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  1.     Introduction 

 Colloidal quantum dots (QDs) offer 
greatly advantageous features including 
high emission effi ciency, [ 1,2 ]  narrow emis-
sion linewidth, [ 3,4 ]  tunable emission 
wavelength, [ 5,6 ]  and low-cost solution-pro-
cessing, [ 7 ]  making them one of the most 
promising materials for lighting-emitting 
diodes (LEDs). Recently, current-driven 
quantum dot lighting-emitting diodes 
(QLEDs) have been intensively investi-
gated as potential candidates for next-gen-
eration lighting and displays, and QLEDs 
are now competing with state-of-the-art 
organic LEDs (OLEDs) as well as other 
emerging solid-state lighting and display 
technologies. [ 8–16 ]  However, even though 
a 90% internal quantum effi ciency (IQE) 
has been realized by using highly effi cient 
QD emitters, [ 8 ]  the external quantum effi -
ciency (EQE) of QLEDs has been severely 

limited and is encountering a fundamental bottleneck due to 
the low light extraction effi ciency (LEE). [ 9 ]  

 The EQE of QLEDs depends not only on IQE but also on the 
external outcoupling effi ciency  η  oc  (which is defi ned as the ratio 
of the total number of photons coupled out in the forward direc-
tion to the total number of photons generated within the QD 
emissive layer). For a conventional OLED in a planar waveguide-
like structure, most of the generated light (∼80%) is trapped in 
substrate modes and waveguided modes, or is coupled to sur-
face plasmon modes associated with metallic electrodes, and 
fi nally only around 20% of internally generated photons can be 
extracted into air. [ 17,18 ]  Given the structural similarity between 
QLEDs and OLEDs, it can be expected that the  η  oc  of QLEDs 
is quite low as well. The low  η  oc  in QLEDs leaves much room 
for device performance improvement. Furthermore, the QLEDs 
also possess its own speciality in device architecture. Currently, 
the QLED design using an inverted structure, comprising a 
few monolayers of QDs sandwiched between an inorganic 
metal oxide electron transport layer (ETL) and an organic hole 
transport layer (HTL), has risen to prominence as a result of its 
record effi ciency [ 8 ]  and brightness. [ 19 ]  In such an inverted QLED 
architecture, the total internal refl ection (TIR) would change to a 
great extent because of the large difference in refractive indices 
between organics (n ∼ 1.75) [ 20 ]  and inorganic materials (QDs 
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and inorganic charge transport materials). On the other hand, 
when placed in a resonant microcavity, the electroluminescence 
(EL) intensity of a QLED could undesirably enhanced at dif-
ferent levels depending on the cavity design since the emission 
linewidth of QDs is much narrower compared to many organic 
dye emitters. Therefore, in-depth studies on the light extraction 
from QLEDs are essential to improve their device performance 
and understand the critical conditions. 

 Here, we report a quantum dot light-emitting diode with 
substantially enhanced light outcoupling effi ciency through 
applying a layer of large-scale, periodic zinc oxide nanopillar 
arrays. Here the uniform nanopillar arrays are obtained by a 
simple and effi cient Pattern Replication In Non-wetting Tem-
plates (PRINT) technique. The resulting QLEDs with the 
ordered zinc oxide nanostructure serving as the light outcou-
pling medium exhibit superior performance compared to that of 
the reference QLEDs without light extraction features in terms 
of all important fi gure-of-merits including the maximum lumi-
nance, current effi ciency (CE) and EQE values of 54 200 cd/m 2 , 
26.6 cd A −1  and 9.34%, respectively. To our knowledge, the CE of 
26.6 cd A −1  is the record high current effi ciency value for QLEDs 
and the EQE of 9.34% corresponds to the highest reported EQE 
value for green-emitting QLEDs. The relevant mechanisms 
enabling the enhanced light extraction effi ciency are further 
discussed in details, which were found to lead to an excellent 
agreement between the simulation results and the experimental 
data, providing us with useful insight important for QLEDs.  

