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Yellow-white light emitting diodes (LEDs) using ZnO nanocrystals (NCs) as the active materials

have been fabricated based on a solution-processed technology. By utilizing a polar-nonpolar

mixed-solvent dispersion strategy, uniform dispersion of ZnO NCs with enhanced emission proper-

ties has been achieved. The ZnO NCs based LED devices prepared from the mixed-solvent strategy

show much improved electroluminescence properties that exhibit a broad yellow-white emission

peaks at �555 nm with a maximum brightness of 100 cd/m2 and a color rendering index of 77.25.

The device mechanism of the LED device was discussed in terms of energy band diagram and

current-voltage characteristics. VC 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4923378]

Light-emitting diodes (LEDs) based on colloidal nano-

crystal (NC) emitters have attracted intense attention in the

fast few years since they offer several important advantages

over other LED technologies like GaN based LED or organic

LED (OLED), including size-controllable emission-wave-

length tunability, highly saturated emission, narrow emission

linewidth, and compatible with low-cost solution-processed

technologies and flexible substrates.1–4 Currently, the Cd-

based NCs (i.e., Cd-based quantum dots) have received great

success in fabricating high performance red-green-blue

(RGB) LEDs with extremely small linewidth and highly satu-

rated color, which are ideally for applications in signal dis-

plays.4–8 However, the pursuit of white light emission from

Cd-based quantum dots LEDs has received limited success

due to the challenging of stacking various quantum dots emit-

ters together and the difficulties in fabricating LEDs with

multiple emission layers. Besides, the toxic nature of Cd also

hindered the commercialization of Cd-based quantum dots

LEDs. Therefore, researchers over the years have intended to

introduce a range of novel materials without toxic element in

their lower-dimensional form in the diodes.9,10

ZnO is considered as the so-called generation III semi-

conductors since it is one of the most promising II–VI com-

pound semiconductors for use in optoelectronic devices like

multicolor LEDs due to its superior properties such as envi-

ronmental friendly, wide direct band gap (3.37 eV), larger

exciton binding energy over the thermal energy at room tem-

perature (60 meV over 26 meV) and various natural defect

structures that enable efficient emission throughout the

whole visible range.11–14 Therefore, the interest in ZnO NCs

as the luminescence materials in NC-based LEDs arises from

its superior exciton stability at room temperature and capable

of emitting light both in the ultraviolet (UV) region and in

the visible region. Even though the ZnO NCs based LEDs

have been reported previously, the performance of those

LED devices is still in the very initial stage since most of

these works were unable to measure the brightness of their

devices.15–18 One of the reasons could be the aggregation

and poor dispersion of ZnO NCs, which leads to non-

uniform thin film formation thus diminish the device per-

formance. In this study, we demonstrate that the dispersion

of ZnO NCs could be remarkably enhanced by using a polar-

nonpolar mixed-solvent (MS) strategy. Based on this tech-

nique, solution-processed yellow-white inorganic/organic

hybrid LED devices utilizing ZnO NCs as the emission layer

with a maximum brightness of 100 cd/m2 and a color render-

ing index of 77.25 have been fabricated. We anticipate that

this work could open a new route for fabricating high per-

formance white LEDs based on ZnO NCs.

The ZnO NCs were synthesized based on a previously

published method with some modifications.19 The reaction

employed methanol as solvent, zinc acetate dehydrate

(Zn(Ac)2�2H2O) and lithium hydroxide (LiOH) as precur-

sors. Here, 0.3 mol/l LiOH dissolved in methanol was added

to 0.1 mol/l Zn(Ac)2�2H2O drop by drop at 40 �C with mag-

netic stirring. After 1 h, the ZnO NCs was precipitated by

centrifuging to remove the supernatant that contains the

unreacted precursors. The final product was washed three

times before re-dispersion. Figures 1(a) and 1(b) show the

transmission electron microscope (TEM) images of the as-

synthesized ZnO NCs, which were captured from a JEM-

2100 electron microscope. As can be measured from Figure

1(a), the average particle diameter of the ZnO NCs is around

6 nm. The lattice of ZnO NCs can be clearly observed in the

high-resolution TEM (HRTEM) image (see Figure 1(b)),

which is properly indexed in the image.

