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Abstract 

Nowadays, solid-state lighting devices based on wide band gap semiconductor 

have attracted considerable attention. Efforts are being made in order to achieve 

light-emitting diodes (LEDs) with high efficiency, high colour gamut and low 

heating output. Along this direction, zinc oxide (ZnO) is one of the promising 

semiconductors because of its wide band gap (3.37 eV) and relatively large 

exciton binding energy (60 meV). In addition, ZnO possesses a number of 

intrinsic and extrinsic radiative defect levels which exhibit a wide emission range 

covered from ultraviolet to visible, leading to the potential application of white 

LEDs. 

In the present study, a series of undoped ZnO and aluminium (Al)-doped ZnO 

thin films were prepared by filtered cathodic vacuum arc (FCVA) technique. The 

electrical, optical and structural properties of the ZnO films were investigated as 

functions of substrate temperature and doping concentration. The ZnO films 

exhibited c-axis orientation. It is revealed that the resistivity decreased as the 

substrate temperature increased from room temperature to 400℃ due to 

enhanced crystallinity and larger grain size. In addition, all the ZnO films have 

an optical transmittance of over 80% in the visible spectrum. The blue-shifted 

photoluminescence (PL) peak of the ZnO with increasing Al doping 

concentration will be discussed. 

With the optimized growth parameters, n-ZnO:Al/i-ZnO/p-GaN:Mg 

heterojunction LEDs were fabricated. The electrical characteristics of the diodes 

were investigated. The ultraviolet (UV) electroluminescence (EL) from the device was 

detected at room temperature. The emission is attributed to the electron-hole radiative 
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recombination in the ZnO region and is explained in detail by an energy band diagram. 

ZnO nanostructures are expected to have improved optical and electronic 

properties because of the quantum confinement effect. Using low-temperature 

aqueous chemical method, the ZnO nanorods arrays were grown on the buffer 

layers prepared at various temperatures. The nanorods were grown along [0001] 

direction. The PL measurement indicated that the emission spectrum covered a 

UV peak at ~ 380 nm and a broad visible band at ~ 560 nm. The PL spectra of 

the ZnO nanorods are independent on the growth temperature of the buffer layer. 

Moreover, the buffer-layer-thickness-dependent structural and optical properties 

were studied. 

The as-grown ZnO nanorods were utilized to fabricate hybrid LED with an 

organic semiconductor, N, N‟-diphenyl-N, N‟-bis(1-naphthyl)-1, 1‟-biphenyl-4, 

4‟-diamine (α-NPD), which is one of the most widely used hole transport and 

blue-emitting organic semiconductors. Current-voltage characteristics of the 

devices exhibited nonlinear rectifying behaviour. The EL spectra of the hybrid 

LEDs reveal a blue and broad yellowish green emission originated from the α-

NPD layer and the defect levels of the ZnO respectively. The origin of the 

emission bands from the hybrid structures will be examined.
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Chapter 1 Introduction 

1.1  Wide band gap semiconductors 

After the first generation of the semiconducting electronic material for silicon 

(Si), a great amount of effort has been made to develop other kinds of 

semiconductors. The most common example is the III-V compound 

semiconductors. These compounds, including GaAs, GaP, InP and their alloys, 

open a potential market in high performance optoelectronic devices as well as 

digital systems [1]. 

The next generation of semiconducting materials is emerging from research areas 

which focus on the wide band gap semiconductors. Such materials have band gap 

energies greater than 2.3 eV (comparing with Si, ~ 1.1 eV). The examples of 

these semiconductors are silicon carbide (SiC), aluminum nitride (AlN), gallium 

nitride (GaN), zinc oxide (ZnO) and zinc selenide (ZnSe). 

The devices utilized the wide band gap will have an improved operating 

characteristics comparing with those made from Si and GaAs, especially at high-

power and high-temperature applications. The materials with wide band gap 

energies have usually high operating temperature because of the contribution 

from the intrinsic carrier concentration [2]. The intrinsic carrier concentration at 

high temperature depends on the band gap energy: 

             
   

   
) 

where ni is intrinsic carrier concentration, NC effective state density in the 

conduction band, NV is effective state density in the valence band, Eg is band gap 
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energy, k is Plank‟s constant and T is absolute temperature. The intrinsic 

concentration in wide band gap energy reached limit at higher temperature. 

Therefore, wide band gap semiconductors have the potential to operate at high 

temperature. In addition, devices made from the wide band gap semiconductors 

can be used for the short-wavelength emitter, such as blue light-emitting diodes 

(LEDs), UV LEDs, UV laser diodes, UV detector and other devices. 

1.2  General properties of ZnO 

ZnO is a direct band gap semiconductor. It has a wurtzite hexagonal structure, 

which is similar to GaN, a widely used UV photonic material. The lattice 

constants of a-axis and c-axis are 0.324 nm and 0.517 nm respectively. It is a 

very stable semiconductor even at the temperature near its melting point at ~ 

1975 ℃, making ZnO stable in device processing at high temperature. ZnO is 

able to grow at relatively low temperature because of self-assembly mechanism. 

Therefore, it can directly grow on different types of substrates, including 

crystalline and amorphous substrates. Moreover, ZnO has a wide band gap of ~ 

3.37 eV at room temperature. Indeed such optical properties can be utilized for 

the short wavelength optoelectronic applications such as including LEDs, laser 

diodes (LDs) and UV detectors. Actually, ZnO has a number of advantages over 

GaN. The growth temperature of ZnO is lower than that of GaN. ZnO has a 

higher exciton binding energy (60 meV) than GaN (28 meV). This exciton 

binding energy is useful for the efficient UV optoelectronic application at room 

temperature (kT = 26 meV). In addition, the larger exciton binding energy than 

thermal energy at room temperatures ensures that the excitonic emission is 

significant at room temperature or well above room temperature. As a result, the 
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practical lasers with low thresholds at high operating temperature are possible. 

Moreover, the optical gain in ZnO (300 cm
-1

) is higher than GaN (100 cm
-1

) at 

room temperature. The low-threshold UV lasing of bulk ZnO at low temperature 

and thin films at room temperature [3-5] have been reported. 

ZnO is more resistant to radiation damage than GaN, indicating the potential for 

space-based applications [6]. ZnO can also be easily etched by acid thus wet 

chemical processing is possible. Table 1 summarizes the properties of ZnO and 

the typical wurtzite structure is illustrated in Fig. 1.1.  

 

Figure 1.1 Wurtzite structure of ZnO. 
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Physical property Value 

Lattice constant at 300 K  

a 0.32495 nm 

c 0.52069 nm 

c/a 
~ 1.602 (for ideal hexagonal structure, 

1.633) 

Density 5.606 g/cm
3
 

Melting point 1975 
o
C 

Heat capacity 0.494 J/gK 

Linear expansion coefficient a = 6.5 x 10
-6

 /
o
C 

 c = 3.0 x 10
-6

 /
o
C 

Static dielectric constant 8.656 

Refractive index 2.008, 2.029 

Energy band gap at 300 K 3.37 

Exciton binding energy 60 meV 

Exciton Bohr radius 2.03 nm 

Intrinsic carrier density < 10
6
 cm

-3
 

Electron effective mass 0.24 mo 

Electron Hall mobility at 300 K for low 

n-type conductivity 
200 cm

2
/Vs 

Hole effective mass 0.59 mo 

Hole Hall mobility at 300 K for low p-

type conductivity 
~ 5 to 50 cm

2
/Vs 

Table 1-1 General properties of ZnO [7]. 