  2.     Results and Discussion 

 The resulting QLED comprises a multilayer thin fi lm archi-
tecture of ITO/ZnO NPs/QDs/4,4′-N,N′-dicarbazole-biphenyl 

(CBP)/MoO 3 /Al, as shown in  Figure    1  a, where MoO 3  was used 
as the hole injection layer (HIL), CBP as the HTL, CdSe/ZnS 
core-shell structured QDs as the emissive layer (EML), ZnO 
NP fi lm as the ETL spin-casted from ZnO NPs in ethanol solu-
tion, and Al as the anode. Figure  1 b presents the EL spectrum 
of our optimized QLED with a 20 nm thick QD layer and a 
40 nm thick ZnO NP layer (the reference device). The pure 
green QD emission at a peak wavelength of ∼510 nm and with 
a full-width-at-half-maximum (FWHM) of 32 nm illustrates the 
highly effi cient recombination of electrons and holes in the QD 
emissive layer. A corresponding image of the QLED output was 
recorded at the luminance of 250 cd/m 2 , which displays uni-
form, bright and saturated green emission (inset of Figure  1 b). 
The typical current density and luminance curves as a function 
of applied voltage for the device are depicted in Figure  1 c. This 
shows that the maximum luminance reaches 34,900 cd/m 2  and 
the turn-on voltage (V T ) of 3 V is relatively low, suggesting a 
small barrier height for the charge injection into the QDs. 
Here the V T  is defi ned as the voltage at which the luminance is 
1 cd m −2 . The current effi ciency–external quantum effi ciency–
current density (CE-EQE-J) characteristics of the QLED exhibit 
a high device effi ciency (Figure  1 d), with a maximum CE and 
EQE of 17.6 cd/A and 6.17%, respectively, which are the highest 
reported values for green QLEDs to date. [ 19 ]   

 In optimizing the device performance, it is found that, 
besides the important effects of QD and ZnO NP layer thick-
ness, [ 8,21 ]  the performance of the resulting QLEDs is also 
strongly dependent on the annealing temperature of ZnO NP 
fi lm. As shown in  Figure    2  a, for the QLED with a 20 nm thick 
QD layer and a 40 nm thick ZnO NP layer, increasing ZnO 
annealing temperature from 90 to 180 °C, the V T  of device 
shows a steady decrease from 4.5 to 3.0 V and the peak lumi-
nance of 34 900 cd/m 2  is obtained at the annealing temperature 
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 Figure 1.    (a) Schematic of QLED confi guration. (b) EL spectrum of the resulting QLED at an applied voltage of 6 V. Inset: the corresponding photo-
graph of the QLED under operation with a pixel size of 3 mm × 3 mm. (c) Current density-voltage (J-V) and luminance-voltage (L-V) characteristics. 
(d) Current effi ciency and external quantum effi ciency versus current density (CE-EQE-J characteristics).
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of 150 °C. In Figure  2 b, it can be observed that the maximum 
EQE level of 6.17% is also obtained at 150 °C. This is ena-
bled by enhancing the electron transport in ZnO nanoparticle 
fi lms, which is confi rmed by the J-V curves of these devices 
in Figure  2 c. Meanwhile, it can be also noted that there is no 
obvious change in the J-V curves between 150 and 180 °C 
annealing and for 180 °C annealing, however, the device EL 
performance becomes slightly worse, suggesting that 150 °C is 
the optimal annealing temperature in our study.  

 With a structure similar to OLEDs, the LEE of QLEDs is sig-
nifi cantly limited due to refl ection from the glass-air interface. 
It has been previously demonstrated that photonic crystal nano-
structures can be used above the glass surface for enhancing 
the LEE of an OLED device where the trapped light within the 
QLED escapes into the air as a result of Bragg diffraction and 
scattering from the nanostructures on the glass surface. [ 22–24 ]  
Among them, ZnO nanostructures are promising materials 
as light outcoupling medium because of their high index and 
excellent optical transparency as well as easy solution fabrication 
process. [ 25–27 ]  For our case, the light extraction enhancement 
in QLEDs is investigated by placing ordered ZnO nanopillar 

arrays onto the glass surface of ITO-glass substrates, as shown 
in  Figure    3  a. Our method is quite simple and effi cient, which 
allows for high-quality ZnO nanostructures to be directly 
imprinted with precursor solutions. Figure  3 b briefl y illustrates 
the fabrication process for the ZnO nanopillar arrays used 
here. A polydimethylsiloxane (PDMS) mold was fi rst prepared 
using the patterned silicon master substrate (a thin Ni layer of 
20 nm was deposited on the PDMS mold as an anti-adhesion 
layer). Under an applied pressure of ∼3 kPa, the PDMS mold 
was pressed on the glass surface of patterned ITO substrate, 
which was pre-coated with ZnO precursor solution composed 
of Zn(Ac) 2 , DEA and water, allowing for the formation of the 
sol-gel ZnO nanoparticles. The ITO-glass substrate was then 
annealed at 80 °C for removing solvent. Subsequently, the mold 
was peeled off, leaving behind a periodical nanopillar array. 
Finally, the as-prepared substrate was annealed at 180 °C for 
15 min. The PRINT process was performed in ambient envi-
ronment. The large-scale ZnO nanopillars were designed of 
equal diameter and height (200 nm), and the total thickness of 
the formed ZnO nanostructured fi lm was ∼200 nm. Note that 
prior to the fabrication of ZnO nanostructures, a ZnO thin fi lm 
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 Figure 2.    (a) Luminance-voltage (L-V), (b) external quantum effi ciency-current density (EQE-J), and (c) current density-voltage (J-V) characteristics for 
QLEDs with ZnO nanoparticle fi lms annealed at different temperatures from 90 to 180 °C.