The ZnO NCs were dispersed in 1-Butanol and in a polar-

nonpolar MS (1-Butanol:Hexane¼ 3:1 in volume) with the

same concentration of 10 mg/ml for comparison. Figure 1(c)
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shows the absorption spectra of the ZnO NCs dispersions,

which were performed by an UV-3600 system. The ZnO NCs

dispersed in the MS shows almost zero absorbance in the visi-

ble range from 380 nm to 900 nm, whereas the ZnO NCs dis-

persed in 1-Butanol absorbs/scatters around 10% visible light,

indicating the remarkably improved dispersion of ZnO NCs in

the MS, which could also be confirmed from the photograph of

the two dispersions (see the inset of Figure 1(c)). With less

aggregations in the MS dispersion, improved photolumines-

cence (PL) intensity was demonstrated compared with the

1-Butanol dispersion under the same UV excitations (see the

inset image of Figure 1(d)), which is benefit to the following

electroluminescence (EL) applications. Figure 1(d) shows the

PL spectrum of the MS dispersion (measured in a PerkinElmer

LS50B luminescence spectrometer system). A dominant peak

centered at 387 nm could be seen from the spectrum, corre-

sponding to the near-band-edge PL of ZnO. Under the excita-

tion of 365 nm UV lamp, bright yellow-white emission could

be clearly observed with naked eyes, as shown in the inset

image of Figure 1(d). However, this visible emission cannot be

clearly displayed in the PL spectrum, indicating that the visible

emission of the dispersion is relatively smaller than the UV

emission. By utilizing a fiber optic spectrometer (ILT 950

spectroradiometer), the spectrum of the yellow-white emission

was measured and is shown in the inset of Figure 1(d). A broad

emission spectrum with dominant peak centered at �555 nm

was found, which should be related to the defect energy levels

of ZnO according to previous literatures.12,13 It also could be

seen by comparing the absorption and PL spectrum of the ZnO

NCs dispersion that the yellow-white light emitted from the

ZnO NCs shows zero-reabsorption properties, which is impor-

tant for efficient white emission in the LED devices.9

The mechanism of the improved dispersion in the polar-

nonpolar MS can be partially explained by the theory of

Hansen solubility parameters (HSP).20 Three HSP parame-

ters are used to describe the character of a solvent or mate-

rial: dD, dP, and dH, which are the dispersive, polar, and

hydrogen-bonding solubility parameters, respectively. The

HSP distance Ra is used to evaluate the level of adaptation

(see Eq. (1)), the smaller the Ra value, the higher the solubil-

ity. In case of MS, the HSP parameters are linear functions

of the compositions (see Eq. (2)), where / is the volume

fraction for each composition

Ra
2 ¼ 4ðdD;solv � dD;soluÞ2 þ ðdP;solv � dP;soluÞ2

þ ðdH;solv � dH;soluÞ2; (1)

dblend ¼
X

/n;compdn;comp: (2)

Table I compares the HSP parameters of the ZnO NCs

and the related solvents. It shows that HSP distance

(Ra¼ 5.92) between the ZnO NCs and 1-Butanol is a rela-

tively large number that indicates a poor dispersion, which is

mainly caused by the mismatching hydrogen-bonding

FIG. 1. (a) TEM image of ZnO NCs.

(b) HRTEM image of ZnO NCs. (c)

Comparison of absorption spectra of

ZnO NCs dispersed in Butanol and MS

with the same concentration, the inset

shows the images. (d) PL spectrum of

the ZnO NCs dispersed in MS under

300 nm UV excitation, the inset shows

the PL spectrum of the dispersion

excited by a 365 nm UV lamp, the

inset image shows a comparison of

ZnO NCs dispersed in Butanol and MS

under 365 nm UV light excitation.

