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Introduction

High-efficiency inverted quantum dot light-
emitting diodes with enhanced hole injection¥

Lishuang Wang,® Ying Lv, 2 Jie Lin, © *@ Yi Fan,? Jialong Zhao, & * Yunjun Wang®
and Xingyuan Liu @& *2

Hybrid MoOz/HAT-CN is employed as a hole injection layer (HIL) in green inverted colloidal quantum dot
light-emitting devices (QLEDs). The hybrid HILs can be easily prepared and have been found to effectively
improve the electroluminescent properties. The best performance device had an HIL of 1.5 nm-thick
MoO3/2.5 nm-thick HAT-CN and showed a turn-on voltage of 1.9 V, a maximum current efficiency
(CEmay) Of 41.3 cd A™%, and maximum external quantum efficiency of 9.72%. Compared to the corres-
ponding devices with the single MoOs or HAT-CN interlayer, the CE,.x of the hole-only devices was
improved by 1.6 or 1.5 times, respectively. The measured electrical performance shows that hole-only
devices with hybrid HILs have a smaller leakage current density at low driving voltage and much enhanced
hole injection current than the devices with single interlayers. It indicates that much improved electro-
luminescent efficiency in green inverted QLEDs with hybrid MoOs/HAT-CN orginates from the significant
enhancement of hole injection efficiency and suppression of space charge accumulation in the quantum
dot-emitting region due to the improved balance of the charge carriers. The hybrid HILs can be extended
to other color inverted QLEDs, which are favorable to achieve bright, highly efficient, and color saturation
devices for display applications.

to be gradually close to that of mature organic light-emitting
diodes (OLEDs).

Colloidal quantum dot light-emitting diodes (QLEDs) have
become the most potential candidates for the next-generation
display and solid-state lighting technologies because of their
important advantages such as size-controllable emission wave-
length tunability, narrow linewidth, and solution-processed
fabrication."™ Since the first report of QLED,” remarkable
progress has been made based on the fast development of
synthesis strategy (thick shell,®® alloy-intermediate shell,”"°
and organic ligands''), device architecture (conventional'*'?
and inverted®'?), and interfacial engineering."® Especially, via
utilizing proper electrode interlayers (organic,'® inorganic,"”
and hybrid'®) to adjust the charge injection, transport, and
recombination property, the performance of QLEDs was found
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As for the cathode buffer layer, ZnO nanoparticles (NPs)
are the most widely used material due to their efficient
electron injection and transport property and they match the
energy level engineering of the hole transport layer (HTL) of
conventional organic materials. A series of red, green, and
blue QLEDs, which exhibited high stability and long operating
lifetimes, were obtained with the incorporation of ZnO NPs.*
A record luminance of 218800 cd m™* in the green inverted
QLEDs was reported using the ZnO NPs as the electron trans-
port layer (ETL)." However, the maximum current efficiency CE
of 19.2 cd A™" and external quantum efficiency (EQE) of 5.8%
of this inverted device was still lower than those of conventional
devices.*'®"® In addition, recent studies show that the strong
electron injection ability of ZnO NPs layer can cause injection
of excess electrons into the QD active layer and subsequently
form undesirable leakage current. This can lead to charged
excitons and then the reduction of electroluminescence (EL)
performance due to auger recombination. One way to solve the
abovementioned problem is by virtue of the reduction of
excess carriers injecting into the QD layer and forming
efficient exciton recombination. This idea was previously
demonstrated using a thin poly(methyl methacrylate) (PMMA)
insulating layer that was sandwiched between the ZnO NPs
and QDs or double aluminium oxide (Al,O;) interlayer around
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QDs for high-efficiency and long lifetime QLEDs.***" However,
all these improvements in EL performance were obtained at
the expense of suppressing the excess electrons. Another more
desirable approach to circumvent the influence of leakage
current is to enhance the injection and transport of minority
carriers, holes, to improve the device performance.

