

different size ZnO nanoparticles (NPs) were synthesized and electrical &

properties of ZnO NPs were analyzed. Quantum dot light-emitting 2 | —=—Device A
diodes (QLEDs) based on as-prepared blue QDs and optimized ZnO 810 ey
NPs have been successfully fabricated. Using small-size ZnO NPs, we 3 —o—Device D
have obtained a maximum current efficiency (CE) of 14.1 cd A and a 10' 10° 1023
maximum external quantum efficiency (EQE) of 19.8% for QLEDs Luminance (cd m")

with an electroluminescence (EL) peak at 468 nm. To the best of our

knowledge, this EQE is the highest value in comparison to the previous reports. The CIE 1931 color coordinates (0.136, 0.078)
of this device are quite close to the standard (0.14, 0.08) of National Television System Committee (NTSC) 1953. The color
saturation blue QLEDs show great promise for use in next-generation full-color displays.
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H INTRODUCTION (CE) of 44 cd A™! and EQE of 12.2% were achieved for

. .. 6 .
Because of their excellent characteristics, such as high QLEDs with an emission peak at 450 nm". Methods aimed at

photoluminescence (PL) efficiency, high color saturation, fer%har?c1ng hole 1n]ec9tlon by gold_ nanop artlcle-dope('i hole
solution-progress fabrication, and large-area production, 1n]e.ct1‘0n .Iayer (HIL)" and enhancing hole tllgansp orte.ltlon by
quantum dot light-emitting diodes (QLEDs) have become opP txm{zatlon of ho?e t.ransp ort layer (HTL) were mncorpo-
one of the most interesting research hotspots in display fields ratefl) into the fabrlcatlon of QLED S‘_ZA rather hlgh EQE of
during the past 30 years. Despite the fact that fast development 739@ and lumlnagce of 2851?) cd m™ were achieved in the
and great enhancement in electroluminescence (EL) perform- electrlFal modification device. ]
ance have been obtained for red and green QLEDs whose While m%s;clzelgorted QLEDs are ul.travmlet—deep blue or
external quantum efficiencies (EQEs) reach up to 20.5 and blue COIOI'.S’I tbe?e are few studies that focus on blue
21%,' ™ respectively, the realization of high-efficiency blue QLEDs Wl.th.an emission peak over 460 nm. jAS we know, a
QLEDs is still a serious need for next-generation solid-state shorter emission peallc corresponds to a greater light energy. For
lighting and displays. the purpose of loweru.lg tbe 1nf!ue:nce. Of. great energy on human
In 2007, a pure blue EL was realized in the QLED based on eyes for display apphcatlons., 1.t is s1gn1ﬁca.nt to dev?lop pure
core/shell CdS/ZnS nanocrystal quantum dots (QDs) that has blue QLEDs whose Commmsmn International de I Ecla}rage
a narrow spectrum full width at half-maximum (FWHM) of 20 (CIE) 1.931 color coordlnatgs should be close to the National
nm.* However, the 5.5 V turn-on voltage (V,,) was quite high, Television S}fstem Committee (I\I"{SC) 1953 standard.
and deep reap emission was found in this device. To enhance Recently, a high CE of 16.1 c¢d A™ for blue QLED was
the EL performance, optimized synthesis for high-quality QDs obtained by using a transparent indium tin oxide (ITO)/Ag/
is one of the key factors. Blue QLEDs based on alloyed shell

QDs,” surface ligand-optimized QDs,° size-tunable violet—blue Received: July 22, 2017
(400—450 nm) QDs,” and tailored nanostructure QDs® were Accepted: October 17, 2017
reported with good EL properties. A high current efficiency Published: October 17, 2017
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ITO electrode.'* However, the blue QLED was obtained with a
FWHM of 35 nm corresponding to CIE 1931 color coordinates
of (0.11, 0.13), which is far from that of NTSC 1953 standard.
Herein, we used thick-shell CdSe/ZnS QDs, whose PL
emission peak can be varied from 462 to 466 nm, as the
emitting layer (EML) to adjust the CIE property.

