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Boosting Efficiency of Inverted Quantum Dot Light-Emitting
Diodes by Balancing Charge Densities and Suppressing Exciton
Quenching Through Band Alignment

Jiangyong Pan, *”t Changting Wei,“ t Lixi Wang, *® Jinyong Zhuang, ¢ Qiangian Huang, *°
Wenming Su,“* Zheng Cui,® Arokia Nathan, ¢ Wei Lei,*” * Jing Chen *"*

We report an inverted and multilayer quantum dot light emitting diode (QLED) which boosts high efficiency by tuning
energy band alignment between charge transport and light emitting layers. The electron transport layer (ETL) was ZnO
nanoparticles (NPs) with optimized doping concentration of cesium azide (CsNs) to effectively reduce electron flow and
balance charge injection. This is by virtue of a 0.27 eV upshift of the ETL’s conduction band edge, which inhibits the
quenching of excitons and preserves superior emissive properties of the quantum dots due to the insulating characteristic
of CsNs. The demonstrated QLED exhibits a peak current efficiency, power efficiency and external quantum efficiency of up
to 13.5 cd/A, 10.6 Im/W and 13.4 % for the red QLED, and correspondingly 43.1 cd/A, 33.6 Im/W and 9.1 % for green, and
4.1 cd/A, 2.0 Im/W and 6.6 % for the blue counterparts. Compared with QLEDs without optimization, the performance of
these modified devices yield drastic improvement by 95.6%, 39.4% and 36.7%, respectively. The novel device architecture

with heterogeneous energy levels reported here, offers a new design strategy for next-generation high efficiency QLED

display and

Introduction

Since the first report of the colloidal quantum dot light
emitting diode (QLED),1 the device has attracted much
attention due to its superior properties over other large-area
LED technologies, which include tunable colors, saturated
color emission, high luminescence quantum yield, and narrow
emission with small full width at half maximum (FWHM).Z"6
These attractive characteristics make the QLED a promising
candidate for next generation displays and solid-state lighting.

Over two decades of development, QLED structures has
been designed using a variety of materials, that range from
inorganic oxides to conjugated polymers and small molecules,
as charge-transport interlayers.7 Previous reported work has
focused on the standard QLEDs structure,g'12 whose external
quantum efficiency (EQE) over the years has increased from
less than 0.01% to over 20%. The maximum EQE values for R,
G, B have been reported to reach up to 20.5%, 14.5%, 15.6%,
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solid-state lighting technologies.

respectively.l3'16 For example, red QLEDs with EQE over 20%
has been reported, which is the highest achieved hitherto thus
providing the QLED with strong commercialization potential.14
Recently, All-inorganic cesium lead halide perovskite (CsPbX3, X
= Cl, Br, and 1) quantum dots (QDs),
photoluminescence quantum yields and tunable color output,
high-

possessing high

have recently been endowed great promise for

performance light-emitting diodes (LEDs).'?°

In contrast, the inverted architecture is more practical for
display applications since it can be easily integrated with a low-
thin-film transistor (TFT)
technologies.21 In a typical inverted device structure, the ITO is
utilized as the transparent cathode and ZnO nanoparticles
(NPs) as the ETL spin-coated on the ITO. This is followed by
layer-by-layer deposition of the emissive layer (QDs), hole
transport layer (HTL) and anode.”™ In contrast to the
conventional QLED structure, electrons and holes in the
inverted QLED are injected from ITO and Al, and transported to
QDs through the ZnO nanoparticle film (ETL) and organic
molecules (HTL), respectively, followed by recombination in
the QDs layer. Compared with the standard device
architecture, the inverted device structure is superior from the
standpoint of processing, because: (i) only the ETL (ZnO NP)
and QD emissive layers are deposited by solution processing