1.3  Doping of ZnO 

The intrinsic ZnO is unintentionally n-type conduction. It is widely believed that 

the intrinsic defects are mainly originated from zinc interstitial (Zni) and oxygen 
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vacancy (VO), which are generally the sources of donors in ZnO. In recent years, 

there has been a controversy about the dominant native shallow donor in ZnO. 

The previous research [8] showed that the Zni is dominated in shallow donors 

rather than VO. On the other hand, it was recently reported that hydrogen atoms 

can act as hydrogen-related donors [9] such as hydrogen substitution (HO) and 

hydrogen interstitial (Hi) [9, 10]. 

Intentional n-type doping of ZnO can be accomplished by using group III, IV, VI 

and VII elements. Among these elements, group III elements such as Al, Ga and 

In are the common materials to substitute Zn ions. Doping with Al [11], Ga [12] 

and In [13], it can produce high conducting n-type ZnO with the carrier 

concentration as high as > 10
20

 cm
-3

. Many research groups have attempted Al 

and Ga doping for electron injector in LEDs and transparent ohmic contacts. 

As for p-type doping, it still remains a challenge. The most important concern is 

to fabricate p-type ZnO with low resistivity and high carrier concentration. Since 

ZnO intentionally shows n-type properties, the acceptors may be self-

compensated by native defects such as Zni and VO. In order to grow p-type ZnO, 

large amount of efforts have been devoted to make higher acceptor concentration 

than the unintentional donor concentration. The acceptors in ZnO mostly include 

group I elements such as Li [14-16], Na [17], Ag [18] and group V elements such 

as N [19], P [20], As [21,22], Sb [23]. It is possible to substitute either group I 

elements for Zn sites, or group V elements for O sites. In spite of difficulty in p-

type doping, ZnO-based homojunction LEDs have been demonstrated in recent 

years [24-27], and the results achieved so far are valuable and encouraging. This 

will be described in more detail in Chapter 2. 
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1.4  Motivation 

At present, many works have been reported on the fabrication and 

characterization of ZnO thin films. In order to realize the ZnO-based 

optoelectronic devices, however, several key issues must be understood and 

overcome. The challenges include the fabrication of the device-quality films, 

enhancement of the electrical conduction and doping for n- and p-type 

conductivity.  

Apart from thin films, it has been reported that the utilization of ZnO 

nanostructures can improve significantly the performance of optoelectronics 

devices such as transistor, solar cells and LEDs. Even the growth condition and 

properties of ZnO nanostructures have been extensively studied, the relationship 

between the growth conditions and optical properties is still uncertain. 

This project aims at fabricating ZnO and Al doped ZnO thin films. The structural, 

electrical and optical properties of the films as a function of the growth condition 

have been investigated systematically. By finding the optimized growth 

conditions, the ZnO films were used to fabricate heterojunction LEDs. Besides, 

ZnO nanorods have been synthesized by a low-temperature aqueous method. The 

structural and optical properties of the nanorods have been studied against the 

buffer layer thicknesses and the growth temperatures of the buffer layers. Hybrid 

LEDs utilizing ZnO nanorods and organic semiconductor were fabricated. 

1.5  Thesis overview 

In Chapter 1, an introduction of wide band gap semiconductor and ZnO is 

provided. The doping of ZnO is introduced as well. The motivation of this 
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project is also included. 

In Chapter 2, a wide range of ZnO fabrication methods are briefly introduced. 

Various ZnO nanostructures and their fabrication approaches are presented. The 

working mechanism of LED will also be introduced. 

The experimental and characterization details are described in Chapter 3. The 

filtered cathodic vacuum arc (FCVA) technique is also introduced in this chapter. 

In Chapter 4, the structural, electrical and optical properties of the ZnO and 

ZnO:Al films as a function of growth condition are studied. The effects of doping 

concentration on the electrical and optical properties of the ZnO:Al films are 

discussed. 

In Chapter 5, heterojunction LEDs based on ZnO:Al, ZnO and p-GaN:Mg has 

been demonstrated. The origin of the emission is discussed. 

The fabrication of the ZnO nanorods is presented in Chapter 6. The setup for the 

nanorods growth will be included. The structural and optical properties of the as-

grown ZnO nanorods with different buffer layer thicknesses and deposition 

temperatures are investigated in this chapter. 

In Chapter 7, hybrid LEDs based on the ZnO nanorods and organic 

semiconductor are demonstrated. 

In Chapter 8, the findings of the ZnO thin films and nanorods are concluded and 

the future work is discussed. 
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Chapter 2 Literature review 

2.1  ZnO thin films 

ZnO has been widely used in both industry and research area for several decades. 

As mentioned in Chapter 1, it possesses several properties including 

semiconductor, luminescent, photoconductivity and photochemical behaviors. 

Hence, a wide range of applications such as piezoelectric transducers, sensors, 

heat mirror and surface acoustic wave devices, etc. are available. 

The first fabrication of ZnO films with wurtzite structure was reported in 1983 

using CO2 laser ablation of ZnO powder target [28]. The ZnO films exhibited 

high (0002) orientation with smooth surface and good optical transparency. 

Subsequently, high quality single crystalline ZnO grown by vapor-phase [29], 

melt method [30] and hydrothermal [31] have been reported. Other deposition 

approaches, including evaporation [32], sputtering technique [33], chemical 

vapor deposition [34], molecular beam epitaxy (MBE) [35], pulsed laser 

deposition (PLD) [36], sol gel method [37] and ion-assisted reactive deposition 

[38] have also been successfully developed.  

In the pursuit of growing high-quality ZnO thin films, vacuum arc deposition 

technique was reported in the recent year. This technique is realized by directing 

the arc plasma onto substrate that is generally placed normal to the plasma flow 

direction. Tetrahedral amorphous carbon (ta-C) [39], carbon nitride (CN) [40], 

aluminum oxide (Al2O3) [41] and other metallic and oxide films are prepared by 

this technique. The deposition temperature can be as low as 50-400 
o
C, or even at 

room temperature. The principle of the vacuum arc is based on the concentration 
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of the current at the cathodic spots when electrical discharge occurs. These 

cathodic spots consist of electrons, metal atoms and microsized droplets of the 

cathode materials with extremely high current density. The plasma is then 

produced at the non-stationary cathode spots, following by the plasma expansion 

from the cathode spots in the vacuum [42]. Generally, the plasma beam has a 

high ion energy ranged from 20-100 eV, depending on the cathode materials and 

ion mass. The high ion energies of the condensing atoms are one of the 

significant features of vacuum arc deposition and it is critically important to the 

materials properties of the deposited film because it provides a pseudo 

temperature for film growing. Hence, it results in high film quality because of the 

enhanced surface atom mobility and high adhesion energy. By controlling the ion 

energy, films morphology and structure can be optimized [43]. 