 Figure 3.    (a) Schematic illustration of the QLED with ZnO nanopillar arrays. (b) PRINT process used to fabricate the ZnO nanopillar arrays on the 
glass surface of ITO-glass substrate.
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of 20 nm was fi rst deposited on the glass surface as a ZnO seed 
layer by RF magnetron sputtering for obtaining high-quality 
ZnO nanopillar arrays.  

  Figure    4   shows the enlarged tilt-view fi eld-emission scan-
ning electron microscopy (FE-SEM) and plane-view scanning 
electron microscopy (SEM) images for the as-prepared ZnO 
nanopillar arrays grown on the glass surface of the QLED 

substrate. In Figure  4 a, it can be clearly observed that the 
imprinted ZnO nanopillar arrays exhibit uniform size distribu-
tion with a nanopillar array pitch of 600 nm. The enhancement 
of light outcoupling by photonic crystals is based on Bragg 
diffraction and scattering. It is therefore desirable to choose 
an approximate nanopattern period that is comparable to the 
wavelength of the light for maximized light outcoupling. In our 
case, the pitches of ZnO nanopillar arrays can be conveniently 
and accurately controlled by adjusting the size of the patterned 
silicon master substrate. As shown in Figures  4 b–d, such dif-
ferent pitches of the periodic ZnO nanopillar arrays were 
obtained and measured by the SEM image to be 400, 600, and 
800 nm, respectively.  

  Figure    5  a shows the EL spectra for the reference device 
without ZnO nanopillar arrays and the devices with ZnO nano-
pillar arrays measured using an integrating optical sphere at a 
current density of 100 mA/cm 2 . Comparisons of these integral 
EL spectra exhibit no signifi cant difference in the EL peak posi-
tions (at ∼510 nm) for these devices. However, EL intensities 
obtained from the QLEDs with the ZnO nanopillars were obvi-
ously enhanced, especially for the device with the ZnO nano-
pillar array pitch of 600 nm. Figure  5 b presents the normalized 
angular emission intensity for these devices. It can be seen 
that the reference device and the device with the ZnO pillar 
array pitch of 400 nm show similar angular distribution char-
acteristics with an approaching Lambertian emission pattern, 
which implies that the diffraction effect for the device with 
400 nm pitch ZnO pillars is not very signifi cant. The QLEDs 
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 Figure 4.    (a) 60° side-view FESEM image of ordered ZnO nanopillar 
arrays with a pitch of 600 nm. The top view SEM images of the ZnO 
nanopillar arrays with a pitch of (b) 400 nm, (c) 600 nm, and (d) 800 nm.

 Figure 5.    (a) EL spectra of QLEDs acquired from an integrating optical sphere. (b) Angular dependencies of the reference device and the devices with 
different ZnO array pitches. (c) Fitting of the angular distribution for QLEDs with different ZnO array pitches. (d) Luminance, (e) current effi ciency, 
and (f) EQE versus current density.
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with the ZnO pillar array pitches of 600 nm and 800 nm, how-
ever, exhibit quite different angular emission behaviours that 
present non-Lambertian emission distributions. The emission 
intensity decreasing for the device with 600 nm pitch ZnO 
pillars is much slower and the device with 800 nm pitch ZnO 
pillars reaches its maximum emission intensity at a viewing 
angle of 30°. The non-Lambertian emission behaviours for 
the two QLEDs could be explained by the grating effect of the 
ordered ZnO nanostructures. The trapped light in QLEDs can 
be extracted into air due to the presence of ZnO nanopillar 
arrays, and if we assume that incidence angle is 0°, the emis-
sion intensity of diffracted light can be written as [ 26 ] 

    
f ( ) = cos sin( )

2

A
pθ π

λ
θ× ×⎡

⎣⎢
⎤
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⎧
⎨
⎩

⎫
⎬
⎭  
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 where  θ  presents the emission angle viewed from air,  A  is the 
amplitude of light extracted by the grating,  p  is the pitch of peri-
odic ZnO nanopillar arrays, and  λ  is the emission wavelength 
of QLEDs, which is set to the peak wavelength 510 nm in our 
case.  

