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Abstract We report white-light luminescence from ZnO-

organic hybrid light emitting diodes grown on glass sub-

strate by low temperature aqueous chemical growth. The

configuration used for the hybrid white light emitting

diodes (HWLEDs) consists of two-layers of polymers

(PEDOT:PSS/PFO) on glass with top ZnO nanorods.

Electroluminescence spectra of the HWLEDs demonstrate

the combination of emission bands arising from the radi-

ative recombination in polymer and ZnO nanorods.

In order to distinguish emission bands we used a Gaussian

function to simulate the experimental data. The emitted

white light was found to be the superposition of a blue line

at 454 nm, a green emission at 540 nm, orange line at

617 nm, and finally a red emission at 680 nm. The tran-

sitions causing these emissions are identified and discussed

in terms of the energy band diagram of the hybrid junction.

Color coordinates measurement of the WLED reveals that

the emitted light has a white impression with 70 color

rendering index and correlated color temperature 5500 K.

Comparison between ITO and aluminum top contacts and

its influence on the emitted intensity is also discussed.

Introduction

Zinc oxide (ZnO) with wurtzite structure has emerged to

become one of the prime materials for photonics applica-

tions with potential advantages over the III-nitride system

due to the high exciton binding energy 60 meV (GaN has

25 meV) [1]. Such a relatively high value of the exciton

binding energy would imply that ZnO will have stable

excitonic emission even above room temperature. Beside

the potential for developing optoelectronic devices, ZnO is

biocompatible and bio-safe material, owing to these prop-

erties ZnO is considered as an important environment

friendly wide bandgap semiconductor material [2–4]. ZnO

has attracted a renewed global interest due to the fact that it

also possesses a rich family of nanostructures which can be

grown on alien substrates without the need of lattice

matching [1]. The growth of ZnO nanostructures can be

achieved using different high as well as low temperature

(\100 �C) growth approaches [4]. The most usual high-

temperature techniques used are metal-organic chemical

vapor deposition (MOCVD) [1] and vapor liquid solid

(VLS) [1], these methods require expensive equipment

and need to done in extreme conditions. Therefore, low

temperature and cost techniques which are restricted to

aqueous chemical growth (ACG) process are preferred.

In addition to the above mentioned properties ZnO pos-

sesses a large number of radiative intrinsic and extrinsic

deep level defects [5–7]. Specifically ZnO, beside the

ultraviolet (UV) emission due to band gap, emits blue,

green, yellow, and orange-red colors; which covers the

whole visible region [5–8]. Therefore, the optical proper-

ties of ZnO have been extensively studied and at room

temperature. ZnO typically exhibits one sharp UV peak and

possibly one or two deep level emissions (DLE) due to

deep defect states in the bandgap [7, 8]. The dominant

emitted colors depend on the growth methods and its

parameters and this implies that the emitted color lines can

be controlled [6]. Hence ZnO is of great potential to the

development of white light emitting diodes (WLEDs).

Recently, the application of ZnO in efficient solid-state

lighting becomes the subject of several studies [9]. However,

the stable and reproducible p-type doping in ZnO is still a
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problem which is hindering the realization of a ZnO p–n

homojunction diodes [1]. However, growing ZnO nano-

structures on other inorganic/organic p-type substrates could

provide an alternative way to realize ZnO-based p–n het-

erojunctions. In recent years ZnO-organic HWLEDs is one

of the most exciting research areas. It has been reported that

inorganic and organic materials could form a complex

device to realize emissions from both kinds of materials

[10]. Many researchers have prepared LEDs based on nano

structured ZnO and p-type polymers such as poly(3,4-eth-

ylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS)

[11, 12] and N,N0di(naphtha-2-yl)-N,N0-diphenyl-benzidine

(NPB) [9]. N,N0-diphenyl-N,N0-bis(3-methylphenyl)-

(1,10-biphenyl)-4,40-diamine (TPD), poly(9-vinylcarbaz-

ole) (PVK), 4,40-bis(N-carbazolyl)-1,10-biphenyl (CBP)