EQE is a very important EL characteristic for QLEDs. The
EQE is defined as the ratio of the number of photons emitted
by the device to the number of electrons injected. To enhance
the EQE, the internal quantum yield, especially the fraction of
injected charges that form excitons, should be effectively
improved. For QLEDs, high PL quantum yield (PL QY) could
be achieved by optimized synthesis condition of QDs. Only if
the energy level of each function layer for charge injection and
transport is quite opposite can the fraction of injected charges
that forms excitons be enhanced.

ZnO nanoparticles (NPs) can form films by spin-coating
methods and have excellent electron transport property.
QLEDs that used ZnO NPs as electron transport layer
(ETL) and organic/polymer films as HTL have been one of
the most promising developing tendencies.'"'® In this work,
the influence of different size ZnO NPs with step-controlled
mixing process on EL performance was investigated, and the
energy level and mobility properties of ZnO NPs were
analyzed. Herein, we report high-efficiency conventional
organic—inorganic hybrid blue bottom-emission QLEDs by
using thick outer shell CdSe/ZnS QDs as the EML and size-
varied ZnO NPs layer as the ETL for a better charge balance.
The used QDs have high PL QY due to a large limitation of
nonradiative recombination progress by thick outer shells. An
EL emission peak of 468 nm, a record EQE of 19.8%, and a
maximum CE of 14.1 ¢d A™' were obtained for the best
performing QLED. The CIE 1931 color coordinates (0.136,
0.078) of this device are quite close to the NTSC 1953
standard of (0.14, 0.08). The color saturation property makes
this QLED an ideal blue light source for display application.
Quite high EQE of 11.9% for 464 nm device was also obtained
in this work with the optimized ETL.

B RESULTS AND DISCUSSION

In general, photophysical properties of QDs play an important
role in determining the EL performance of QLEDs. A powerful
strategy for QD synthesis is covering the core with a thick shell,
so that QDs can retain high PL QY and stability. The average
size of QDs used here is 12—13 nm, which was determined by
the transmission electron microscope (TEM) images of 462
and 466 nm QDs, as shown in Figures SI and S2. It can be
observed that the QDs exhibit good monodispersivity.
Ultraviolet visible absorption (UV-abs) spectroscopy and PL
spectra of QDs are illustrated in Figure la. The two blue CdSe/
ZnS QDs show PL peaks at 462 and 466 nm and exhibit high
PL QYs of 70% and 87%, respectively. The PL decay curves of
QDs in solution and solid state are shown in Figure 1b. QDs in
solution show a PL decay in a dual-channel form. The excited-
state lifetime is decreased when QDs are changed from solution
state to solid state. A lifetime reduction is observed in both 466
and 462 nm QD films (20 nm thick, on glass).

The thick-shell CdSe/ZnS QDs are chosen as the EML not
only for their nearly identical PL properties but also for the
minimized Auger recombination (AR) effect in such a
nanostructure. The thick shell in QDs shows a physical barrier
that can effectively reduce the Forster resonant energy transfer
(FRET), which is sensitive to inter-QDs spacing.'® Incorpo-
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Figure 1. (a) UV-abs and PL spectra of QDs with different emission
peaks. (b) PL decay curves of QDs in solution and solid state. (c)
Structure mechanism diagram of QLED. (d) Cross-section SEM image
of QLED.

ration of thick shell into QDs is demonstrated to limit
nonradiative recombination progress effectively, resulting in an
improved luminance and EQE in QLEDs."”"® Fabrication of
QLEDs was conducted based on optimized multilayer
structure, which is shown in Figure 1lc: ITO, poly-
(ethylenedioxythiophene):polystyrene sulphonate (PE-
DOT:PSS, 20 nm), poly(9-vinlycarbazole) (PVK, 30 nm),
QDs (20 nm), ZnO NPs (30 nm), and aluminum (Al, 100 nm)
were used as anode, HIL, HTL, EML, ETL, and cathode,
respectively. The cross-section scanning electron microscope
(SEM) image in Figure 1d shows that the interfaces of the
multiple layers are in distant contact.