 The EL intensity of the diffracted light emitted from the 
QLEDs with different ZnO array pitches as a function of the 
emission angle is shown in Figure  5 c, which is obtained by 
subtracting the total angular emission for the reference device 
from that of the corresponding QLEDs. The resulting data are 
further fi tted using Equation  ( 1)   and the fi tted curves show a 
good agreement with our experimental results. The constant A 
for the light extracted by the ZnO nanopillars, estimated from 
the fi tting curves, is 0.09, 0.286, and 0.2 for QLEDs with the 
ZnO pillar array pitch of 400, 600, and 800 nm, respectively. It 
can be noted that the fi tting coeffi cient for the device with the 
400 nm pitch ZnO pillars is much smaller, which indicates the 
weak diffraction grating effect of ZnO nanopillar arrays. The 
enhanced device performance for these QLEDs with the ZnO 
nanopillar arrays is shown in Figures  5 d–f. In Figure  5 d, the 
QLED with the 600 nm pitch ZnO pillars exhibits the highest 
brightness and its luminance reaches 54,200 cd/m 2  at the 
applied voltage of 11 V, 1.5 folds larger than that of the refer-
ence device. Figures  5 e and f present the EQE-J and CE-J curves 
of device. With the incorporation of ZnO nanopillars, the device 
with the ZnO nanopillar array pitch of 600 nm made a record 

CE of 26.6 cd/A at a luminance of 29 690 cd/m 2 . This corre-
sponds to an EQE level of 9.34%, signifi cantly higher than that 
of the reference device (6.17%), which is enhanced by a factor 
of 51.4%. 

 The increase in LEE of QLED structures due to the presence 
of ZnO nanopillar arrays is verifi ed using two-dimensional 
Lumerical fi nite difference time domain (FDTD) simulation. 
A 20 μm wide simulation area is constructed to include mul-
tiple periods of patterning. Physically matched layers are used 
as the boundary condition to surround the simulation area to 
absorb any light radiation impinging on it. Dipole light source 
is placed in the QD emissive layer to replicate the light radia-
tion generated due to electron-hole recombination. The ZnO 
nanopillar arrays with a 200 nm height, a 200 nm diameter 
and a 600 nm pitch are placed atop the 200 nm thick ZnO seed 
layer. The LEE is measured in the wavelength range of 400 to 
700 nm in the far-fi eld after integrating all extracted light radia-
tion in 1° solid angle, and the LEE enhancement in QLEDs is 
obtained by dividing the total power coming out of the device 
with ZnO nanopillar arrays (in air) to the total power for the 
reference device. As shown in  Figure    6  a, most of the light that 
is generated in the QD emissive region suffers the total internal 
refl ection from the glass-air interface and is trapped within 
the QLED architecture. In contrast, Figure  6 b shows the light 
escaping out from the QLED due to the presence of ZnO nano-
pillar arrays on top of the glass surface, which thus signifi cantly 
enhances the LEE of QLEDs. It can be clearly quantifi ed from 
the data in Figure  6 c that the LEE enhancement is ∼1.5 fold at 
510 nm emission wavelength compared to the reference device, 
which is in excellent agreement with our experimental fi ndings.  