cost metal-oxide or silicon

avoiding organic solvents from undermining the integrity of
the underlying layers, (ii) multilayer HTLs with high hole
mobility along with the anode can be thermally evaporated
continuously without any damage or solvent penetration to
the underlying layer (thus accelerating the hole transfer rate
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and improving QLED performance), (iii) the metal oxide ETL
layer can be optimized precisely to reduce the electron flow
while enhancing that of holes thereby balancing the carrier
transport within the QLED.”? Recently, a high-performance
inverted hybrid structure red QLED with an EQE of 18% was
reported.23 The efficiency (~6.6 cd/A) has also been improved
due to the effective capture of electron leakage by
phosphorescent molecules and the non-radiative transfer of
harvested energy to adjacent Qps.** of equal significance is
the turn on voltage which has decreased to 2.04 V due to the
reduced hole-injection barrier from the HTL to the QD emitting
layer. This serves to improve the injection balance of carriers
into the QD Iayer.25 In spite of these improvements in device
performance, the charge balance in the QD layer is still a key
bottleneck that limits the performance.u’ 2627 A large hole
injection barrier exists between the HTL and QD emissive layer
due to the shallow level of the highest occupied molecular
orbital (HOMO) of the organic layer. In contrast, efficient
electron injection is achieved for the ZnO NP as ETL.*® The
adopted in  many improve the
performance of inverted QLED mostly by virtue of facilitating
the hole transport.21’ 2930 As an alternative approach, we can
decrease the electron injection from the ETL to balance
electron-hole recombination within the emissive layer. The
impact of this on QLED performance constitutes the focus of
this investigation.

To reduce electron injection, we report results of doping
the ZnO ETL with an insulating material of cesium azide (CsN3)
so as to reduce the electron injection. Actually in OLED-related
studies, the alkali metals or alkali sub-oxides films such as LiF,
Cs,CO3, CsF, and CsN3 can be considered to be used, because
they can act as the n-type dopants in contact with emission
layer (EML) or ETL, which induces a larger energy bending to
modulate the electron injection from cathode to EML. 3134 0
addition, by virture of design and utilization of multilayer HTLs,
the charge balance in the device can be optimized, and the
superior emissive properties of the QDs can be preserved. It is
noted that solution processed HTL

methods literatures

some conventional
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materials, such as PVK and Ploy-TPD are not used here,
because it can easily cause the damage or solvent penetration
to the underlying layer when the HTL is spin-coated on the QD
layer. This strategy offers versatile fabrication of high
performance inverted QLEDs with energy band alignments
designed to realize a peak current efficiency of up to 13.5
cd/A, 43.1 cd/A and 4.1 cd/A for red, green and blue QLEDs,
respectively. The doping concentration and the mechanism for
the performance enhancement is fully investigated in this
study.

Results and discussion

The corresponding structure of our inverted QLED comprises
of ITO/Zn0O:CsN; /CdSe/zZnS QDs/Di-[4-(N,N-ditolyl-amino)-
phenyl] cyclohexane (TAPC)/ dipyrazino [2,3-f:2°,3’-h]
quinozaline-2,3,6,7,10,11- hexacarbonitrile (HAT-CN)
/MoOs/Al, as shown in Figure 1la. It can be clearly seen from
the cross-sectional SEM image of the device (Figure 1b) that
the thickness of ZnO:CsN3, QDs, TAPC and HAT-CN/MoO; can
be estimated to be about 32 nm, 30 nm, 25 nm and 20 nm,
respectively. lllustrated in Figure 1c are schematic energy
levels, in which the QDs have a conduction band minimum
(CBM) of ~4.8 eV and valence band maximum (VBM) of ~7.1
eV as deduced from UPS spectra (see Figure S1). In addition,
typical green light CdSe/ZnS QDs present no surface defect
emission, purely consisting of a band edge emission with a
peak wavelength of 527 nm and a bandwidth of 25 nm (Figure
1d). Figure 1le presents transmission electron microscopy
(TEM) images of green QDs. The average size of QDs was
measured to be ~8 nm with high crystallinity. This is indicated
in the high resolution TEM. Moreover the ZnO NP layer has an
electron affinity of ~4.2 eV and an ionization potential of ~7.7
eV (Figure S2). This can be utilized as an appropriate ETL not
only to facilitate the injection of electrons to the QDs, but also
to block hole transport across the QD/ETL