In addition to the high ion energy, high ionization and multiple ion charge states 

are also critical to the vacuum arc deposition. The cathode material in the plasma 

beam is normally fully ionized and it allows the formation of a relatively high 

fraction of multiple-charged ions. The distribution of the ion charge states can be 

adjusted by magnetic fields, current transients and arc current [44]. It had been 

reported that the enhancement of the ions charge states can be achieved by 

increasing the arc voltage utilizing the transient processes that accompany arc 

current spike [45]. Exploiting the vacuum arc deposition, the ZnO and Al doped 

ZnO films were deposited by filtered cathodic vacuum arc technique in this 

project. The detail of the deposition system is described in Chapter 3. 

2.2  ZnO nanostructures 

Due to the development of science and technology, considerable research efforts 
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have been put at synthesizing materials in nanometer scale. Understanding the 

physical and chemical properties related to low dimensionality helps explore 

their possible applications in nanoelectronic devices. 

Nanotechnology is not only a simple process for miniaturization from micro-

meter scale down to nanometer scale. Materials in nanoscale exhibit unique 

physical properties owing to size dependent effect. The example is the variation 

of band gap energy of semiconductors with materials dimension. In order to 

realize the novel properties and potential applications, the fabrication of 

nanostructures become very important. There are two approaches for 

synthesizing nanostructure: top-down and bottom-up. The former refers to 

milling and attrition in making nanoparticles while the latter to the build-up of 

materials atom by atom on the basic unit. 

A variety of ZnO nanostructure morphologies have been reported, such as 

nanowires, nanorods, nanobelts, nanoribbons and tetrapods [46]. Fig. 2.1 shows 

some examples of the morphologies of ZnO nanostructures. The fabrication of 

ZnO nanostructures can be divided into two types. The first type is spontaneous 

growth approach. In this approach, the nanostructures are synthesized without 

any template, but by using metal catalysts or self-catalyzed. The most common 

used metal catalyst is Au, which provides advantage for aligned and selective 

area growth [47]. Another approach is a template-based synthesis. Before the 

growth, a porous template, for example, an alumina is prepared on the substrate. 

The well-aligned nanowires or nanorods are synthesized within the voids, and 

then the template is etched. In other words, the diameters and lengths of the 

nanowires depend on the size of the void. Aligned nanorods can also be obtained 
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by hydrothermal method without any metal catalyst [48]. The degree of 

alignment and the aspect ratio is shown to be dependent on the seed layer used 

and the fabrication condition such as growth time and temperature [49]. On the 

other hand, the growth of ZnO nanostructures by vapor deposition is typically 

influenced by temperatures of the source and the substrate, source-to-substrate 

distance, the heating rate and gas flow rate. The effects of these factors on the 

ZnO morphologies have been studied [50]. 

Other chemical route methods including sol-gel and biomineralization methods 

were also used to fabricate ZnO nanowires [51-53]. Brien et al. reported a new 

approach for the growth of ZnO nanorods by thermal decomposition of zinc 

actate inorganic solvent in the presence of oleic acid [54]. This method can 

produce relatively monodisperse ZnO nanorods with the length of 40-50 nm and 

diameter of ~ 2 nm. 

 

Figure 2.1 Representatives of ZnO nanostructures [55]. 
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2.3  Development of ZnO-based light-emitting diodes 

During the past decades, ZnO-based materials have been emerged as promising 

materials for optoelectronic devices from the UV to visible range. At the early 

stage, several studies have been conducted to investigate the potential 

semiconductors such as GaN, ZnO, SiC and ZnSe for solid-state lighting. The 

first ZnO-based LED was reported in 1974 using metal-insulator-semiconductor 

(MIS) configuration [56]. The sample used in their experiment was made from 

single crystal ZnO grown by hydrothermal synthesis, and the SiO acted as an 

insulating layer. With the continuous development, several approaches have been 

realized to fabricate the ZnO-based LEDs. 

2.3.1  Homojunction LEDs 

In spite of the difficulty of p-type doping of ZnO, ZnO-based p-n homojunction 

LEDs is the most concerned issue for the fabrication of high efficiency devices. 

In 2000, Aoki et al. [57] reported the first homojunction LEDs. In their work, p-

type ZnO was made by thermal evaporation of Zn3P2 onto the ZnO single 

crystal substrate, and followed by the laser annealing under the nitrogen 

atmosphere in order to make P atoms diffuse into ZnO. Their homojunction 

LEDs can emit weak UV and greenish-blue bands. However, it is difficult to 

control the doping concentration of the ZnO in this approach. Xu et al. [58] 

demonstrated the growth of the p-type nitrogen-doped ZnO on the ZnO substrate 

by plasma-assisted MOCVD. Diethyl zinc was used as the source of the zinc and 

NO plasma acted as the sources of O and N. Room temperature EL of their LEDs 

exhibited a weak UV emission peaked at ~ 375 nm and a broad emission at ~ 450 

nm. Despite of the encouraging results; there is still a comparable room for 
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improvement. 

2.3.2  Heterojunction LEDs 

In order to avoid the p-type doping of ZnO, other p-type semiconductors such as 

GaN, p-Si, 4H-SiC and other conducting oxides are employed to form ZnO-

based p-n junction LEDs. Among them, GaN-based material is the most common 

used p-type semiconductor because of the smaller lattice mismatch (< 1.8 %) of 

ZnO. Due to the compatibility of these two materials, ZnO/GaN heterostructure 

have been exploited beyond LED application. However, there have been also 

several attempts to fabricate the heterojunction LEDs by depositing p-type ZnO 

on various n-type semiconductors. Mandalapu et al. [59] fabricated 

heterojunction LEDs by depositing Sb doped p-type ZnO on the n-type Si 

substrate. Hwang et al. [60] reported on the growth and device properties of p-

ZnO/n-GaN heterojunction LEDs on a (0001) sapphire substrate. 

2.3.3  p-i-n heterojunction LEDs 

To improve the optical characteristics, a thin single crystal or insulating layer was 

inserted in the p-n junction. Tsukazaki and co-workers [61] demonstrated p-

ZnO:N/i-ZnO/n-ZnO:Ga heterojunction LEDs by MBE technique in 2005. The 

ZnO layer acted as an emission layer for the devices. However, the UV emission 

was very weak. In 2006, J. G. Lu et al. used ZnCdO film as an intrinsic layer to 

fabricate ZnO-based p-i-n heterojunction LEDs. The reason of using ZnCdO is 

due to the narrower band gap energy as compared to the n- and p- type ZnO so 

that it can increase the probability of electron-hole recombination within that 

layer. In addition, double and triple heterojunction LEDs were demonstrated. 

Ohashi et al. [62] reported a ZnO-based double heterojunction LEDs which 
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consisted of n-type ZnO cap layer, n-type Mg0.12Zn0.88O cladding layer, n-type 

Zn1-xCdxO emission layer and and p-type N doped Mg0.12Zn0.88O on 4H-SiC 

substrates. The red emission peaked at ~ 650 nm was appeared at the current of 

120 mA. Osinsky et al. [63] fabricated an MgZnO/ZnO/AlGaN/GaN triple 

heterostructure and a UV emission was obtained at ~ 390 nm which was 

attributed to the recombination at the ZnO/AlGaN interface. 