High work function transition metal-oxides, such as molyb-
denum oxide (Mo00s),”** tungsten oxide (WO;),'® vanadium
oxide (V,05),>® and deep lying lowest unoccupied molecular
orbital (LUMO) organic materials, such as 1,4,5,8,9,11-hexaaza-
triphenylene-hexacarbonitrile (HAT-CN),>***> have been suc-
cessfully used as electrode buffer layers in QLEDs. Using
HAT-CN as an HIL, H. M. Kim et al. obtained a high CE of 34
cd A™! in inverted green QLED.>® Herein, we report the first
use of a hybrid MoO;/HAT-CN HIL for high-performance,
green inverted QLEDs. The inverted structure was chosen
because it could minimize the electric field, which could
induce a spatial separation of the electron and hole wave func-
tions in forward bias,***” thus increasing the radiative rate of
excitons. We found that just inserting an ultrathin MoOj;
between 4,4'-bis(carbazole-9-yl)biphenyl (CBP) and HAT-CN
layer could remarkably improve the hole injection and
dramatically increase the CE and EQE of inverted QLEDs
simultaneously. As a result, the best performance device
(1.5 nm MoO3/HAT-CN) exhibited a maximum CE of 41.3
cd A™" and maximum EQE of 9.72%. These peak efficiencies
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of the hole-enhanced inverted QLEDs are almost 1-time higher
than those of the earlier reported green inverted device
(maximum CE of 19.2 ¢d A~ and maximum EQE of 5.8%").
This method can be extended to other colored QLEDs and
would lead to bright, high-efficiency, and color-saturation
devices for display applications.

Results and discussion

The green emitting CdSe@ZnSe/ZnS QDs used in this study
exhibited good monodispersity, had a size of 10-12 nm
(Fig. S1t), and a photoluminescence (PL) emission peak at
528 nm (Fig. S2t). With the PL quantum yield (QY) of approxi-
mately 75% in solution and 34% in the solid state film on
glass (Fig. S3 and S4t), the QDs exhibit a stable and highly
efficient PL performance, which plays an important role in
determining the EL performance of the QLEDs. To investigate
the effect of the HIL on the EL characteristics of the QDs, a
series of inverted QLEDs was fabricated with the following
structure (Fig. 1a): cathode (Indium Tin Oxide, ITO)/ZnO NPs
(35 nm)/QDs (15 nm)/CBP (50 nm)/HIL (4 nm, MoO3, HAT-CN
or MoO3/HAT-CN)/Al, where ZnO NPs, QDs, and CBP served as
electron injection and transport layer (EIL/ETL), light-emitting
layer (EML), and HTL, respectively. The cross-section SEM
image shown in Fig. 1b reveals that each functional layer in

Energy (eV)
1 1
> O
i | L. i
ITO I &
~ ~
)
‘O
s\ o
+in
EN
00,
Iy
w

0.00 0.00
1.00 um 200 200 um 1.00 um 2,00 x 2.00 um

Fig. 1 (a) Architecture of QLED. (b) Cross-sectional SEM image of the representative device. (c) Energy band diagram of QLED. Surface morphology
of the multilayer structures with different thicknesses of MoOs layer. (d) ITO/ZnO NPs/QDs/CBP/MoOs3 (0 nm). (e) ITO/ZnO NPs/QDs/CBP/MoOs
(0.5 nm). (f) ITO/ZnO NPs/QDs/CBP/Mo0Qs (1.5 nm). (g) ITO/ZnO NPs/QDs/CBP/MoOs (2.5 nm).
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the device is uniformly formed with a clear interlayer. The
energy level diagram of the QLED is illustrated in Fig. 1c. The
hybrid buffer layer used in the inverted device presents
several advantages: (1) its high work function of MoOj;
matches with the low LUMO of HAT-CN and enhances the
hole injection; (2) it can be easily processed via thermal evap-
oration, which can be continuously operated during the device
fabrication; and (3) it is conducive to the energy level matching
of the highest occupied molecular orbital (HOMO) of HTL
and the work function of the metal Al electrode, which is bene-
ficial to the improvement of the EL performance of inverted
QLEDs. Surface morphologies of these thin MoOj; layers were
measured and are provided in Fig. S5.7 With 0.5 nm MoOj, the
surface roughness of the CBP film increases to 10.058 nm
from 8.953 nm, which means that the surface is discontinu-
ous. When the thickness of MoOj; increases, the surface rough-
ness reduces, which implies that the discontinuity of the
surface decreases and forms a comparative smooth surface.
Similar results of the devices are shown in Fig. 1d-g; without
the MoO; layer, the surface roughness of ITO/ZnO NPs/QDs/
CBP is 4.562 nm. However, with the MoO; layer, the surface
roughness of ITO/ZnO NPs/QDs/CBP/MoO; (1.5 nm) decreases
to 4.403 nm.