 A QLED architecture constituting multiple organic and inor-
ganic thin layers with varying indices behaves as a LED micro-
cavity, [ 28–30 ]  in which the light radiation is partially refl ected 
and transmitted through different multilayers depending on 
their refractive indices when the photon is emitted from the 
QD layer. Therefore, the performance of the resulting QLEDs 
can be also affected by the microcavity structure of device. In 
a QLED microcavity, thick metal electrode at one end of the 
QLED device serves as one of the refl ecting mirrors, whereas 
different organic and inorganic multilayers act as partial refl ec-
tors at the other end. It is worth mentioning that QLED archi-
tecture has more distinctive refractive indices compared with 
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 Figure 6.    FDTD results showing (a) light trapped inside the glass substrate due to the refl ection from the glass-air interface and (b) light escaping into 
air in the presence of periodic ZnO nanopillar arrays on top of the glass surface of QLEDs. (c) LEE enhancement in the QLED with the ZnO nanopillar 
array pitch of 600 nm.
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OLEDs due to the inorganic QD and ZnO layers, which have 
higher refractive indices over organic materials. To explore 
the microcavity effects in the resulting QLEDs, the 2D-QLED 
structure without the incorporation of ZnO nanopillar arrays 
is designed in Lumerical FDTD ( Figure    7  ). The device micro-
cavity structure allows the formation of a standing wave within 
the cavity. This means that the electric fi eld intensity profi le 
along the length of the microcavity is not constant and has 
nodes and peaks (antinodes). The position of QD layer must 
align with the peak of electric fi eld intensity profi le within the 
microcavity structure for obtaining high-performance QLEDs, 
which indicates that the optical density of states should be high 
over the QD emissive layer. If the position of QD layer lines 
up with the node of electric fi eld intensity profi le, the sponta-
neous emission from the QD layer is suppressed rather than 
enhanced. In the designed simulation, the QLED microcavity is 
illuminated with a plane wave source with wavelength varying 
from 400 to 700 nm. The total electric fi eld inside the micro-
cavity is visualised using a 2D frequency domain fi eld profi le 
monitor. This monitor helps in imaging the position of cavity 
modes within the optical microcavity. Similarly, the refractive 

index of each layer is monitored using refractive index monitor. 
Periodic boundary conditions are used in the  y -direction for 
10 μm wide FDTD simulation area, while a physically matched 
layer is used at the top and a metal boundary condition is used 
at the bottom. Figure  7 a shows the 2D-FDTD refractive indices 
of the multi-layered QLED structure and the variation of total 
electric fi eld intensity (standing wave) within the QLED micro-
cavity. The FDTD simulation results given in Figure  7 b clearly 
show that the position of the QD emissive layer in our QLED 
(from 0.24 to 0.27 μm along the  y -axis) quite matches with the 
peak of total electric fi eld and hence enhances the emission of 
photons. In addition, it is found that the cavity mode can also 
increase the LEE of green-emitting QLEDs by highly optically 
transmitting in a particular wavelength range (green range) 
while suppressing other wavelengths, which is confi rmed by 
measuring the refl ection from the QLED microcavity using the 
same FDTD simulation. The 1D frequency-domain monitor is 
positioned behind the plane wave source to measure this refl ec-
tion. As shown in Figure  7 c, the QLED microcavity suppresses 
the refl ection around 500 nm optical wavelength, and thus 
gives high transmission for the green wavelength.   
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 Figure 7.    (a) Refractive indices of different organic and inorganic layers of QLEDs (from the top to the bottom: Glass/ITO/ZnO NPs/QDs/CBP/MoO 3 /
Al). (b) Total electric fi eld intensity at 510 nm wavelength within the QLED microcavity simulated using Lumerical FDTD Solutions. (c) Optical refl ec-
tion and transmission spectra for the QLEDs.
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  3.     Conclusions 

 We demonstrated for the fi rst time the dramatically enhanced 
light extraction in QLEDs based on a layer of large-scale, peri-
odic ZnO nanopillar arrays faricated using a simple and effi cient 
PRINT method. The resulting QLED with a ZnO nanopillar 
array pitch of 600 nm showed a record CE of 26.6 cd/A. The 
maximum EQE of 9.35% achieved in the present work is 
also the highest EQE value ever reported for green QLEDs to 
date, which corresponds to 51.3% effi ciency enhancement 
in the total light output compared with the reference device. 
Lumerical FDTD simulations reveal that the signifi cant light 
outcoupling effi ciency improvement results from the effective 
diffraction of the generated light, which is otherwise trapped 
in the glass mode, in the presence of ZnO nanopillar arrays 
and microcavity effects in the inverted QLEDs. These fi ndings 
suggest that the cost-effective ZnO nanopillars are promising 
light outcoupling layer for improving QLED performance and 
this approach presented here may have important implications 
for understanding and designing high-performance QLEDs by 
enhancing light extraction effi ciency.  