2.3.4  ZnO-based multi-quantum well LEDs 

The multi-quantum well structure effectively limits non-radiated recombination 

and confined the electron-hole pairs. Ryu et al. [25] demonstrated ZnO-based 

LEDs that employed seven quantum wells composed of Be0.2Zn0.8O/ZnO well 

layers. The EL of the devices located at ~ 363 nm, ~ 388 nm and 550 nm. The 

primary emission was originated from the localized exciton emission in the 

quantum wells and the secondary peak was from the impurity-bound exciton 

emission in ZnO. 
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Chapter 3 Experimental and 

Characterization Methods 

3.1  Filtered cathodic vacuum arc (FCVA) technique 

The vacuum arc is a plasma discharge between two metallic electrodes in 

vacuum. The plasma generated by the arc has a large concentration of metal ions. 

The origin of vacuum arc deposition was first purposed by Thomas Edison in 

1892 [64]. The first “modern” study of the properties of metal coatings deposited 

from vacuum arc was initiated by Kikishi et al in 1965 [65]. Subsequently, the 

interest in cathodic arc deposition as an alternative technique arises greatly to 

understand the plasma process and its properties related to high quality films 

growth. 

In addition to the generation of plasma, the arc discharge also produces small 

droplets referred to macroparticles due to their large mass compared with the 

ionized plasma. These macroparticles may prevent the application of the arc 

deposition process to the areas of optical and microelectronics. To reduce or 

eliminate macroparticles, considerable efforts have been made in the past 

decades. Brandolf [66] suggested the use of a shield which is placed between the 

substrate and arc source. It was found that the number of macroparticles decrease 

although the growth rate is low. To improve the efficiency of macroparticles 

removal, Aksenov et al. [67] designed a magnetic filter in the cathodic vacuum 

arc system. The plasma is guided by a curved magnetic filter to the substrate 

located beyond the line-of-sight of cathode. Macroparticles move along almost 

line-of-sight trajectories due to their inertia and therefore they will be separated 

from the plasma and removed through the magnetic filtering. The recent 
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development of magnetic filter is to use off-plane double bend filter, which 

consists of a stainless steel quarter torus with a copper coil wound outside, 

allowing non-line-of-sight path between the arc source and the substrate [68, 69]. 

To date, this deposition technique is well known as filtered cathodic vacuum arc 

(FCVA). 

There are several advantages of FCVA over other deposition techniques. The 

high kinetic energy of deposition species makes the film self-densification so that 

the film can be grown at low temperature, or even at room temperature. The 

FCVA is available for large area deposition with a careful control of plasma. The 

films prepared by FCVA exhibit excellent adhesion and high density. Moreover, 

FCVA technique is based on ion beam deposition by which no by-products are 

made on the substrates. This technique is currently well recognized as a cost 

effective and prevailing deposition technique of a wide range of application from 

microelectronics to protective coatings. 

The schematic diagram of an off-plane double bend FCVA system is depicted in 

Fig. 3.1. The system mainly consists of three parts. They are cathodic arc source, 

plasma-filtering duct and deposition chamber. The cathodic arc source contains 

power supply, arc trigger, cathode, the target and target cooling system. An 

electromagnetic field coupled with the radial electric field on the toroidal duct is 

formed to confine and guide the plasma to the substrate and filter out the 

macroparticles. During the deposition, the chamber is pumped down to the 

desired pressure by rotary and turbo pump system. 
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 Figure 3.1 Schematic diagram of FCVA system. 

 

Zn and ZnAl (with 5 and 7 at% of Al) alloy targets were used as the cathodic 

materials and high purity (99.99%) oxygen gas was used as a reactant gas. 

Before the deposition, the chamber base pressure was kept at about 5 x 10
-6

 Torr. 

When the arc trigger is struck on the metallic target with an arc current of 50 A, 

energetic plasma ions are formed from the metallic target. The plasma ions are 

steered by a magnetic field produced by the copper coils wrapped around the 

filter. During the deposition, the magnetic field was kept at ~ 15 mT. Oxygen is 

introduced into the chamber near the filtering duct so that the metal-oxide plasma 

can be formed. The oxygen flow rate was monitored by a mass flow meter. The 

oxygen partial pressure in the deposition process is kept at 2.0 mTorr. The ZnO 

and ZnO:Al films were prepared at substrate temperatures ranging from room 

temperature to 400℃. 
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3.2  Characterization methodology 

3.2.1  X-ray diffraction (XRD) 

X-ray diffraction (XRD) is one of the most widely used non-destructive 

techniques for characterizing crystalline materials, which provides information 

on structures, phases and preferred crystal orientations. All the XRD 

measurements were carried out by Cu Kα (wavelength = 0.154 nm) radiation on 

Bruker D8 Advanced X-ray diffractometer with an accelerating voltage and 

current of 40 kV and 40 mA, respectively. The films were characterized by θ-2θ 

scan mode. In this mode, the position of X-ray source is fixed. When the sample 

on the stage rotated through an angle of θ, the detector scans over an angle of 2θ 

correspondingly. The interplanar spacing d and the diffraction angle θ can be 

related by Bragg‟s diffraction equation 

         

where   is the wavelength of X-ray. For hexagonal structure, the relationship 

between the interplanar spacing and lattice constant a and c is given by: 

       
 

 
              

 

 
   

3.2.2  Film thickness measurement 

The thickness of all the ZnO and ZnO:Al films were measured by an α-step 

surface profiler (KLA-Tencor P-10) which has a resolution of 1 nm. This system 

is used to measure the height of a small step which is not more than 3 μm. By 

moving the stylus horizontally, it experiences a sudden drop (or rise) at the edge 
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such that the electrical signal is generated and detected. The displacement is 

determined via the calibration process. The applied load of the stylus should be 

very low in order to avoid damaging the film surface. The schematic diagram of 

the surface profiler is shown in Fig. 3.2. 

 

Figure 3.2 Schematic diagram of the surface profiler. 

3.2.3  Scanning electron microscopy (SEM) 

In surface morphology studies, scanning electron microcopy (SEM) is a useful 

technique for material characterization because of large depth of field and high 

magnification power. In our project, field emission scanning electron microscopy 

(FESEM) – JEOL JSM-633F was used for examining the cross section of the thin 

films and morphology of the as-grown nanorods. The SEM images are obtained 

from secondary electrons detection. The secondary electrons are detected by 

Everhart-Thornley detector. The accelerating voltage used is 5 kV. Since ZnO is 

a semiconductor which can conduct electricity, gold coating is not necessary. 

3.2.4  Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is one of the precise techniques for 

microstructure characterization of thin films as well as nanostructures. It 

generally provides information on size, shape and arrangement of atoms within 
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the sample. TEM consists of an electron gun, objective lens and condenser lens. 