Fig. 2 shows the EL performance of QLEDs with single
MoO3;, HAT-CN, and hybrid MoO3;/HAT-CN as an HIL. As J-V
characteristics demonstrated in Fig. 2a, the turn-on voltage
(Von) of QLED with single MoO; and single HAT-CN HIL were
3.4 and 2.5 V, respectively. In contrast, by inserting a 1.5 nm
thick MoO; layer between the CBP and HAT-CN layer, the V,,,
of this QLED significantly decreased to only 1.9 V. Moreover,
obvious decrease in the current density at low driving voltage
region (<V,,) was also realized in these hybrid devices,
suggesting a rather small leakage current. The current density
of the device with single MoO; (device A, black line) at the
driving voltage of 0.4 V was 1.1 x 107> mA cm™?, which was
1.97 times higher than that of the device with single HAT-CN
(device B, red line) (3.7 x 10> mA cm™>). Moreover, the differ-
ence in the current density values for the two devices slightly
changed when the driving voltage was increased at the low
bias voltage region (<3 V). However, for devices with hybrid
HILs, the leakage current at low driving voltage region (<2 V)
exhibited a value more than one order of magnitude lower
than those of the devices A and B. When driving voltage was
increased, the injection current density of the hybrid HIL
device showed the same order of magnitude as that of the
device with single HIL (device A and B), which was beneficial
for achieving a high EL performance.

As shown in Fig. 2b, the luminance at 1 ¢d m™> for the
devices with hybrid HILs was obtained at the driving voltage
below 3.5 V, which was much lower than that of the device A
(4.3 V). The maximum luminance for all the QLEDs except for the
device E (pink line) was found to be more than 60000 cd m™>.
A slight decrease in the maximum luminance of device E
may originate from the larger resistance of the relatively thick
MoOj;. However, compared to the devices with a single inter-
layer, the hybrid devices were operated at smaller driving
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voltage to obtain the same luminance. As shown in Fig. 2¢c, a
remarkable improvement of CE was achieved by incorporating
hybrid HIL into the device structure. It was found that the
1.5 nm-thick MoOj; layer (device D, blue line) showed the
maximum CE of 41.3 cd A™' at the luminance of 11600
cd m™?, which was approximately 1.6-fold higher than that of
device A with single MoOj; as the interlayer (15.8 cd A™"). For
device D, the CE was well maintained within 90% when the
luminance was increased to 30 000 cd m™>. It can be seen that
with a hybrid HIL, the roll-off in the emission efficiency at
high luminance range was less than that of the device A.
The CE of device A remained only 80% at the luminance of
30000 cd m™>.

A simultaneous improvement of EQE was achieved, as
shown in Fig. 2d. Maximum EQE of 3.68, 3.88, 6.96, 9.72, and
8.60% were obtained for the devices A, B, C, D, and E, respect-
ively. It was found that the device D with a 1.5 nm MoOj; layer
showed the best EL performance with a quite low leakage
current, rather high luminance, and the highest CE and EQE
amongst the five devices. As presented in Fig. 2e, due to the
interdot interactions and the electric-field-induced Stark
effect,”® the peak wavelength in the EL spectrum of device D,
which was at 532 nm, exhibited a 4 nm red-shift. Due to a
narrow full-width at half-maximum (FWHM) of 24 nm and
Commission Internationale de I'Eclairage (CIE) 1931 color
coordinates of (0.221, 0.739) (Fig. 2f), the color-saturation
makes this green inverted QLED an ideal green array for
display application. EL spectra of device A, B, C, D and E are
also shown in Fig. 2e, and it was found that the peak wave-
length and FWHM did not change any more and these devices
showed similar CIE properties (Fig. 2f).