[13]. However, efficient intense white-light luminescence

from ZnO-organic hybrid LEDs has remained an enduring

challenge. We have previously demonstrated multilayer

and blended polymers which have high turn on voltage

(14 V) and blue dominated broad band emission [14]. Now

the configuration used for HWLEDs consists of two-layers

of polymers on glass with top ZnO nanorods grown by the

aqueous chemical growth (ACG). An inorganic/organic

heterojunction has been fabricated by spin coating the

p-type polymer poly(3,4-ethylenedioxythiophene) poly

(styrenesulfonate) (PEDOT:PSS) for hole injection with an

ionization potential of 5.1 eV and Poly(9,9-dioctylfluo-

rene) (PFO) is used as blue emitting material with a

bandgap of 3.3 eV and high occupied molecular orbital

(HOMO) of 5.8 eV [15, 16]. On top of the polymers, ZnO

nanorods were grown which are used as an electron

transporting and emitting layer. The chemical structures of

polymers used in this study can be found in [16, 17]. The

transparent conducting indium tin oxide (ITO) is used to

get the improved light output intensity.

In this article we report intrinsic white-light lumines-

cence from ZnO-organic HWLEDs grown on glass sub-

strate by low temperature aqueous chemical technique.

Electrically driven ZnO-organic HWLEDs were con-

structed as well as its electrical and optical properties

were measured and analyzed using different techniques,

including scanning electron microscope (SEM), current–

voltage (I–V), room temperature (RT) photoluminescence

(PL), and RT electroluminescence (EL) measurements.

The RT-EL spectrum demonstrates the combination of

broad emission bands emerging from the radiative recom

bination in polymer and ZnO nanorods. In order to dis-

tinguish the white-light EL spectrum components and the

contribution of the PFO polymer layer we used a

Gaussian function to simulate the experimental data. The

transitions causing these emissions are identified and

discussed in terms of the energy band diagram of the

hybrid junction.

Experimental details

To fabricate ZnO-organic HWLEDs on glass substrate, first

the glass was washed in ultrasonic cleaner in isopropyl

alcohol, acetone, and de-ionised water sequentially. PE-

DOT:PSS was then spin-coated onto the treated glass and

baked at 150 �C to form a uniform film. We cover small

portion of PEDOT:PSS for ohmic contact and PFO was

spin coated on top of the PEDOT:PSS film and backed at

100 �C for 5 min. To improve the ZnO nanorods growth

quality, distribution, and density a seed layer is spin-coated

three time and baked for 3 min at 100 �C [18]. To grow

ZnO nanorods we use a low temperature chemical growth

technique. In this method 0.01 M zinc nitrate hexa hydrate

(Zn(NO3)�6H2O) were mixed with 0.01 M Hexamethyl

tetra-mine (HMT) (C6H12N4). The sample was placed in

the solution and was heated at 96 �C for 4 h. After that it

was washed with deionized water. After growth, the sam-

ples were used to process light emitting diodes (LEDs).

Silver paste is used for the ohmic contact on PEDOT:PSS.

Prior to the ohmic contacts on the ZnO NRs, an insulating

PMMA layer was deposited between the NRs. Recently it

was shown that the use of PMMA as an insulating layer

between nanorods will lead to enhance the emission

intensity due to the change of surface states [19]. To insure

that no PMMA was on the top of the NRs, oxygen plasma

cleaning was performed prior to the contact metal deposi-

tion. Then on one sample the indium tin oxide (ITO) cir-

cular transparent contacts of 1.2 mm in diameter and

thickness of 700 Å were evaporated onto a group of NRs

and on other sample the Al circular contacts of 1.2 mm in

diameter and thickness of 700 Å were evaporated onto a

group of NRs. A schematic diagram of the device is shown

in Fig. 1. The device structure was characterized by a

scanning electron microscope, X-ray diffraction, and pho-

toluminescence at room temperature. The RT-EL mea-

surement of the ZnO-organic HWLEDs was carried out

using a photo multiplier detector under dc-bias condition.

The light was collected from the topside of the device.

Results and discussion

The ZnO NRs grown on multi-layer polymer were found to

be aligned vertically and distributed uniformly as shown in

the SEM image in Fig. 2. The inset shows the SEM image

after spin coating insulating layer and followed by soft

backing.

Figure 3 exhibits the RT-PL spectra of PFO and

HWLEDs. The RT-PL spectrum of PFO (without ZnO

NRs) reveals two violet emissions at 429 and 451 nm, and

one broad blue–green emission centered at 482 nm. The

RT-PL spectra HWLEDs consisted of UV emission
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centered at around 380 nm, PFO violet-blue emission at

432–450 nm and two DLE bands from ZnO NRs green at

512 nm and red at 652 nm. It is extensively reported that

the DLE is a superposition of many different deep levels

emitting at the same time [7]. The origin of the DLE has

been controversial for decades. This is probably one reason

for the debate, since different samples have different defect

configuration due to the different growth methods and

growth conditions. The peak position of the deep band

emission is defined according to the relative density of

these radiative defects. The probable intrinsic deep level

defects in ZnO are oxygen vacancy (VO), zinc vacancy

(VZn), oxygen interstitial (Oi), zinc interstitial (Zni), oxygen

anti-site (OZn), and zinc anti-site (ZnO). These deep level

defects often control directly or indirectly the luminescence

efficiency in semiconductors [20].