High-speed electrons emit from the electron gun when applying extremely high 

accelerating voltage. The condenser-lens system is used to adjust the electron 

illumination uniformly on the specimen. After passing through the condenser 

lens, a first image is formed by objective lens, followed by further magnification 

from intermediate and projector lenses. An entire image is then formed on the 

fluorescent screen. In this work, the detailed study of nanorods was performed by 

using JOEL JEM-2010 Electron Scanning microscope operating at 200 kV. 

3.2.5  Atomic force microscopy (AFM) 

The surface roughness and crystal size of the thin films can be revealed by using 

atomic force microscopy (AFM) (Nanoscope IV AFM). The working principle of 

AFM is based on the intermolecular force between the tip and the specimen 

surface. The schematic diagram of an AFM setup is shown in Fig. 3.3. The AFM 

consists of a sharp tip at the end of a flexible cantilever, which places several 

nanometers above the sample surface. The coordinate of the tip is determined by 

a laser source connected by a photodiode. When the tip is scanning along the 

surface, the cantilever deflects due to the roughness. The tip-surface interaction is 

monitored by reflecting laser beam off the back of cantilever into the photodiode 

detector. The photodiode records the change of the spot position and hence 

results in difference of output voltage, following by the determination of the 

oscillation amplitude. There is a feedback circuit to maintain a constant 

separation between the tip and surface in order to avoid the damage of both the 

tip as well as the sample. 
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Figure 3.3 Schematic diagram of the AFM. 

3.2.6  Hall effect measurement 

The importance of the Hall effect is emphasized by the determination of carrier 

concentration, mobility of carriers and the electrical resistivity in semiconductors. 

The theory of Hall effect is based on the Lorentz force characteristics of a 

charged carrier. When the free carriers (electrons or holes) are experienced an 

electric field, the carriers move by the electrostatics force. A magnetic field is 

applied perpendicular to the moving charges, inducing a Lorentz force which 

makes the trajectory of the carriers bending. The Lorentz force drives and 

accumulates the carriers to one side. The Hall voltage can be determined when 

we measure the potential difference across the two edges of the sample. Once the 

Hall voltage is defined, the resistivity, carrier density and mobility in the 

semiconductor can be calculated accordingly. In this project, the transport 
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properties of the ZnO and ZnO:Al films were studied using van der Pauw 

method by Hall effect measurement system (ECOPIA AMP-55) at room 

temperature. Prior to measurement, the indium contacts were placed at the four 

corners of the samples and the Ohmic characteristics of the samples were tested. 

3.2.7  Transmittance 

Transmittance of the thin films was measured by a Shimadzu UV-2100PC UV-

VIS Scanning Spectrophotometer. The spectrophotometer has a broad light 

source wavelength ranged from 200 nm to 900 nm. The transmittance T can be 

calculated by the ratio of transmitted intensity I to incident intensity Io, 

  
 

  
 

From the transmittance spectrum, the absorption coefficient   can be converted 

by the following equation, 

   
 

 
    

where d is the thickness of the film. 

Since the band gap energy     and absorption coefficient has the following 

relationship, 

          

   can be estimated by plotting        against photon energy hv and 

extrapolation of the curve to         . The value of n is dependent on the 

transition mechanism. n can be 0.5 and 2 for indirect and direct transition energy 
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bands respectively. 

3.2.8  Photoluminescence (PL) 

Photoluminescence (PL) is an important technique to study the electronic band 

structure and measure the purity of semiconductors. In the process, the specimen 

is excited to higher energy state by absorbing photons. Then it relaxes to a lower 

energy state and re-radiates photons. The radiation of the specimen depends on 

the band gap energy. The PL system used is a fluorescence spectrometer 

(Edinburgh Instrument) with a model of FLSP920. The samples were excited by 

a continuous Xenon lamp (at 324 nm) at room temperature. The radiative 

emission was obtained from the samples surface, and was detected by PMT 

detector (Model: R928) with a spectral range from 200 to 870 nm.
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Chapter 4 Characterization of the 

ZnO and ZnO:Al thin films 

4.1  Effects of substrate temperature 

4.1.1  Structural properties 

It is well known that ZnO films are highly textured with the c-axis orientation 

perpendicular to the surface of the substrate. The XRD results indicate that our 

ZnO and ZnO:Al films grown on different temperatures are all c-axis orientation. 

However, the growth condition has considerable effects on the crystal structure 

of the films. In this section, the crystal structures of the films are investigated as 

a function of substrate temperature. 

The crystal quality of the ZnO films prepared at various temperatures is 

examined. Fig. 4.1 (a) depicts the XRD spectra of the films as a function of 

substrate temperature. All XRD peaks are perfectly indexed and they are 

corresponding to ZnO wurtzite structure with predominately c-axis (002) 

orientation. For the film deposited at room temperature, a multiple peaks of (100), 

(002), (101), (102) and (110) appear in the spectrum. When the substrate 

temperature increases to 400 
o
C, the (002) peak become dominated and the other 

peaks are disappeared. The full width at half maximum (FWHM) of the (002) 

peak decreases from 0.30
o
 to 0.22

o
 when the substrate temperature increases 

from room temperature to 400 
o
C. This indicates that the grain size is enlarged 

with the increase of substrate temperature. With the reduction of grain size, the 

higher surface to volume ratio can result in more surface related defects. Hence, 

the ZnO films deposited at room temperature exhibit poorer crystallinity.  
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Cross-sectional SEM micrograph of the ZnO film prepared at the substrate 

temperature of 200 
o
C is shown in Fig. 4.1 (b). The film shows a high degree of 

alignment of the columnar structure, confirming the c-axis growth direction. 

Polly and Carter [70] reported the ZnO films deposited by combustion chemical 

vapor deposition. Their films deposited at 177 
o
C and 289 

o
C were amorphous 

with deep void within the structures. There are no amorphous phases and voids in 

the films prepared by the FCVA, even the films prepared at room temperature are 

polycrystalline and exhibit columnar structure. This is likely due to the energetic 

species in FCVA, which gives rise to the activation of surface diffusion and 

formation of dense films. Fig. 4.1 (c) depicts the AFM image of the surface 

morphology of the ZnO films. The scan area is 3 x 3 μm. The result shows the 

smooth ZnO film surface and the small grains. 
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Figure 4.1 (a) XRD spectra of ZnO films prepared at different substrate 

temperatures. (b) Cross-sectional SEM image and (c) AFM image 

of the ZnO film deposited at 200 
o
C. 

The (002) peak position (2θ (002)) as a function of substrate temperature is plotted 

in Fig. 4.2. The 2θ (002) evidently increased from 34.26∘at room temperature to 

34.55∘at the substrate temperature of 400 
o
C. Some researchers also reported 

the shifts of 2θ (002). Chen et al. [71] reported that the 2θ (002) of ZnO:Al films 

increased from 34.02∘to 34.33∘with the temperature increased from room 

temperature to 250 
o
C and then decreased to 34.43∘at 350 

o
C. Gupta et al. [72] 

showed that the 2θ (002) of ZnO films increased when the temperature increased 

and they proposed the variation of 2θ (002) is due to the stresses in the films. In 



Characterization of the ZnO and ZnO:Al thin films   

The Hong Kong Polytechnic University  

  Luk Chi Man   27 

our experiment, we suggest the change of 2θ (002) and the lattice spacing d(002) are 

originated from stress within the films.  