Detailed EL characteristics of the device A-E are summar-
ized in Table 1, and the EL performance of the devices with
different thicknesses of HAT-CN in the hybrid HILs are pro-
vided in the ESI (Fig. S6 and Table S17). It clearly shows that
inserting a MoOj layer can reduce the accumulation of space
charge within the emission region, of which charged QDs
reach dark by an ultrafast, auger-mediated decay pathway.*>°
The great improvement in the EL performance of devices with
a hybrid HIL (Fig. 2a-d) implies that charge injection into the
QDs layer becomes more efficient. As seen in Fig. 1c, due to
the low conduction band (CB) of —4.3 eV and VB of —7.6 eV of
ZnO NPs, the electron injection and transport from ITO to QD
EML are facilitated. The VB (=5.5 eV) of MoO; (Fig. S77)
enables the efficient hole to inject from the LUMO (—4.8 eV)*®
of HAT-CN to the HOMO (—6.0 eV) of CBP. Owing to the bene-
fited systematic engineering of HIL, HTL, and EIL/ETL, the
change in the inverted QLED can make effective carrier injec-
tion, transport, and recombination.

To understand the influence of hole injection on the j-V
properties as well as EL performance, current densities of
different HIL hole-only devices with the structure of ITO/MoO;
(30 nm)/QDs/CBP/HIL/Al were obtained at different driving
voltages. From Fig. 3a, it can be observed that hole current
density of the HAT-CN device is larger than that of the MoO;
device. Using the hybrid HIL, the enhancement of the hole

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 EL performance of QLEDs with different HIL. (a) Current density—voltage (J-V) characteristics of QLEDs. (b) Luminance—voltage curves.
Inset: Image of the device D driven under the operating voltage of 6 V. (c) CE properties as a function of luminance. (d) EQE as a function of current
density. (e) Normalized PL spectrum and EL spectra of QLEDs. (f) CIE properties of device A—E.

injection current was remarkable. Current density of the hole-
only devices at low driving range (<2 V) is shown in Fig. 3b. It
shows that the higher the current density of a hole-only device,
the lower the leakage current density of the corresponding
QLED (Fig. 2a and 3b). It indicates that use of a hybrid HIL to
circumvent the influence of excess electrons via enhancing the
hole injection and transport to improve the device perform-

This journal is © The Royal Society of Chemistry 2017

ance is very efficient. For the hybrid HIL device with a 2.5 nm
MoO; layer, the current density showed slight increase than
for the HAT-CN device, whereas the CE increased to 36.8
cd A™' (device C) from 16.6 cd A" (device B). Thus, we
suggest that even a little improvement of hole injection in
QLEDs can result in effective reduction of the leakage current
and this is contributed to high luminance efficiency.
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Table 1 Summary of the EL characteristics of the optimized QLEDs with different HIL
CE (cd A7) EQE (%)
Devices with different HIL EL Apax (nm)  CIE 1931 Von (V) Lmax(cdm™)  CEpa 1000cd m™>  EQEg. 1000 cd m™
A: Single M0Oj3 (4 nm) 532 (0.223,0.722) 3.4 65900 15.8 11.7 3.68 2.74
B: Single HAT-CN (4 nm) 532 (0.222, 0.740) 2.5 61200 16.6 15.1 3.88 3.53
C: MoO3;/HAT-CN (0.5/2.5 nm) 532 (0.223, 0.737) 2.2 61500 29.8 25.7 6.96 6.00
D: MoO3/HAT-CN (1.5/2.5 nm) 532 (0.221, 0.739) 1.9 64 000 41.3 34.5 9.72 8.07
E: MoO3/HAT-CN (2.5/2.5 nm) 532 (0.227,0.725) 2.1 47 200 36.8 34.5 8.60 8.10
a b
10°4 - moo, —=— Moo,
10?] o HATON 10° ®— HAT-CN

_ A~ M0O,(0.5 nm)/HAT-CN _ 4~ Mo00,(0.5 nm)/HAT-CN

e 10’1 —v— MoO,(1.5 nm)HAT-CN e ~v—Mo0,(1.5 nm)HAT-CN i

: 10°] < Mo0,25 nmyHAT-CN 2 —<—Mo00,(2.5 nm)/HAT-CN & |

E E A P

Q 51 4| A /,v 4

2 e 10 v

Q [ A v <

o - “ Z¥ o—©

= = e < == —

3 s 1F .