Most of the synthesis of ZnO NPs begins with a certain
molecular proportion of [Zn]**/[OH]", such as the doping
ZnO NP."”% In the work, it is found that the controlled mixing
progress of [Zn]*"/[OH]~ plays a certain role in determining
the property of ZnO NPs. The detailed synthesis of ZnO NPs
is provided in the experimental section (Supporting Informa-
tion). Allowing for the different dropwise speed of potassium
hydroxide, the concentration of [OH™] has a significant
influence on the particle size. A higher concentration of
[OH™] leads to a bigger particle size of ZnO NPs, which is in
line with the previously reported tendency.”' As illustrated in
surface morphology images (Figure 2a and b), the particle size
of ZnO NPs A is smaller than that of ZnO NPs B, and the
surface roughness of ZnO NPs B (3.888 nm) is larger than that
of ZnO NPs A (3.626 nm). The X-ray diffraction (XRD)
patterns of the ZnO NPs together with bulk phase ZnO are
shown in Figure S3. Comparison of the diffraction peaks
suggests that the as-prepared ZnO NPs are crystalline and
assigned to the hexagonal zincite structure similar to that of
bulk ZnO. The PL spectra of ZnO NPs in Figure 2c shows a
wide trap-state emission from 450 to 650 nm. The PL peak
intensity of ZnO NPs A is much higher than that of ZnO NPs
B, so it is inferred that ZnO NPs A layer has more trap states.
Under the excitation wavelength of 320 nm and the same
experimental condition, PL spectra of ZnO NPs A and a
structure of QDs/ZnO NPs A are compared in Figure S4. It
can be observed that the PL intensity of ZnO NPs A is nearly 2
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Figure 2. Surface morphology of ZnO NPs on glass: (a) ZnO NPs A and (b) ZnO NPs B. (c) PL spectra, (d) UV-abs spectroscopy, and (e) UPS

spectra of different colloidal ZnO NPs. (f) Energy-level diagram of QLED.

orders of magnitude lower than that of QDs. Therefore, the PL
spectra of QDs/ZnO NPs A show only the characteristics of
QDs, which means that the PL intensity of ZnO NPs has a
negligible effect on that of QDs. It is well-known that the
conductivity and electron mobility would be enhanced with the
decrease of the size of ZnO NPs. As shown in Figure S5,
mobility of different colloidal ZnO NPs was achieved by fitting
the space-charge-limited-current region with Child’s law, and a
higher electron mobility of 8.36 x 107 cm® V! s7' was
obtained for ZnO NPs A as expected.

To investigate the band gap and energy level of different
colloidal ZnO NPs, the UV-abs spectroscopy and ultraviolet
photoelectron spectroscopy (UPS) were measured and are
shown in parts d and e of Figure 2, respectively. The band gaps
of ZnO NPs A and B are 3.34 and 3.32 eV, respectively. As
demonstrated in UPS spectra, the high-binding energy cutoff
(Ecuro) and the onset energy in valence-band edge (E )
regions change with the variation of ZnO particle size. The
valence band maximum (VBM) is determined according to the
equation of VBM = 21.2 — (E_yoff — Eonset), Which is —7.46 and
—7.43 eV, respectively, for ZnO NPs A and B. The conduction
band maximum (CBM) can be calculated based on the band
gap and VBM, which is —4.12 and —4.11 eV for ZnO NPs A
and B, respectively. With the suitable CBM of ZnO NPs, the
electrons are facilitated to inject into the EML. Figure 2f shows
the energy-level diagram of multiple layers in the QLED. In a
conventional device with an organic—inorganic hybrid charge-
transport layer, the carrier injection barrier at the HTL/EML
interface is larger than that at the ETL/EML interface, which
limits the hole injection into the QD layer. The unbalanced
carrier injection can result in excess electrons in EML.
Generally speaking, the excess electrons may cause many
problems, for example, a reduction of the fraction of charges
that form excitons, trion emission formed by charging QDs, or
decrease of device lifetime.”> To improve device performance
by decreasing the band offset between HTL and EML, the
selection of HTLs with an appropriate highest occupied
molecular orbital (HOMO) energy level is very important.