Figure 4 shows the current–voltage (I–V) characteristics

of the heterojunction. The diode-like behavior of hetero-

junction was examined using the thermionic emission

model. According to this theory, the current in such a

device could be expressed as

I ¼ Is exp
qðV � IRsÞ

nkT

� �
� 1

� �
ð1Þ

where Is is the saturation current, Rs is the series resistance,

k is the Boltzmann constant, T is the absolute temperature,

q is the elementary electric charge, V is the applied voltage,

and n is the ideality factor. The ideality factor from Eq. 1

was found to be in the range 2.8–4 for all diodes investi-

gated. The value of the ideality factor is comparable to the

recently reported value of ideality factor for polymer het-

erojunction [4]. The higher value of ideality factor indi-

cates that the behavior of heterojunction diode deviates

from the ideal thermionic behavior. This may be due to the

presence of surface states in ZnO. These surface states

provide additional energy states which are responsible for

PEDOT:PSS 

 Glass 

PFO Ag 

PMMA layer 

ZnO NRs

ITO/Al

Fig. 1 Schematic illustration of ZnO NRs/PFO/PEDOT:PSS hetero-

structure device

Fig. 2 SEM image of as grown ZnO NRs on PFO polymer and inset
shows the SEM image after spin coating and followed by soft baking
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the existence of multiple current pathways [4]. In our case,

a lot of defects have been verified by defect related PL

bands in ZnO NRs and PFO, which provide additional

energy states and hence multiple current pathways.

The RT-EL spectra of HWLEDs reveal a broad emission

band from 420 to 800 nm covering the whole visible region

as shown in Fig. 5a. In order to distinguish the white-light

EL spectra components we used a Gaussian function to

simulate experimental data. The simulated EL spectrum

shows four emissions at 454, 540, 617, and 680 nm which

are associated with blue, green, orange, and red, respec-

tively. It is clear that the emission at 454 nm (blue) is due to

the radiative recombination in PFO and green–red

(540–680) emissions are associated with radiative defects in

ZnO. The green luminescence band is the most investigated

and most debated band in ZnO. The variation in the green

emission peak position is attributed to different relative

contributions from, e.g., VO, VZn, Zni, Oi, and Cu related

defects caused by fluctuations in the growth conditions for

different growth methods [21]. Recently, the green emission

has been explained to be originating from more than one

deep level defect, VO and VZn with different optical char-

acteristics were found to contribute to the broad green

luminescence band [8, 21]. Moreover, the orange emission

was recently attributed to oxygen interstitial, while the red

emission was attributed to the transition associated to zinc

interstitials [22]. However, no consensus has been reached

regarding the origin of the different observed colors, partly

due to the different defect configuration in different samples

[6, 23]. The Fig. 5b demonstrates the RT-EL spectra with all

emissions which are distinguished by a Gaussian function.

To investigate color quality of LEDs color chromaticity

coordinates are plotted in Fig. 5c. Figure 5c shows the

emitted light has a white impression. The color rendering

index (CRI) and correlated color temperature (CCT) of the

LEDs were calculated to be 70 and 5500 K, respectively.

Room temperature EL and PL spectra of HWLEDs with

PL spectra of PFO (without ZnO) are shown in Fig. 6.

Figure 6 obviously demonstrates that the EL bands of the

HWLEDs are consistent with the sum of the PL bands of

individual PFO and ZnO components. It is essential to

mention that the PFO blue peaks are completely intermixed

with the DLE bands of the ZnO NRs resulting in the single

broad band. But the UV emission of the ZnO NRs is not

detected in the EL spectra probably due to the self-

absorption of the UV light by the ZnO direct bandgap and/
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or absorption by the PFO at the ZnO/PFO interface [19].

Do-Hoon Hwang et al. [24] reported that polyfluorenes

(PFs) exhibit absorption maxima close to 380 nm. The

concentration of PFO polymer has vital role on optical

efficiency and light quality of the HWLEDs.