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. (a) Schematic of the QLED film configuration (b) Cross section SEM of QLED (scale bar, 100 nm) (c) Associated energy level
diagram of the QLED. (d) Absorption and PL emission spectra of CdSe/ZnS QDs (e) TEM image of QDs ( inset: HRTEM image of QDs )

interface, consequently providing increased exciton recombination
efficiency within QD region.7 Although the electron mobility of ZnO
NPs of 1.0X 102 em? V' s ( Figure S2) is similar to the hole mobility
for the HTL (~1.0X 102 em? V! 5'1),35'36 hole transport from the HTL
to QDs is constrained because of the large energy barrier (>1.6 eV),
owing to the shallow lying HOMO level of the TAPC.*”®® Therefore
charge balance can hardly be satisfied in this kind of device
structure. This limits the performance of QLED. To address this
problem, the insulating material of CsN; has been designed and
incorporated into the ZnO NPs to decrease the electron injection. A
similar strategy has been adopted in the PLEDs with ZnO doped
with C52C03.39 It is found that modulation of doping concentration
of CsN3 can obviously impact the overall performance. In this study,
the effective doping of CsN3 into ZnO NPs has been verified from
the XPS spectra (Figure S3), which implies the existence of Cs and N
elements. In our work, QLEDs were fabricated based on intrinsic

This journal is © The Royal Society of Chemistry 20xx

films composed of ZnO NPs and CsN3 with respective (vol%) doping
concentrations of 2%, 4 %, 6% and 8%, respectively.

As is well known, the film morphology and roughness are key
issues limiting device performance from the standpoint of carrier
transport, in particular the leakage current.”? Herein, the
characterization of ZnO:CsNj films with the different CsN3 doping
concentration from 0 to 8% (vol%) coated on the ITO were
investigated by atom force microscope (AFM) as depicted in Figure
2. The root-mean square (RMS) roughness (Rg) of ZnO film
increases significantly from 1.63 nm to 2.45 nm as the doping
concentration of CsNj increases from 0 to 8 vol%, but the Rq of ZnO
NPs film does not change notably if doping ratio of CsNj lies within
4 vol%. Therefore we believe that the QLED device utilizing CsN3
doped ZnO as ETL with a ratio over 4 vol% as ETL does not perform
well.

J. Name., 2013, 00, 1-3 | 3



Journal Name

X (um)

ROYAL SOCIETY
OF CHEMISTRY

-26.0 deg

2.0 um

25.5 deg

258 de
0.0 2.0 um 4

25.5 deg

258 deg

2.0 um

Figure 2. AFM images of the ZnO NPs film at different doping concentration of CsNs. For each kind of ZnO film, the height, line-scan profile,
the pseudo-three-dimensional image and phase images are shown. The surface root-mean square values are displayed in the figure

The electronic structure of the doped ZnO NP films were
investigated by ultraviolet photoelectron spectroscopy (UPS)
measurements. The resulting secondary-electron cutoff and
valence-band regions are shown in Figure 3a and b, respectively.
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 and
Zn0:CsNs(at 4 vol%) are calculated to be 3.96 eV and 3.65 eV,
respectively, as labeled in Figure 3a. In order to define the position
of the valence band maximum (VBM), the energy gap between
Fermi level and VBM (AEyg) is extracted from the valence-band
region. As shown in Figure 3b, the AEyg values of ZnO and ZnO:CsN3
are 3.71 eV and 3.83 eV, respectively. As a result, via the
summation of WF and AEg, the VBM levels of ZnO and ZnO:CsN;
are calculated to be 7.67 eV and 7.48 eV below the vacuum level,
respectively. Figure 3d shows the absorption spectra of ZnO and

This journal is © The Royal Society of Chemistry 20xx

Zn0:CsNj3, based on data converted from Figure 3c. The band gaps
(Eg) of these two materials could be determined through the
absorption onset of the linear region and the Eg values for ZnO and
Zn0:CsN; are found to be 3.46eV and 3.54 eV, respectively.
Therefore, the conduction band minimum (CBM) levels are deduced
to be 4.21 eV for ZnO and 3.94 eV for ZnO:CsNs. It is noted that the
CBM level of ZnO:CsNs is 0.27 eV higher than that of ZnO NPs.
Therefore, the transport barrier for electrons from cathode to ETL is
larger for ZnO:CsN; (0.66 eV) than that for pristine ZnO (0.39 eV),
leading to more efficient blocking of electrons and thus balancing
carrier injection. In addition, the lowering of CBM of ZnO:CsN3 helps
reduce exciton dissociation, thus reducing the exciton quenching
due to the larger energy barrier between the CBM of QDs and ZnO
NPs.”® The specific variation tendency of energy levels for the ZnO
with different CsN3 doping is provided in the Figure S4 to verify the
energy level alignment of CsNs,

J. Name., 2013, 00, 1-3 | 4
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Figure 3. UPS spectra showing (a) high-binding energy secondary electron cutoff and (b) valence-band edge regions of ZnO and ZnO doped
CsN3 films (doping ratio is 4 vol%). (c) Absorption spectra of ZnO, (d) (Ahv)z—hv plots converted from (c).