5 -
L[ —
T T T T T T T T
1 10 0.4 0.6 0.8 1 12 14 16
Voltage (V) Voltage (V)

Fig. 3 Current density—voltage characteristics of the hole-only devices with different HiLs. (a) J-V characteristics. (b) J-V curves in the low bias

voltage range.

Devices with a structure of ITO/CBP/HIL/Al, where ITO acts
as a cathode and Al as an anode, were fabricated to ensure the
hole injection enhancement of the hybrid HIL device. As
shown in Fig. 4a, the current density of the device with a
HAT-CN HIL is much higher than that of the MoO; HIL device.
This phenomenon appears similar when comparing the results
of HAT-CN and MoO; HILs in an organic device.*® Note that
HAT-CN, which works as an electron acceptor layer,*" in these
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devices is beneficial for hole injection. Furthermore, when the
MoO; layer was incorporated with the HAT-CN layer, the device
exhibited a great enhancement of current density. The MoO,/
HAT-CN device shows a current density of 86.4 mA cm™>, over
1.34-fold higher than that of the HAT-CN device (36.8
mA cm™?) at the driving voltage of 3 V.

We used the same method in OLED to calculate the injec-
tion efficiency (the calculation of the steady-state current of
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Fig. 4 (a) J-V characteristics. (b) Hole injection efficiency, Jnt/JscL, as a function of electric field of devices with different HIL.
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the space-charge-limited current (SCLC), Jscr, is provided in
the ESIt). The injection efficiency iy can be calculated from
the J-V characteristics:*°

niy = Jiny/JscL (1)

where Jiyy is the measured steady-state current density and Jscr,
is the calculated current density. The comparison of theore-
tical Jscr, with measured results is shown in the ESI (Fig. S87).
Fig. 4b shows the hole injection efficiency (i) curves of
different HIL devices. By inserting a MoO; layer between
HAT-CN and CBP layer, the #y; increases from 7.8% of the
HAT-CN device to 18.4%, which is much larger than that of
the MoOj; device. Thus, using a thin hybrid HIL, a significant
improvement of hole injection efficiency can be obtained.
Moreover, the remarkable enhancement of 7y is sufficient to
achieve efficient recombination of excitons as well as high-
performance QLED.

Conclusions

In summary, incorporation of a hybrid MoO;/HAT-CN inter-
layer into the devices was demonstrated to achieve a high hole
injection efficiency. Thereby, efficient hole injection could
reach a better charge balance and thus lead to an enhanced
exciton recombination rate and improved EL efficiencies. The
hybrid HIL in the green inverted QLEDs plays significant roles
in improving the EL properties: it can enhance the hole injec-
tion ability, reduce the accumulation in space charge within
the QD emitting region, and help to match the HOMO of HTLs
to improve the performance of the devices. As a result, the best
EL performance device with a 1.5 nm MoO3;/HAT-CN HIL ex-
hibits a remarkable improvement of both CE and EQE, which
are 1.5-1.6 fold higher than those of the devices with single
HILs. A maximum CE of 41.3 cd A~ and EQE of 9.72% at the
current density of 27.9 mA cm™?, corresponding to the lumi-
nance of 11600 cd m™?, were obtained for the best perform-
ance device. Finally, this method can be extended to other
color inverted QLEDs, which would lead to bright, highly
efficient, and color saturation devices for display applications.

Experimental
Materials

Potassium hydroxide was purchased from Tianjin Chemical
Reagent Factory (Tianjin China). Zinc acetate dihydrate (99%)
was acquired from Xilong Chemical Co., Ltd (Guangdong
China). Normal butanol (99%) was purchased from Alfa-Aesar.
Methanol (analytical grade) was purchased from Sinopharm
Chemical Reagents (Shanghai China). CBP (99%, EL device
grade) was purchased from Nichem Fine Technology Ca. Ltd.
MoO; (99%) was purchased from Sigma Aldrich. The green emit-
ting core-shell CdSe@ZnS QDs were provided by Mesolight Inc.
with size in the range of 10-12 nm and oleic acid as the ligand.
All materials were used without further purification.