Now we discuss the EL emission of the WLEDs by using

the energy band diagram. The energy band diagrams of the

WLEDs without and with bias voltage are shown in Fig. 7a, b.

It can be seen in Fig. 7a that there is a 0.9 eV barrier for hole

injection from Ag to the PEDOT:PSS HOMO (highest

occupied molecular orbit), 0.6 eV barrier from the PE-

DOT:PSS to the PFO HOMO and there is a 2 eV barrier for

hole injection from the PFO HOMO to the ZnO valence band.

The electron injection barrier is 0.5 eV between the ITO

Fermi level and the ZnO conduction band, and 1.7 eV barrier

for electron injection from the ZnO conduction band to the

PFO LUMO (lowest unoccupied molecular orbit). When the

device is biased the barriers normally cause hole and electron

accumulation and energy band bending at the organic/ZnO

interface [9]. The electrons and the holes under forward bias

accumulate at the ZnO NRs/PFO interface, as shown in

Fig. 7b. The white-light EL might be attributed to the exci-

tonic emissions resulting from the recombination of the

electrons and the holes at ZnO NRs/PFO interface. The life-

time of the electrons existing in the ZnO/PFO interface is

much larger than that in the ZnO NRs [25]. The electrons

existing at the interface between the conduction band edge of

the ZnO NRs and the LUMO level of the PFO layer slowly

drop to the lower states because of their longer life time.

Therefore, the emission with various wavelengths is emitted

due to continuous recombination between the electrons and

the holes during electron transitions from the upper states to

the lower states [25]. We have many radiative defects in ZnO

NRs and in the bulk of PFO polymer. The energy states of

various native radiative defects had been calculated or

experimentally measured in the band gap of ZnO. The com-

monly observed green emission is frequently attributed to

transition from conduction band to VO. Moreover, the orange

emission was recently attributed to transition from the con-

duction band to Oi, while the red emission was proposed to be

due from transition Zni to Oi [6]. Lee et al. [26] reported the

EL emission at 454 nm (blue) that is due to the exciton

emission in the PFO. This PFO related blue emission com-

bined with ZnO defect related emissions results in the intrinsic

white-light emission. But the brightness and efficiency of the

white light is dependent on the concentration/thickness of the

polymers and transparent contact. Chang et al. [27] reported

that the hole-injection barrier of PFO decreases and the

brightness/efficiency of ZnO-organic HWLEDs increases

with decreasing the PEDOT:PSS thickness. For the general

admitted property of PFO bipolar devices, green light will

emit at high voltage resulting from a formation of excimer,

and this green light emission will give rise to higher brightness

and efficiency [27]. So we used thin polymer layers and

transparent ITO contact to increase the brightness of HWL-

EDs. The average optical transparency of ITO is 95% for the

400–800 nm wavelengths [28]. Figure 8 shows the
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comparison of EL spectra of HWLEDs with Al and ITO

contacts at 2 mA current which demonstrates the intensity/

brightness of white light can be increase 35 times by using

transparent contact. The combination of transparency in the

visible range, thin polymer layers and low temperature pro-

cedure makes the organic–inorganic hybrid junction WLEDs

attractive for the development of large area lighting source

compatible with existing armature technologies.

Conclusion

In conclusion, intrinsic white-light luminescence from

ZnO-organic hybrid light emitting diodes grown on glass

substrate by low temperature aqueous chemical growth

(ACG) has been demonstrated. The configuration used for

the hybrid white light emitting diodes (HWLEDs) consists

of two-layers of polymers PEDOT:PSS and PFO on glass

with top ZnO nanorods (NRs). The EL spectrum reveals a

broad emission band covering the range from 420 to

800 nm emerging from the radiative recombination in

polymer and ZnO nanorods. In order to distinguish the

white-light components we used a Gaussian function to

simulate the experimental data. The emitted intrinsic white

light was found to be the superposition of a blue line at

454 nm from PFO and green emission at 540 nm, red

emission at (617–680 nm) are due to radiative defect

emissions in ZnO nanorods. The transitions causing these

emissions are identified and discussed in terms of the

energy band diagram of the hybrid junction. The intensity/

brightness of HWLEDs is increased by using transparent

ITO contact with high optical transparency in visible range.

The combination of transparency in the visible range and

low temperature procedure makes the organic–inorganic

hybrid junction WLEDs attractive for the development of

low cost and large area lighting sources.
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