To study the effect of the doping ratio of CsN3 on the
performance of the device, QLED devices with different CsN; doping
concentration of ZnO were fabricated and EL characteristics were
measured as shown in Figure 4. The current density gradually
decreases as the doping concentration of CsN3 increases as shown
in Figure 4a, because the ZnO:CsNj3 tends to block the injection of
electrons by virture of its relatively higher CBM as indicated in
Figure 3. From Figure 4a, it is apparent that electron injection from
the ZnO ETLs to the QDs layers can be modulated and excess
electron current in the QLED can be eliminated by adjusting the
doping concentration of CsN3 in ZnO. Similar to the variation
tendency of current density, the luminance decreases as doping
concentration of CsNj increases, but the differences are small if the
doping does not exceed 4 vol%. It can be speculated that a doping
concentration of 4 vol% vyields the highest device efficiency.
Correspondingly, the current efficiency (na) and power efficiency (np)
increase from 30.9 cd/A to 43.1 cd/A, and from 23 Im/W to 33.6
Im/W, respectively, yielding enhancement factors of 1.4 compared
with the reference device illustrated in Figure 4b. A similar trend is
observed for the EQE of the QLED device in Figure 4c whereby the
efficiency increases to a maximum of 9.1% at a doping
concentration of 4 vol% and then decreases as doping
concentration of CsN; further increases. It is noted that the devices

This journal is © The Royal Society of Chemistry 20xx

present good reproducibility (Figure S5). Peak efficiencies of the
QLED devices can be achieved at a luminance (L) =~ 10* cd m™, and
efficiencies close to the peak value (i.e. ngge =85% peak neqe) are
maintained with values ranging from 10° to 10* c¢d m™. These
characteristics are highly desirable for displays and lighting
applications.14 For devices with a larger doping ratio of CsN3 in ZnO,
the performance deteriorates. This can be attibuted to the limited
carrier injection because of the insulting properties of CsN; and the
deteriorative smoothness of ETL film, as reflected by the lower
injection current. The EL spectra driven at voltages in the range 3 to
6 V is very stable with the same emission peak location as shown in
Figure 4d. The result indicates that the exciton recombination zone
in QLEDs should not be changed at this operating voltage range.
Additionally, it is found that there is no parasitic emission in the EL
spectrum, which indicates that the exciton recombination lies
completely within the QD layer. Also the location of the EL peak is
slightly red-shifted compared with the PL emission peak of QDs
measured in octane. This can be attributed to a combination of
interdot interactions in closely packed QD solids, and to the electric-
field-induced Stark effect.* Table 1 summarizes the detailed

performance parameters for the optimized green QLED.
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Figure 4. (a) Current density-voltage and luminance-voltage characteristics of the QLED at different doping concentrations of CsN3 in ZnO,
(b) current efficiency and power efficiency and (c) EQE of QLED device at different doping concentrations of CsN3 in ZnO (d) EL intensity of

the QLED under different driving voltages

This increase in efficiencies can be attributed to the charge
balance, which is caused by the reduction of electron flow. To
characterize the electron injection efficiency of the doped ETL,
electron-only devices with ITO/ETL/QDs/ZnO/Al at different doping
concentration of CsN; was fabricated and measured. To determine
the optimal doping concentration, hole only devices
(ITO/PEDOT/QDs/TAPC/HAT-CN/MoOs/Al) were also fabricated for
comparison as shown in Figure 5. Devices with ZnO:CsN3 as ETL
indeed exhibit remarkably lower electron current than that of
devices with ZnO. This is because the position of CBM of ZnO:CsN3
(3.94 eV) is higher than that of ZnO (4.21 eV) and thus there exists a
larger injection barrier (0.66 eV) when electrons are injected from
cathode to the ZnO. In addition, the decreased electron current
density is due to the increase in internal resistance caused by the
insulating property of CsNs. It turns out that the current density in
the electron-only device with doping concentration of 4 vol%
becomes similar to that in the hole-only device, indicating a
fulfillment of carrier injection balance in the QLED device.