  4.     Experimental Section 
  Preparation of ZnO Nanopillar Arrays : The large-scale, periodic ZnO 

nanopillar arrays were prepared on the glass surface of patterned ITO-
glass substrate according to a modifi ed pattern replication approach 
of non-wetting templates technique, [ 26 ]  in which a ZnO thin fi lm of 
20 nm is fi rst deposited on the glass surface as a ZnO seed layer by RF 
magnetron sputtering for obtaining high-quality ZnO nanopillar arrays. 
Next, a polydimethylsiloxane (PDMS) mold was prepared using the 
patterned silicon master substrate. The PDMS mold was then pressed 
on the glass surface of substrate that was coated with ZnO precursor 
solution composed of 0.1 M Zn(Ac) 2  aqueous solution and 0.1 M 
diethanolamine (DEA) by drop-casting method. The ITO-glass substrate 
was heated for removing solvent. Subsequently, the mold was peeled off, 
followed by annealing at 180 °C for 15 min, and the as-prepared ITO-
glass substrate with ordered ZnO nanopillar arrays could be obtained. 

  Synthesis of CdSe/ZnS QDs and ZnO Nanoparticles : CdSe/ZnS 
QDs with chemical-composition gradients were prepared according 
to a method reported in the literature. [ 31 ]  For a typical preparation of 
green-emitting QDs, 0.1 mmol of cadmium oxide (CdO), 4 mmol of 
zinc acetate (Zn(Acet) 2 ), and 5 mL of oleic acid (OA) were loaded in a 
50 mL 3-neck fl ask, heated to 150 °C under vacuum to form cadmium 
oleate (Cd(OA) 2 ) and zinc oleate (Zn(OA) 2 ). Subsequently, 20 mL of 
1-octadecene (1-ODE) was added to the reaction fl ask, and the reactor 
was then fi lled with nitrogen and heated up to 300 °C. At the elevated 
temperature, 1.6 mL of tri-n-octylphosphine (TOP) with 0.15 mmol of 
selenium (Se) and 4 mmol of sulphur (S) dissolved was injected into the 
fl ask swiftly. The reaction mixture was maintained at 300 °C for 10 min 
for the QD growth. To purify the synthesized QDs, the reaction mixture 
was cooled down to room temperature, and the QDs were extracted by 
the addition of acetone and methanol, followed by centrifugation. The 
as-prepared QDs can be readily dispersed in toluene. The purifi ed QDs 
with an average particle size of ∼7 nm was measured to give a quantum 
yield of ∼60% in toluene by comparing the fl uorescence intensities 
with a standard reference dye, fl uorescein-27. ZnO nanoparticles 
(NPs) were synthesized with a mean diameter of 3–4 nm based on 
a solution-precipitation process, which was previously reported in 
detail. [ 21 ]  

  Fabrication of QLED Devices : The patterned ITO substrates were 
cleaned by sonication sequentially in detergent, de-ionized water, 
acetone, and isopropyl alcohol. The ZnO NP layer was then spin-coated 

on the ITO substrate with ZnO nanopillar arrays from ZnO ethanol 
solution at 1000 rpm for 60 s and annealed at 150 °C for 30 min in a 
nitrogen glove box. Next, the QD layer was deposited on ZnO NP 
layer by spin-coating the QD dispersion (15 mg/mL in toluene) at a 
rate of 2000 rpm for 60 s, and cured at 90 °C for 30 min. After that, 
the 4,4′- N,N′ -dicarbazole-biphenyl (CBP, 60 nm), MoO 3  (10 nm), and 
Al (190 nm) layers were thermally deposited under a base pressure of 
∼2 × 10 −4  Pa. 

  Instrumentation : The EL spectra of the QLEDs were measured 
using a Photo Research PR705 Spectra Scan spectrometer, while the 
luminance–current–voltage characteristics of the devices were measured 
simultaneously with a programmable Yokogawa GS610 source 
meter and a Konica Minolta luminance meter LS-110 in air at room 
temperature. The integral EL spectra was measured using an integrating 
optical sphere and the measurement of overall device performances for 
QLEDs with ZnO nanopillars were made using a technique described 
by Forrest et al. [ 32 ]  in which a photodiode was placed in contact with 
the active pixel (for which the area of the photodiode is much larger 
than that of the active pixel). The EL emission from QLEDs was fi rst 
measured as the photodiode current and the current of device was 
also obtained simultaneously. The total device lumiance and effi ciency 
were calculated by these two quantities together with the integral EL 
spectra. The PL spectra were recorded using a Shimadzu RF-5301PC 
spectrofl uorophotometer equipped with a 150 W Xenon lamp as the 
excitation source. The morphologies of ordered ZnO nanopillars were 
observed using scanning electron microscopy (SEM, JEOL, JSM-5910) 
and fi eld emission scanning electronic microscopy (FE-SEM, JEOL, JSM-
6340F). All measurements were carried out at room temperature under 
ambient conditions.  
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