38757

The PVK used in this work has the lowest HOMO of —5.8 eV
(Figure S6) and is among the most widely used hole transport
materials, such as poly(N,N'-bis(4-butylphenyl-N,N'-bis-
(phenyl)benziclne) (poly-TPD, HOMO of —5.2 eV)** and
poly[9,9-dioctylfluorene-co-N-[4-(3-methylpropyl)]-
diphenylamine] (TEB, HOMO of —5.3 eV).”* So, PVK is a
rather ideal HTL material to lower the hole injection barrier at
the HTL/EML interface, especially for blue QLEDs.

The current densities of electron-only devices with the
structure of ITO/ZnO NPs/QDs/ZnO NPs/Al are shown in
Figure 3a. These devices are device a with 466 nm QDs/ZnO
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Figure 3. (a) Current density—voltage (J—V) curves of electron-only
devices. (b) J—V curves of electron-only device a (black line) and hole-
only device e (green line).

NPs A, device b with 466 nm QDs/ZnO NPs B, device ¢ with
462 nm QDs/ZnO NPs A, and device d with 462 nm QDs/
ZnO NPs B. Detailed thickness of multiple layers in electron-
only and hole-only devices is shown in the Supporting
Information. With the large-particle-size ZnO NPs B, the
current density of electron-only device d is higher than that of
device ¢, which is likely caused by a larger leakage current
owing to the higher surface roughness of ZnO NPs B in
consideration of the ZnO NPs/QDs/ZnO NPs sandwich
structure in electron-only devices. Similar results were obtained
for devices a and b. Current density of hole-only device e with
the structure of ITO/PEDOT:PSS/PVK/466 nm QDs/
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Figure 4. EL performances of QLEDs. (a) Normalized EL spectra. (b) Luminance—voltage—current density (L—V—]) characteristics of QLED:s. (c)
CE properties as a function of luminance. (d) EQE properties as a function of current density. (e) CIE properties. (f) Image of device A at driving

voltage of 7 V.

MoO;(30 nm)/Al is demonstrated in Figure 3b. For 466 nm
QDs, the average current density of electron-only device a is
~20 times higher than that of hole-only device e. The relatively
close current density between electron-only and hole-only
devices would be beneficial to reach a better charge balance as
well as good EL performance in QLED:s.

EL performances of QLEDs are demonstrated in Figure 4. As
normalized spectra presented in Figure 4a, the peak wave-
lengths are 464 nm for devices C and D and 468 nm for devices
A and B. EL spectra have a 2 nm red-shift compared with that
of PL spectra (Figure la), which is caused by the interdot
interactions and the electric-field-induced Stark effect.”® As
shown in Figure 4b, the maximum luminance (L) of 4890 cd
m™* was obtained at a driving voltage of 9 V for device A. A
luminance inflection point occurs in device A at a driving
voltage of 5.7 V (as shown by dark cyan line) with a luminance
of 1.70 c¢d m™2 due to the fluctuation in current density as
illustrated in the fitted J—V curves (red line) of device A. At low
driving voltage range, the current density of devices A and C is
lower than their counterparts (devices B and D). Because ZnO
NPs A and B have approximate band gap, CBM, and VBM, the
major difference between them is that ZnO NPs A has a low
surface roughness and more trap states than ZnO NPs B.
Therefore, the observed J—V curves imply that the quality of
interface contact and trap states may have a big influence on
ZnO NPs/QDs interface barrier and subsequent electron
injection. Figure 4b shows that the V,, at luminance of 1 cd
m™2 are 3.6, 3.9, 44, and 5.1 V for devices D—A, respectively.
Devices A and B with 466 nm QDs have higher V,, than that of
devices C and D with 462 nm QDs. It is known that both EML
(QDs) and ETL (ZnO NPs) can influence the V,, of devices.
The observed V,, difference suggests that, in addition to
aforementioned interface contact and trap states, QDs with
different shell thicknesses may have a nonnegligible effect on
the V,, for blue QLEDs.