This improvement in efficiencies can also be attributed to the
inhibition of exciton quenching as mentioned above. For both
photoluminance (PL) and electroluminescence (EL) properties,
charging degrades the emissive properties of the quantum dots
(QDs)

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Current density as a function of voltage for the electron-
only and hole-only devices.
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and causes luminescence quenching. The quenching appears to

be reduced with doping of CsN; in the ETL. To prove the effect of
CsN; concentration on quenching of excitons, time-resolved
photoluminescence (TR-PL) was conducted at a doping
concentration of CsN; of 4 vol%, which can be fitted well with
exponential function (see Table SZ).18 The TR-PL samples were
composed of ITO/ZnO: CsN3 (ETL)/QD (Figure 6a). In this case, when
the QDs were in direct contact with the ZnO ETLs, a spontaneous
charge transfer process occurs owing to the difference in work
functions, leaving positively charged QDs.” The charging of the QDs
causes inefficient trion emissions,44 as indicated by the decrease in

J. Name., 2013, 00, 1-3 | 6



the PL lifetime (from 27.8 ns to 14.6 ns, see Table S2) of the QD
films when in contact with the underlying ZnO films. It is
demonstrated that the exciton quenching can be facilitated by two
processes: i) exciton dissociation driven by the large energy-level
difference between the conduction band (CB) of QDs and ZnO NPs,
and ii) non-radiative energy transfer from QDs to ZnO NPs.” The
doping of ETL by CsN; modifies the QD/ZnO interface, thus
increasing the lifetime of the QD film as displayed in the Figure 6a
from 14.6 ns to 22.4 ns. This can be attributed to the larger energy
barrier (0.86 eV) for exciton dissociation between the CB of QDs
and ZnO NPs after doping of CsNs in the ZnO as indicated in Figure 3,
and the inhibition effect of the insulating layer on exciton
quenching induced by ZnO nanoparticles. Thus it appears that the
Zn0O doped CsN3 helps maintain charge neutrality of QD emitters
thus preserving their superior emissive properties.
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Figure 6. (a) PL lifetime curves of QDs obtained from TR-PL with
different ETL and (b) PL intensities of QDs film with different ETLs

To further verify the effect of CsN3 on blocking of exciton
quenching, we conducted steady-state PL with ITO/ETL/QD samples
excited using a 360 nm monochromated light source (Figure 6b).
After utilizing the Zn0O:CsN;, the PL intensity of QDs increased
greatly compared with the QDs utilizing ZnO as ETL. This trend was
found to be consistent with the results from TR-PL spectra.
Therefore, with a proper doping concentration of CsN3 in ZnO, we
can improve QLED efficiency not only by decreasing electron

This journal is © The Royal Society of Chemistry 20xx

injection into the QDs to realize charge balance, but also by
inhibiting the quenching of excitons.

Following the same design principles, we fabricated red QLEDs
with improved performance by optimizing the ETL. As displayed in
Figure 7a, the red QDs present a band edge emission with a peak
wavelength of 627 nm and a bandwidth of 26 nm. The average size
of QDs was measured to be ~10 nm according to TEM depicted in
the inset of Figure 7a. The EL characteristics of red QLED based on
the ZnO with different doping ratio of CsN; were measured as
shown in Figure 7b-d. Similar to the variation tendency of green
QLED, the current density gradually decreases as the doping
concentration of CsNj increases as shown in Figure 7b. However the
luminance decreases slightly if doping concentration of CsN3 does
not exceed 4 vol%, or it will decreases sharply. Correspondingly,
the red QLED based on ZnO:CsN3 (4%) as ETL shows a maximum na,
ne and negqe of 13.5 cd/A, 10.6 Im/W and 13.4 %, respectively. For
comparison, the red QLEDs based on pristine ZnO have a much
lower electroluminescence performance (maximum n, = 6.9 cd /A
and np= 5.2 Im/W neqe = 6.5%). As a result, the red QLED based on
Zn0O:CsN; improves by 96.6% from the standpoint of current
efficiency. However, it is noted that the turn on voltages of the
doped devices are increased, as well as the maximum luminance of
the final device decreased a little bit as compared to the non-doped
device. This phenomenon mainly originates from the limited
electron injection due to the relatively higher CBM of doped ETL as
indicated in Figure 3. In addition, it can be partly attributed to the
deteriorative smoothness of ETL film, as reflected by the AFM
measurement in the Figure 2. Compared with the dramatic
improvement in the device efficiency, the slight increase in turn-on
voltage has little effect on the overall performance of device.