Figure 4.2 Variation of 2θ(002) of ZnO films against substrate temperature. 

The lattice constant of the ZnO prepared at different temperatures is shown in Fig. 

4.3. It is shown that the lattice constant of the ZnO film deposited at room 

temperature is larger as compared to the standard data of single crystalline ZnO. 

This indicates a compressive stress acted in the X-Y plane of the film and the 

unit cell was elongated along c-axis. When the substrate temperature increased, 

the lattice constant of c-axis also decreased and the compressive stresses became 

weaker. 
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Figure 4.3 Lattice parameter of c-axis of the ZnO films against substrate 

temperature. 

The crystallinity of the Al doped ZnO films prepared under different substrate 

temperatures was investigated. The film prepared at room temperature shows 

(100), (002) and (110) peaks from the XRD spectrum, as shown in Fig. 4.4. 

Similar to the ZnO, only (002) peaks was dominated at the substrate temperature 

of 200 
o
C and above. The FWHM of the (002) peak decreases from 0.32

o
 to 0.24

o
 

as the substrate temperature increased to 400 
o
C.  
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Figure 4.4 XRD spectrum of the ZnO:Al films against substrate 

temperature. 

 

Figure 4.5 Variation of 2θ(002) of the ZnO:Al films against substrate 

temperature. The inset is a comparison of the variation of 2θ(002) 

of ZnO and ZnO:Al. 
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The variation of 2θ (002) of the ZnO:Al films against substrate temperature is 

shown in Fig. 4.5. The peak is shifted from 34.4
o
 to 34.6

o
 when the substrate 

temperature is increased from room temperature to 300 
o
C, and then it reduces to 

34.55
o
 at 400 

o
C. The inset depicts a comparison of the 2θ (002) position of the 

ZnO and ZnO:Al films. With the Al doping, the peaks locate at higher diffraction 

angle. This observation is consistent with the results obtained by Park et al. [73], 

who observed 0.4
o
 shift to higher diffraction angle when they substituted 3 and 5 

at.% Al in ZnO:Al films. They ascribed to the difference ionic radii of Zn
2+

 and 

Al
3+

 ions. The ionic radius of Al
3+ 

is 53 pm, which is smaller than that of Zn
2+ 

(72 

pm). The substitution replacement of Al ions leads to higher diffraction angle and 

the lattice parameter of c-axis is expected to be shorter. However, Xu et al. [74] 

observed a reverse shift as the (002) peak position changed to lower value as 

compared to their ZnO thin films. They concluded that the films were in a 

uniform state of stress with a tensile component parallel to c-axis. 

The lattice parameter c of the ZnO:Al films grown at different substrate 

temperatures is shown in Fig. 4.6. The lattice constant c decreases when the 

substrate temperature increases. Comparing with the result of the ZnO, the lattice 

parameter c of the ZnO:Al appears shorter even at 200 
o
C and 400 

o
C the c-axis 

of the ZnO:Al is fragmentally longer than ZnO. It indicates that Al ions substitute 

into Zn-O sites and cause a reduction of c-axis. 
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Figure 4.6 Lattice parameter of c-axis of the ZnO:Al against substrate 

temperature. The inset is a comparison of the lattice parameter of 

ZnO and ZnO:Al. 

4.1.2  Electrical measurement 

All the transparent ZnO and ZnO:Al films exhibited n-type conductivity. The 

high conductivity of the films mainly results from the stoichiometric deviation 

[71]. Generally, the conduction electrons are supplied from donor sites associated 

with oxygen vacancies or zinc interstitial. These donor sites can be easily 

obtained by chemical reduction or intentional doping. For ZnO films, the 

conduction characteristic is dominated by electrons generated from O
2-

 vacancies 

or Zn interstitial atoms [73]. The electrical conduction of the ZnO:Al films is 

attributed to Al
3+

 ions on substitution sites of Zn
2+

 ions and Al interstitial atoms 

in addition to oxygen vacancies and zinc interstitial atoms. The electrical 

conductivity can be influenced by the growth condition, in particular the 
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substrate temperature and oxygen pressure.  

The resistivity, carrier concentration and Hall mobility of the ZnO films prepared 

at different temperatures is shown in Fig. 4.7. The carrier concentration increases 

about one order of magnitude when the substrate temperature increases from 

room temperature to 400 
o
C. Park et al. [73] attributed the variation of carrier 

concentration with substrate temperature to the different amount of oxygen 

vacancies within the films. In our FCVA system, the distance between the 

substrate holder and the oxygen outlet is quite long (~ 25 cm). The oxygen gas 

completely reacts with zinc plasma and it will form ZnO before reaching the 

substrate. The amount of oxygen nearby the substrate will therefore decrease. 

The reduced oxygen atmosphere helps oxygen outdiffusion at higher temperature, 

leading to decrease of amount of oxygen content in the films. Hence, the oxygen 

deficient drastically increases the number of interstitial zinc atoms and oxygen 

vacancies and in turn the carrier concentration. 

The variation of Hall mobility with the substrate temperatures can be explained 

in terms of two scattering mechanism: free carrier scattering and grain boundary 

scattering. The free carrier scattering is dominated when the Hall mobility 

decreases with the increase of carrier concentration. On the other hand, when the 

Hall mobility increases with the increase of carrier concentration, the grain 

boundary scattering governs. As shown in Fig. 4.7, the Hall mobility and carrier 

concentration continuously increases with the substrate temperature. Hence, we 

can conclude that the grain boundary scattering dominates for the free carrier 

transport. The resistivity of the ZnO films reduces when the substrate 

temperature increases. 
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Figure 4.7 Carrier concentration, Hall mobility and resistivity of the ZnO 

films as a function of substrate temperature. 

The carrier concentration, Hall mobility and resistivity of the ZnO:Al films with 

the substrate temperatures is shown in Fig. 4.8. It is shown that the carrier 

concentration with the Al doping is higher than the undoped ZnO. This increase 

may come from the donor concentration increase resulting from the Al doping. 

The Hall mobility of the ZnO:Al films has a similar trend to the undoped ZnO, 

while the Al doping enhances the Hall mobility of the films. The resistivity of the 

ZnO:Al films is lower than that of the ZnO films because of the contribution 

from Al
3+

 ions on substitutional sites of Zn
2+

 ions and Al interstitial atoms. 
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Figure 4.8 (a) Carrier concentration, (b) Hall mobility and (c) resistivity of 

the ZnO and ZnO:Al films against substrate temperatures. 

4.1.3  Optical measurement 

4.1.3.1 Transmittance 

Fig. 4.9 (a) shows the dependence of transmittance of the ZnO films prepared at 

various substrate temperatures. For all the films, a high transmittance of about 

90% was obtained in the visible wavelength regions. The oscillations in the 

spectrum are caused by optical interference on the smooth surface. A steep falloff 

is observed at around 370 nm for all the films, which is a characteristic of high 

crystal quality film. High transmittance is also observed for the ZnO:Al films, as 

shown in Fig. 4.9 (b). 
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Figure 4.9 Optical transmittance spectrum of the (a) ZnO and (b) ZnO:Al 

films prepared at various substrate temperatures. 