TABLE I. Hansen solubility parameters for the ZnO NCs and related

solvents.

dD (MPa1/2) dP (MPa1/2) dH (MPa1/2) Ra (MPa1/2)

ZnO NCs (Ref. 21) 17.25 6.75 10.83 …

1-Butanol 16 5.7 15.8 5.92

Hexane 14.9 0 0 12.98

1-Butanol:Hexane¼ 3:1 15.73 4.28 11.85 3.07
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solubility parameters between ZnO NCs and 1-Butanol. The

mismatching hydrogen-bonding solubility parameters could

be greatly reduced with the help of mixing Hexane in 1-

Butanol, and the resulting HSP distance is calculated as 3.07

for the MS. Therefore, the improved dispersion by the MS

could be explained by the HSP theory, and it is related to the

controlling of hydrogen bonding interaction between ZnO

NCs and the solvent.

To fabricate the ZnO NCs based LED devices, the glass

substrates with pre-coated ITO films were cleaned in an ultra-

sonic bath with acetone, methanol, and isopropanol for

30 min, respectively. Then, the ITO substrates were subse-

quently dried in a vacuum oven for 2 h at 100 �C and followed

by UV-ozone for 30 min. Thin films of poly(3,4-ethylenediox-

ythiophene) polystyrene sulfonate (PEDOT:PSS), worked as

hole-injection layer, were spin-coated on top of ITO at

4000 rpm followed by thermal annealing at 100 �C for 2 h.

After that, poly(N, N0-bis(4-butylphenyl)-N,N0-bis(phenyl)-

benzidine) (poly-TPD) doped 7% Tetrafluoro-tetracyano-qui-

nodimethane (F4TCNQ) dissolved in chlorobenzene with a

concentration of 10 mg/ml were spin-coated on the

PEDOT:PSS at 3000 rpm as the hole-transporting layer, fol-

lowed by baking at 100 �C for 15 min. Thin films of ZnO NCs

were then spin-coated onto the poly-TPD:F4TCNQ layers

from a 10 mg/ml ZnO NCs dispersion in 1-Butanol and MS

with a spin speed of 3000 rpm, respectively. Finally, the sam-

ples were transferred into a thermal evaporation system.

40 nm 1,3,5-Tri(1-phenyl-1H-benzo[d]imidazol-2-yl)phenyl

(TPBi) thin films, 1 nm LiF, and 100 nm Al were subsequently

deposited onto the samples. The resulting device structure is

illustrated in Figure 2(a).

The EL properties of the ZnO NCs based LED devices

using 1-Butanol and MS dispersions of ZnO NCs are com-

pared in Figure 2(b), which were operated under the same

applied voltage of 15 V. Both LED devices show the same

contour of EL spectra with dominant emission peaks centered

at around 555 nm and with the full width at half maximum

(FWHM) around 120 nm. The EL intensity of the LED device

using MS dispersion of ZnO NCs is almost 8 times larger than

that of the device using 1-Butanol dispersion of ZnO NCs,

which are accordance with the PL results (see the inset image

of Figure 1(d)). Besides, the contour of the broad EL emission

spectra matches well with that of the PL spectrum of ZnO

NCs in the visible region (see Figure 2(c)). It can be deduced

from Figures 2(b) and 2(c) that the EL emission of the LED

devices originates from the radiative recombination in ZnO

NCs. However, no UV light has been detected in the EL emis-

sions that are different from the PL of ZnO NCs, which is dis-

cussed in the following paragraph in terms of device physics.

The visible emission of ZnO NCs is usually related to the

defect states from sub-gap trap states or from interface defect

states. In this work, the EL spectra of the LED device show

almost the same contour with the PL spectra of the ZnO NCs

dispersion in the visible region. Therefore, it can be presumed

that the visible emission is mainly originated from the sub-

gap trap states instead of interface defect states due to the

changed surface states of ZnO NCs from solutions to solid-

state thin films.12,13 Additionally, the LED device prepared

from the MS dispersion shows the same spectrum with the de-

vice prepared from 1-Buthanol dispersion but 8 times higher

intensity, which indicates that the MS strategy does not

change the sub-gap states of ZnO and the enhanced EL inten-

sity should be directly related to the less aggregations that is

demonstrated in the absorbance and PL properties of the ZnO

NCs dispersion.