To achieve blue emission with high electroluminescence
efficiency, the structure of QLED was modified. Here, CBP was used
as the HTL instead of TAPC to obtain enhanced charge balance and
efficiency in the blue devices, considering the deeper VBM of blue
QDs. This is displayed in Figure 7e in which the blue QDs present a
band edge emission with a peak wavelength of 450 nm and a
bandwidth of 22 nm with an average particle size of ~7 nm, as
shown in the inset. The EL characteristics of blue QLEDs based on
the ZnO with different doping ratio of CsN3 are shown in Figure 7f-h.
It is noted that the optimized doping ratio of CsN3 for the blue QLED
is 6%, which is larger than that of green and red QLEDs. This can be
attributed to the deeper position of VBM of the blue QDs, which
results in poorer charge imbalance in the blue QLED. Thus, it is
necessary to reduce the electron injection further to improve the
charge balance. The blue optimized QLED exhibits good
electroluminescence performance, with a maximum luminance over
5000 cd m™ and the maximum Na, Ne and ngqe of 4.1 cd/A, 2.0 Im/W
and 6.6%. This is an improvement of 36.7% for the current
efficiency compared to that without CsN;. Moreover, a minor
efficiency loss (<20%) was observed when the device brightness was
extended to L = 10 to 10* cd m~.
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Figure 7. (a)Absorption and PL emission spectra of red QDs. Inset: TEM image of QDs (b) Current density-voltage and luminance- voltage
characteristics of the red QLED with different doping concentration of CsN3 in ZnO . (c) Current efficiency and power efficiency and (d) EQE
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Table 1. Summary of FWHM, turn-on voltage VT, external quantum efficiency neQEk, power efficiency np and current efficiency nA of

optimized green, red and blue QLEDs

Color of FWHM | VT (V) NEQE (%) Na(cd/A) ne (Im/W)

QLEDs (nm) Peak | @1000cdm? | Peak | @1000cdm? | Peak | @ 1000cd m™

green 26 2.6 9.1 8.5 43.1 38.0 33.6 32.9
red 26 3.0 13.4 13.2 13.5 13.5 10.6 10.3
blue 23 33 6.6 6.4 4.1 3.9 2.0 2.0

Figure 8a shows the normalized electroluminescence spectra of
blue, green and red QLEDs together with photographs of devices
fabricated on 2 cm X2 cm substrates. With emission wavelength
peaks at A =460 nm, 532 nm and 628 nm, the FWHM is around 23
nm, 26 nm and 26 nm for blue, green and red one, respectively
(Table 1). All devices exhibit very saturated and pure colors, as
demonstrated by the Commission Internationale de I’Eclairage (CIE)
chromaticity diagram shown in Figure 8b. The National Television
System Committee (NTSC) standard color triangle is completely
covered by the color gamut of the full color QLEDs.
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Figure 8. (a) Normalized electroluminescence spectra and images of
blue, green and red QLEDs. (b) CIE coordinates of the three color
QLEDs (stars) compared to the NTSC color standards (triangles).

Conclusions
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The work presented here demonstrates high performance inverted
green QLEDs with current efficiency of 43.1 cd/A, power efficiency
of 33.6 Im/W and EQE of up to 9.1 %. This was achieved using a
conceptually novel structural change in the device by appropriately
doping CsN3 insulator into the ZnO ETL. This not only controls the
electron transport flow from electrode to QDs, stemming from the
increased energy barrier after CsN; doping into ZnO film, but also
prevents the exciton quenching at the interface of the ETL/EML as
revealed by the TR-PL and PL experiments. A similar device
architecture is also adopted for red and blue QLEDs, both of which
achieve high performance, i.e.13.5 cd/A, 10.6 Im/W and 13.4 % for
the red QLED, 4.1 cd/A, 2.0 Im/W and 6.6 % for the blue QLED. We
believe that the approach presented here paves a new design
paradigm for carrier balancing so as to boost the performance of
inverted QLEDs. The technique shown here has no fundamental
obstacles to extend to different colored QLEDs, which would lead to
low-cost, high-efficiency, full-color quality electroluminescent
devices for both display and solid-state lighting applications.