4.1.3.2 Photoluminescence 

The room temperature PL spectra of the ZnO films are plotted in Fig. 4.10. The 

PL shows a sharp near band edge emission at the wavelength of ~ 375 nm, which 

is dominated by free exciton recombination. There is a broad deep level emission 
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band at ~ 520 nm when the substrate temperature increases to 300
o
C and above. 

Nevertheless, the high intensity ratio of near band edge emission to deep level 

emission indicates that the ZnO films have high crystal quality. In addition, the 

high carrier concentration in our films may help improve the excitonic 

luminescence by passivating deep defect level and non-radiative centers [75]. As 

the substrate temperature increases, the peak position of the excitonic emission 

shifts from 372 to 379 nm and it implies that the band gap narrowing effect 

occurred as the substrate temperature increases. Moreover, a broader emission 

peak is observed at the temperature of 300 
o
C and above. It is thought that the red 

shift of the UV peak emission is caused by the microstructural change in crystal 

and some surface states, defect and dangling bonds could be considered as the 

causes of the band tail. [76] 

 

Figure 4.10 Room temperature PL spectra of the ZnO films deposited at 

different substrate temperatures. 
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Fig. 4.11 shows the room temperature PL of the ZnO:Al films. The spectra were 

measured at the same condition as the ZnO films. As shown in the spectra, the 

ZnO:Al films illustrate a UV peak at ~ 365 nm, which is shorter than those from 

ZnO films. The results agree well with the observation from the optical 

transmittance measurements. The PL spectra of all the ZnO:Al films exist an 

emission band tail extend to ~ 420 nm. The emission band tail of the ZnO:Al 

films may be due to the conduction band tail which usually occurred in heavily 

doped semiconductor [77]. 

 

Figure 4.11 Room temperature PL spectra of the ZnO:Al films deposited at 

different substrate temperatures. 

4.2  Effects of doping concentration 

4.2.1 Electrical properties 

Fig. 4.12 shows the plot of the carrier concentration, Hall mobility and resistivity 

of the ZnO:Al films prepared with ZnAl targets of various Al contents. The films 
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were deposited at the substrate temperature of 200 
o
C. The carrier concentration 

increases with increasing Al content, leading to the reduction of the resistivity. As 

a result, the Hall mobility increases with the Al content. It is believed that the 

increase of the carrier concentration comes from the ionization of the Al into Al
3+

 

and replacement with Zn
2+

. Hence, more free electrons are produced from the 

zinc atoms replacement. 

 

Figure 4.12 (a) Carrier concentration, (b) Hall mobility and (c) resistivity as a 

function of Al content. 

4.2.2 Transmittance 

Fig. 4.13 (a) shows the transmittance spectra of the ZnO:Al films with various Al 

contents. The overall transmittance of the films is ~ 90%, indicating that the high 

transmittance is not affected by Al doping. It is observed that the falloff in the 
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transmittance spectra is shifted toward shorter wavelength region when 

increasing the Al doping. The blueshift of the absorption edge of ZnO:Al films is 

associated with the Burstein-Moss effect. Using the transmittance data near the 

absorption edge, the energy band gap can be estimated by plotting the square of 

absorption coefficient as a function of photon energy, as shown in Fig. 4.13 (b). 

The transformation from transmittance to absorption coefficient is described in 

Chapter 3. Doping the ZnO with Al increases the energy band gap from 3.38 to 

3.53 eV. 
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Figure 4.13 (a) Transmittance of the ZnO:Al films with various Al contents and 

(b) square of the absorption coefficient as a function of photon 

energy for the ZnO:Al films. 
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4.2.3 Photoluminescence 

The dependence of the PL emission on Al doping concentration is also studied. 

As shown in Fig. 4.14, the peak of near bad edge emission of the films has a blue 

shift to shorter wavelength as the Al doping concentration increases. For the pure 

ZnO, the near band edge emission is located at around 375 nm. It then shifts to 

~360 nm as the Al doping concentration increases to 7 at%. It is believed to be 

Burstein-Moss shift due to the doping of Al in the ZnO films. 

It is also observed that the PL bands are broadened with increasing Al doping 

concentration. It is probably that defect states may be created when the ZnO 

films are doped with Al, allowing for the electron hole recombination through the 

defect states. 

 

Figure 4.14 Room temperature PL spectra of undoped ZnO, ZnO (3 at%), 

ZnO:Al (5 at%) and ZnO:Al (7 at%). 
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4.3  Summary 

The undoped and Al doped ZnO thin films were deposited at different substrate 

temperatures on SiO2/Si substrate by the FCVA technique. The structural 

investigation shows that all the films exhibit c-axis orientation. The carrier 

concentration and Hall mobility of the films increase with the substrate 

temperature. As for the optical properties, both the ZnO and ZnO:Al films have a 

high transmittance of ~ 85% in the visible region. The PL results of the ZnO 

exhibits a UV emission at ~ 375 nm. For the ZnO:Al films, a shorter emission 

wavelength is observed which indicates the broadening of the energy band gap. 

Doping the ZnO with Al enhances the electrical conductivity and causes the PL 

band as well as the bandgap broadening. 
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Chapter 5 Fabrication and 

characterization of 

heterojunction light-emitting 

diodes 

5.1  Introduction 

In the previous chapter, we have studied the properties of the ZnO and ZnO:Al 

films. A strong UV emission was obtained from all the films. Therefore, ZnO-

based LEDs can be fabricated. Although the ZnO-based p-n homojunction LEDs 

have been demonstrated [78], the reproducible and reliable production of p-type 

ZnO films with high carrier concentration and hole mobility remain a challenge. 

In order to avoid p-type doping of ZnO, heterojunction LEDs have been 

fabricated by growing ZnO films onto p-type material. A number of groups have 

employed p-Si to fabricate n-ZnO/p-Si heterojunction LEDs due to the low-cost 

fabrication. [79,80]. However, the reported EL emissions were observed in the 

broad visible range due to defect-related deep level emission. Meanwhile, p-GaN 

or p-AlGaN have been widely used because of their similar physical properties 

and small lattice mismatch (~ 1.8%) with ZnO. Some researchers have fabricated 

n-ZnO/p-GaN heterojunction LEDs by various techniques such as radio 

frequency (rf) sputtering [81] and molecular beam epitaxy (MBE) [82]. However, 

the emissions from these ZnO/GaN LEDs are usually weak because of the 

formation of nonradiative center at the interface. It is desirable to use low-

temperature grown ZnO films prepared by vacuum arc deposition for ZnO based 

LEDs. This is because such technique is characterized by high ion energy and 
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high kinetic energy of growing precursors, which play an important role in the 

realization of low temperature deposition [16], as described in Chapter 2. In this 

chapter, we fabricate n-ZnO:Al/i-ZnO/p-GaN heterojunction LED, utilizing the 

films prepared at low deposition temperature. It is shown that the ZnO film has 

high crystal quality and the heterojunction LED exhibits UV emission peak at 

room temperature. 