CE as a function of luminance and EQE as a function of
current density are demonstrated in Figure 4c and d. A record
maximum CE of 14.1 cd A™ is obtained at a luminance of 782

38758

cd m™? for device A. As particle size of ZnO NPs increased, the
maximum CE decreased to 9.69 cd A™" for device B. Using 462
nm QDs as the EML, the maximum CE of 848 cd A™! is
achieved for device C. The CE reduction from devices A and C,
which used the same ETL, is mainly caused by the PL QY
decrease of QDs. As for the electron-only device described in
Figure 3, a more balanceable charge injection was achieved for
device A compared to other devices. The highest EQE of 19.8%
was obtained at a current density of 5.53 mA cm™ for device A.
To the best of our knowledge, it is the highest value as
compared to the previous reports. The highest EQE can be
attributed to the better charge balance in the device and the
used high PL QY and thick-shell QDs that have suppressed the
nonradiative process. A maximum EQE of 13.6% is reached for
device B at a current density of 3.04 mA cm™% The maximum
EQEs of devices C and D are 11.9% and 6.82%, respectively.
There is obvious efficiency roll-off for blue QLEDs in this work,
which originates mainly from reduced charge balance and all
kinds of nonradiative exciton quenching processes such as
nonradiative Auger processes, dissociation of excitons under
high fields, and electric-field-induced decrease in PL efficiency
of QD.***” 1t has been reported that the field-induced PL
decrease is more pronounced for thicker-shell QDs. Because
the QDs used in this work have a relative thick shell with an
average particle size of 12—13 nm, the field-induced PL
decrease would be quite big and is assumed as the major factor
in this case. Owing to the limited preparation conditions, the
operational lifetime at a display-relevant luminance of 100 cd
m™? for device A is ~47.4 h (Figure S7). The operational
lifetime could be further improved by avoiding exposure to the
air, optimization of thick-shell QD structure and EL perform-
ance, and better encapsulation method of devices. CIE
properties of QLEDs are shown in Figure 4e. The blue EL
emission with a narrow FWHM of 20 nm corresponds to CIE
1931 color coordinates of (0.136, 0.078), which is very close to
the NTSC 1953 standard of (0.14, 0.08). The color saturation
property makes this blue QLED an ideal blue light source for
display application. An image of device A at a driving voltage of
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Table 1. Summary of Peak Wavelength (4,,.,) and FWHM of EL Spectra, CIE, Maximum Luminance (L,,,,), Maximum CE
(CE,,..), Maximum EQE (EQE,,.,), and CE and EQE at Luminance of 1000 cd m™>

device EL A, (nm) FWHM (nm) CIE 1931
A 468 20 (0.136, 0.078)
B 468 20 (0.135, 0.077)
C 464 20 (0.147, 0.068)
D 464 20 (0.145, 0.068)

CE (cd A™Y) EQE (%)

Ly (cd m™2) CE, o 1000 cd m™ EQE,. 1000 cd m™
4890 14.1 12.5 19.8 17.5
2250 9.69 6.08 13.6 8.42
3990 8.48 6.08 11.9 8.59
3480 4.86 3.86 6.82 5.41

7 V is shown in Figure 4f. Detailed EL characteristics are
summarized in Table 1.

B CONCLUSION

In summary, we have designed and fabricated pure blue
organic—inorganic hybrid structure QLEDs by using thick-shell
and high PL QY QDs as the emitting layer, which has
suppressed FRET and AR nonradiative progress. We found that
small-size ZnO NPs synthesized under a step-controlled mixing
process have high electron mobility and smooth surface
roughness, and they play a significant role in determining the
EL performance. Better charge balance can be realized in blue
QLEDs by using PVK as HTL and ZnO NPs as ETL,
respectively. As a result, the best performance device has
reached a record EQE as high as 19.8% and a maximum CE of
14.1 cd A™". The CIE 1931 color coordinates (0.136, 0.078) of
this device are quite close to the NTSC 1953 standard of (0.14,
0.08). Similar CIE 1931 color coordinates were also obtained
for other blue QLEDs with EL peak emission at 464 nm. The
color saturation blue QLEDs show great promise for use in
next-generation full-color displays. Although the turn-on
voltage is higher than the previously reported results'"** due
to the usage of thick-shell QDs, we believe that this work offers
an effective approach to the realization of high EL efficiency for
other color QLEDs, along with transparent and flexible devices.
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