Experimental

Chemicals. Technical grade oleic acid (OA) (90%), technical grade
trioctylphosphine (TOP) (90%), technical grade octadecene (ODE)
(90%), CdO (99.5%), Zn acetate (99.99%), S powder (99.998%), and
Se powder (99.99%) were obtained from Sigma-Aldrich. ACS grade
toluene, 2-ethoxyethanol, methanol and acetone were obtained
from Sigma-Aldrich. 1,1-bis[(di-4-tolylamino) phenyl]cyclohexane
(TAPC) and dipyrazino [2,3-f:2',3'-h]quinoxaline-2,3,6,7,10,11-
hexacarbonitrile (HAT-CN) were purchased from Nichem Fine
Technology Co. Ltd. MoO; was purchased from Alfa Aesar.All
chemicals were used as received.

Synthesis of green QDs Green emitting CdSe/ZnS QDs were
synthesized according to a modified method reported previously.3
Here, 0.4 mmol of CdO, 4 mmol of zinc acetate, 4 mmol of OA, and
20 mL of ODE were mixed in a 100 mL round flask. The mixture was
heated to 150 °C degassed under ~10 pa pressure for 30 min, filled
with high-purity N, flowing, and further heated to 300 °C to form a
clear solution of Cd(OA), and Zn(OA),. At this temperature, a stock
solution containing 4 mL of TOP, 0.4 mmol of Se, and 4 mmol of S
was quickly injected into the reaction flask. After the injection, the
reaction temperature was maintained for 10 min to promote the
growth of QDs. The reaction was subsequently cooled down to
room temperature to stop further growth. The QDs were washed
with acetone three times, and finally dispersed in octane at a
concentration of 10 mg/mL. The relative ratios of the precursors
were varied in order to form QDs with different emissions and
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nanostructures. The quantum yield of the red, green and blue QDs
is calculated as 85%, 85% and 70%, respectively.

Synthesis of ZnO:CsN3 ZnO NPs were synthesized as described
below. Firstly, zinc acetate, water, and methanol were added to a
flask and heated at 60 °C. Then, the potassium hydroxide was
dissolved into methanol and added to the flask. The mixture was
stirred for 135 mins. The ZnO solution was prepared by dispersing it
into 2-ethoxyethanol. The CsN; solutions were prepared by
dissolving CsN3 powder into 2-ethoxyethanol with the
concentration of 10 mg/mL. Finally, the ZnO:CsN; solutions were
obtained by blending of ZnO solution and the CsNj solutions with
different volume ratio.

Device Fabrication All devices were grown on glass substrates
precoated with indium tin oxide (ITO) with a sheet resistance of 15
Q per square. The substrates were cleaned with ultrapurified water
and organic solvents and then dry-cleaned for 30 min by exposure
to UV-ozone atmosphere. ZnO NPs layer was spin-coated at 2500
rpm onto a UV plasma-treated ITO and then annealed at 120°C for
10 min in the glovebox. After baking the ZnO layer, CdSe/ZnS QDs
were spin-coated at 2500 rpm and then heated at 110 °C for 10
min. Subsequently, it was transferred to the thermal evaporation
cavity. The TAPC layer acts as the hole transport and electron
blocking layer (HTL and EBL), HAT-CN as a HTL and MoO3 as a hole
injection layer (HIL) all deposited by thermal evaporation. Then, Al
(100 nm) layer was thermally evaporated on top to act as anode. In
addition, the thickness of CBP in the blue device is about 30 nm
through the surface profile.

Characterization The thickness values of solution-processed films
were measured using an AlphaStep profilometer (Veeco,
Dektak150). The morphology characterization of the QDs was
analyzed using a Cs-corrected high-resolution transmission electron
microscope (HRTEM, Tecnai G20). UV-Vis absorption and PL spectra
were performed on a Perkin-Elmer Lambda 750 and a Hitachi F460
fluorescence spectrophotometer, respectively. The film surface
morphology was measured with Veeco Dimension3100 (USA) at
ambient temperature in tapping mode. The work function was
measured on the ESCALAB 250 XI X-ray photoelectron spectroscopy
at ambient temperature. All electrical testing measurements were
performed under ambient conditions  without further
encapsulation. The electroluminescent spectra were measured with
a Spectra Scan PR655. The current-voltage (I-V) and luminance-
voltage (L-V) characteristics were measured with a computer
controlled Keithley 2400 Sourcemeter. The active area of the device
was 2 mmx2 mm, and only the luminance in the forward direction
was measured.
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