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Abstract White quantum dot light-emitting diodes (QD-
LEDs) have been a promising candidate for high-efficiency
and color-saturated displays. Here, we report a simply
solution-processed white QD-LED using ZnO QDs as
emitters. The device is demonstrated with a maximum
luminance of 300 cd/m?, exhibiting the Commission
Internationale de 1’Enclairage coordinates of (0.33, 0.33).
The unencapsulated white QD-LED has a long lifetime of
120 h. These results indicate that ZnO QDs provides an
alternate and effective approach to achieve high-perfor-
mance white QD-LEDs and also other optoelectronic
devices.

1 Introduction

Quantum dot LEDs (QD-LEDs) have been attracting much
attention in the past few years since they possess unique
properties of the tunable emission wavelengths by con-
trolling the size of QDs, highly saturated emission, narrow
emission with small full width at half maxima (FWHM),
solution process, and compatible with flexible substrates
[1-3]. Especially, the commercialization of white QD-
LEDs is expanding to high-volume applications, including
general solid-state lighting [4] and backlight for liquid—
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crystal displays [5]. White QD-LEDs can achieve a warmly
white shade and a good spectral overlap with the sensitivity
function of human eye, which in turn increases the effi-
ciency of the light source [6]. Herein, we report the design
and fabrication process of white QD-LED with ZnO QDs
as emitters to obtain white light.

2 Experiment

ZnO QDs were prepared by the method as follows. At first,
0.1 M zinc acetate dihydrate (Zn(Ac),-2H,O) was dis-
solved in methanol at room temperature. Then, 0.3 M
potassium hydroxide (KOH) in methanol solution was
added drop-wise at 40 °C with magnetic stirring. The
stirring process was kept at 40 °C for 1 h at atmosphere.
The prepared product was collected by centrifugation and
then washed twice with methanol. The white precipitate
was re-dispersed in butanol (30 mg/ml) to form ZnO QD
solution.

ITO glass substrate with a sheet resistance of about
20 Q/square was cleaned by successive ultrasonic treat-
ments in detergent, de-ionized water, acetone, and iso-
propanol for 15 min, respectively, followed by being
treated with ultraviolet light ozone for half an hour. The
poly (ethylenedioxythiophene): polystyrene sulfonate
(PEDOT:PSS) (Baytron P VP AI4083) as hole injection
layer (HIL) was spin-coated onto ITO glass (5,000 rpm,
30 s), followed by baking at 150 °C for 15 min. Thereafter,
TFB as hole transport layer (HTL) was spin-coated at
2,000 rpm, followed by annealing at 130 °C for 10 min to
achieve different thicknesses. The emissive layer of ZnO
QD solution was deposited on the HTL layer (4,000 rpm,
30 s) and annealed at 150 °C in air. Finally, a 100 nm
aluminum (Al) electrode was thermally evaporated under
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White light

Fig. 1 a A schematic of the device structure of white QD-LED,
b energy level

high vacuum (4 x 10-6 Torr) on top of ZnO ETL, fol-
lowed by post-annealing at 100 °C for 20 min. The active
area of the devices was defined by a shadow mask of

4 mm?.

3 Discussion

The schematics of our device structure and corresponding
energy level diagram are shown in Fig. la and b. The
device consists of a patterned ITO as the anode, a 50 nm
poly(ethylenedioxythiophene):polystyrene sulfonate (PE-
DOT:PSS) as the hole injection layer (HIL), a variable
(10-40 nm)  poly[(9,9-dioctylfluorenyl-2,7-diyl)-co-(4,4-
(N-(4-secbutylp-henyl))diphenylamine)] (TFB) layer as the
HTL, a 40 nm ZnO layer as the emitting layer and ETL,
and a 100 nm aluminum (Al) layer as the cathode.
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Fig. 2 TEM image of ZnO QDs
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Fig. 3 EL spectra of white QD-LED at the driving voltage varying
from 11 to 20 V

The QD-LED structure was designed to achieve efficient
electron and hole injection from the electrodes to the ZnO
layer. Meanwhile, it is effectively blocking electrons and
holes that pass through the QD layer in terms of the energy
levels of the constituent layers (Fig. 1b). A small injection
step for the injection of electrons from Al to the ZnO layer
since the ZnO has an electron affinity of 4.3 eV, similar to
the work function of Al (4.3 eV). The small barrier
between the highest occupied molecular orbital (HOMO)
of PEDOT: PSS and TFB allow facile injection of holes
from ITO to the ZnO layer. Therefore, an Auger-assisted
energy upconversion existing at the polymer/ZnO interface
contributes to the EL of QD-LEDs at the low driving
voltage [7]. Meanwhile, the high lowest unoccupied
molecular orbital (LUMO) of TFB and low valence band
(VB) of ZnO can effectively block injected electrons and
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Fig. 4 Real photo of white QD-LED with 12 pixes

holes, respectively, leading to the confinement of the
charges within the ZnO layer. However, as the driving
voltage or internal electric field is high, it is likely for holes
to tunnel through the ZnO and to accumulate at the inter-
face of TFB/ZnO NPs.

Figure 2 shows the TEM image of ZnO QDs dispersed
in butanol with an average diameter of ~5 nm.

The EL spectra of white QD-LED at the driving voltage
varying from 11 to 20 V are shown in Fig. 3.

It can be seen that two EL peaks located at ~432 nm
(2.86 ¢V) and ~606 nm (2.05 eV) occur and emission
intensity increases until the driving voltage reaches 12 V.
The blue emission peak and shoulder located at 432 nm
(2.86 eV) is present, originating from the interstitial zinc-
related defect level as initial states [8]. For a PEDOT: PSS
layer, the electrons in the HOMO level of PEDOT:PSS are
also excited into LUMO level by emission from the TFB
layer. The observed emission from this layer, at 606 nm,
coincides exactly with the bandgap (2.0 eV) of PE-
DOT:PSS [9]. The emission overlaps almost the entire
visible spectrum with the Commission Internationale de
I’Enclairage (CIE) coordinates of (0.33, 0.33) and the color
rendering index of 90.

Figure 4 shows the photo of white QD-LED with 4 x 3
pixels at 300 cd/m* and corresponding CIE coordinate of
(0.33, 0.33), respectively.

4 Conclusions

We have demonstrated, an all solution-processed stable
white QD-LED based on ZnO QD emitters. Our work

offers a promising approach to further develop high-effi-
ciency and stable white QD-LEDs.
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