This journal is © The Royal Society of Chemistry 2017
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Synthesis of the ZnO nanoparticles

The ZnO NPs were prepared according to a method reported
in the literature." Potassium hydroxide (0.74 g) dissolved in
methanol (30 ml) was added dropwise to zinc acetate dihydrate
(1.48 g) in methanol (60 ml) under vigorous stirring, and the
reaction mixture was stirred at 60 °C for over 3.5 h. The reac-
tion mixture was then cooled down to room temperature, and
the solvent was removed from the precipitate. The precipitate
was washed several times with methanol and separated by cen-
trifugation. Subsequently, the particles were dissolved in
normal butanol at a desirable concentration for our
experiment.

Fabrication of the QLED

The ITO electrode glass substrates were subjected to ultra-
sonication in acetone, isopropanol, and deionized water for
15 min and then treated under plasma O, for 15 min. The
treated substrates were transferred into a nitrogen-filled glove
box (0, < 0.1 ppm and H,O < 1 ppm). ZnO NPs (normal
butanol, 30 mg ml™") and QDs (hexane, 6.5 mg ml™"), were de-
posited layer-by-layer via spin coating on the substrates. The
ZnO NPs layers were spin-coated at 1140 rpm for 50 s. The
ZnO NPs and QDs layers were baked at 120 °C for 20 min and
90 °C for 10 min, respectively. Then, CBP, M0oO3, and HAT-CN
layers were deposited using a thermal evaporation system at
the deposition rates of 1-2, 0.02-0.05, and 0.08-0.18 A s
respectively. Finally, Al electrode (80 nm) was deposited using
the same thermal evaporation system through a shadow mask
under a high vacuum of 1 x 107 Pa. The measured devices
were encapsulated with a glass lid using an UV resin.

Thickness of the multilayers in inverted QLEDs:

Device A: ITO/ZnO (35 nm)/QDs (15 nm)/CBP (50 nm)/
MoO; (4 nm)/Al

Device B: ITO/ZnO (35 nm)/QDs (15 nm)/CBP (50 nm)/
HAT-CN (4 nm)/Al

Device C: ITO/ZnO (35 nm)/QDs (15 nm)/CBP (50 nm)/
Mo0; (0.5 nm)/HAT-CN (2.5 nm)/Al

Device D: ITO/ZnO (35 nm)/QDs (15 nm)/CBP (50 nm)/
MoOj; (1.5 nm)/HAT-CN (2.5 nm)/Al

Device E: ITO/ZnO (35 nm)/QDs (15 nm)/CBP (50 nm)/
MoO; (2.5 nm)/HAT-CN (2.5 nm)/Al

Thickness of multilayers in the hole injection devices:

MoO; device: ITO/CBP (150 nm)/MoO; (4 nm)/Al

HAT-CN device: ITO/CBP (150 nm)/HAT-CN (4 nm)/Al

Hybrid device: ITO/CBP (50 nm)/MoO; (1.5 nm)/HAT-CN
(2.5 nm)/Al

Characterizations

Transmission electron microscopy (TEM) image was obtained
via a Philips TECNAI G2. Atomic force microscopy (AFM)
measurements were performed using a scanning probe micro-
scope (SPM-9700, Shimadzu) in the tapping mode. Ultraviolet
photoelectron spectroscopy (UPS) was carried out using the
Thermo ESCALAB 250 surface analysis system. The cross-
sectional scanning electron microscopy (SEM) measurements
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were conducted using a field emission scanning electron
microscopy instrument (S4800, Hitachi). The PL decay and
absolute fluorescent quantum yield of QD solution and film
on glass were measured by Edinburgh FLS920 fluorescence
spectrophotometer. The PL spectrum was obtained by a fluo-
rescence spectrophotometer (F-7000, Hitachi) under an exci-
tation wavelength of 365 nm. The UV-vis absorption spectrum
of the QD solution was obtained using a spectrophotometer
(UV-3100PC, Hitachi). The thickness of the multilayers was
calibrated using a surface profiler (XP-1, Ambios). The current
density characteristics and luminance properties of the
inverted QLEDs were measured using a system comprising a
Keithley 2611 source meter together with a luminance meter
(LS-110, Konica Minolta) and cross-checked with a well-
calibrated spectroradiometer (PR 705, Photo Research).
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