To further understand the EL mechanism of the LED de-

vice, the energy band diagram of the device under forward

bias is investigated in Figure 2(d). Under forward bias, the

FIG. 2. (a) Schematic diagram of the

LED device structure. (b) EL spectra

of the LED devices prepared from

ZnO NCs dispersed in 1-Butanol and

the MS under the same applied voltage

of 15 V, respectively. (c) Comparison

of EL and PL spectra. (d) Schematic

energy band diagram of the device

under forward bias.
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electrons could be injected from the LiF/Al electrodes,

through the electron injection layer (TPBi), to the conduction

band (Ec) of ZnO NCs. The huge barrier between the lowest

unoccupied molecular orbital (LUMO) of poly-TPD and the

Ec level of ZnO NCs could accumulate the electrons in ZnO

NCs, which is essential for the radiative recombination in

ZnO. On the opposite side, the holes could be injected from

ITO through the hole injection layer (PEDOT:PSS). It is

worth noting that the F4TCNQ doped poly-TPD shows high

hole concentration on the order of 1022 m�3 according to pre-

vious literature,22 which benefits the hole injection into the

ZnO NCs layers. However, the large energy barrier between

the highest occupied molecular orbital (HOMO) and the va-

lence band (Ev) of ZnO NCs makes the holes in poly-TPD

quite difficult to be injected into the Ev of ZnO.13 Instead,

the holes could be injected into the defect energy levels (Ed)

of ZnO NCs,12,13 leading to the visible emission from ZnO

NCs.

The I-V characteristics of the LED device measured by

a Keithley 236 system are shown in Figure 3(a), which

shows a diode-like rectified curve with a turn-on voltage at

around 12 V. To further investigate the transport mechanism

of the device, we plot I-V characteristic double-logarithmic

scale (see the inset of Figure 3(a)). The calculated slope fol-

lows a power law behavior (I/Vn). In the low voltage bias

regime from 0 to 5 V, the device displays Ohmic conduction

with n� 1. In this regime, the pre-existed bulk free carriers

whose density is invariant and independent of bias voltage

are dominant over the injected charge carriers.9 In the higher

bias regime, the charge-trap limited conduction (I/Vn,

n� 5) dominates the conduction mechanism. Besides, the

steep slope of the I–V curve in the charge-trap limited con-

duction region reveals effective charge transport in the LED

device due to the higher electric filed that is beneficial for

carrier transport.23 The brightness of the device under

different driving voltage is shown in Figure 3(b), which is

recorded with an ILT 1400-A photometer (International

Light Technologies). The maximum brightness of the LED

device is 100 cd/m2. The inset of Figure 3(b) shows the

image the operating device, yellow-white emission could be

clearly seen from the device. The chromaticity coordinate of

the emission is calculated as (0.40, 0.46) (see Figure 3(c))

and the color rendering index of the emission is calculated as

77.25 (see Figure 3(d)).

In conclusion, yellow-white LED devices based on

luminescent ZnO NCs have been fabrication through a

solution-processed method. The EL properties of the LED

devices could be greatly enhanced via using MS to disperse

the ZnO NCs. The devices emitted broad yellow-white emis-

sion with a maximum brightness of 100 cd/m2 and a color

rendering index of 77.25. The relatively high performance of

the LED devices not only benefits from the zero-

reabsorption property in the visible range of the ZnO NCs

but also thanks to the effective carrier transport in the devi-

ces. We believe that this work offers a promising approach

to develop high performance and environmental friendly

white lighting panels.

This work was supported by the China Postdoctroal

Science Foundation (2014M560669) and the National

Natural Science Foundation of China (61405126).
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