5.2  Fabrication 

A 300 nm of ZnO film were deposited on GaN:Mg/Al2O3 by the FCVA 

technique. The apparatus of the FCVA system is described in Chapter 3. During 

the deposition, the substrate temperature was set at 200℃ and the oxygen 

pressure was kept at 2 mTorr. The advantage of using such temperature is that 

this temperature can grow the films with good optical properties. A ZnO:Al (7%) 

layer of thickness of 200 nm was deposited on ITO glass by the FCVA technique 

with the same deposition conditions as the ZnO film. A Zn target with 7 at% of 

Al was employed in this deposition process. Because of its lower resistivity (< 5 

  10
-4

 Ωcm), higher carrier concentration (> 1   10
20 

cm
-3

) and wider bandgap (~ 

0.15 eV), the ZnO:Al (7%) acts as a transparent electrons injector. Fig. 5.1 shows 

the schematic diagram of the heterojunction LED. The electrical and optical 

characteristics of the n-ZnO:Al/i-ZnO/p-GaN:Mg heterojunction LED were 

measured by vertical contact approach, at which contacting the n side of the LED 

to the ZnO:Al (7%)-deposited ITO glass. This configuration is able to avoid 

metallization on the ZnO:Al (7%) of the LED, suggesting that the fabrication 

process can be simplified and the device can be recycled for other processes [83]. 
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Finally, Ohmic contact to the ZnO:Al films and GaN:Mg were made by applying 

ITO layer and indium film respectively.  

 

Figure 5.1 Schematic diagram of the heterojunction. 

5.3  Current-voltage characteristics 

Fig. 5.2 shows the room temperature current-voltage (I-V) characteristics of the 

heterojunction LEDs. The device shows nonlinear rectifying behavior. The I-V 

characteristics of the ZnO:Al/ITO and GaN:Mg/In contact are shown in the inset 

of Fig. 5.2. The GaN:Mg/In contact shows a fairly linear I-V curve, while the 

ZnO:Al/ITO exhibits a excellent linear characteristics. This indicates that the 

rectifying diode-like behavior is originated from ZnO/GaN:Mg heterojunction. 

The ideality factor n can be calculated from Shockley‟s Law [84]: 

         
  

   
          (1) 

where IS is saturation current, q is the electrical charge, k is Boltzmann constant 

and T is the temperature (=300 K). n is calculated to be approximately 4 for the 
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device. It can be seen from these data that the I-V characteristics of the structure 

are comparable to the previous works [61, 85].  

 

Figure 5.2 I-V characteristics of the heterojunction. The insets show n- and 

p-type ohmic contacts. 

5.4  Electroluminescence 

The EL spectra of the heterojunction LEDs under various forward-bias voltages 

are shown in Fig. 5.3. It is observed that the device is dominated by UV emission 

peaked at around 370 nm with a long tail extending to around 470 nm at various 

bias voltages. It should be noted that no emission is observed at the reverse bias. 

The FWHM of the LEDs is about 9 nm. Although a number of research have 

reported UV EL emission of LEDs, the reported FWHMs of the EL peaks are 

usually quite large, which are ranged from ~ 17 to 180 nm [79, 86-88]. 

By enlarging the UV regime in the EL spectra, it is seen that the EL spectra 
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consist of two components, as shown in Fig. 5.3 (b). The Gaussian fittings were 

conducted and the curves depict that there are two emission peaks which are 

dominated at ~ 369 nm and ~ 377 nm. In order to understand the origin of the 

UV emission, the PL spectra of the ZnO:Al (7%), ZnO and GaN:Mg films were 

carried out. Fig. 5.4 shows the PL spectra of the corresponding layers. The PL of 

the ZnO is peaked at around 375 nm, while that of the ZnO:Al (7%) is at ~ 364 

nm. For the GaN:Mg films, the PL spectrum contains a strong blue emission 

band at ~ 440 nm associated with the transition from the conduction band to the 

Mg acceptor level [89], and a weak UV emission at ~ 378 nm. By the 

comparison of the PL and EL spectra, the Gaussian peak at ~ 369 nm is likely to 

be attributed to the ZnO:Al films, whereas the ~ 377 nm peak is emerged from 

the ZnO films. On the other hand, the UV emission might not be originated from 

the GaN:Mg because the UV emission from the PL is relatively weak. Hence, it 

is believed that the EL emission is emerged from the ZnO and ZnO:Al (7%).  

In addition, the light-voltage curve is depicted in Fig. 5.5. The turn-on voltage is 

around 7 V. Large turn-on voltage might be attributed to high Ohmic contact 

resistance and interface defect between ZnO:Al (7%) and ZnO or ZnO and 

GaN:Mg. 
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Figure 5.3 (a) EL spectra under various bias voltage and (b) Gaussian 

fitting of the EL spectrum obtained at 20 V. 
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Figure 5.4 PL spectra of the ZnO, ZnO:Al (7%) and GaN:Mg films. 

 

Figure 5.5 EL intensity as a function of the biased voltages. 
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The UV EL mechanism can be explained by using energy band structure of the 

heterojunction devices. The band diagram of the n-ZnO/i-ZnO/p-GaN:Mg 

heterostructure is drawn using Anderson Model, as shown in Fig. 5.6. The 

bandgap energy for ZnO is assumed as about 3.3 eV and 3.51 eV for GaN:Mg. 

The electron affinity (χ) for ZnO and GaN:Mg is about 4.35 and 3.9 eV 

respectively. From the diagram, the energetic barrier for electrons is ∆EC = 

χ(ZnO) –χ(GaN:Mg) = 4.35 – 3.9 = 0.45 eV, while the holes barrier ∆EV = Eg(ZnO) + 

∆EC - Eg(GaN:Mg) = 3.3 + 0.45 – 3.51 = 0.24 eV. It is shown that the electrons 

barrier is much higher than holes barrier, inferring that the holes can drift from 

GaN:Mg to ZnO through the barrier and the recombination takes place in the 

ZnO region. 

Moreover, the observation of the two UV emission peaks from the ZnO:Al (7%) 

and ZnO films might be due to the radiative recombination at the interface 

between the two films. The electron flow in the ZnO and ZnO:Al (7%) are 

relative large, compared with the hole injection of GaN:Mg. The use of the 

vertical contact geometry can reduce the electron injection from the ZnO:Al 

(7%). Enhanced hole injection from the GaN:Mg to ZnO and ZnO:Al (7%) could 

compensates for the electron-hole injection asymmetry caused by the large 

difference of the carrier concentrations. 
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Figure 5.6 Energy band diagram of the heterojunction. 

5.5  Summary 

The n-ZnO:Al/i-ZnO/p-GaN:Mg heterojunction LEDs have been fabricated. The 

structure shows a nonlinear rectifying behavior. The LEDs exhibited room 

temperature EL, showing the UV emission band. The UV band is attributed to 

the radiative recombination within the ZnO:Al (7%) and ZnO films because of 

the compensation for the difference of carrier concentrations by vertical contact 

approach. 
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Chapter 6 Synthesis of ZnO 

nanorods and their optoelectronic 

properties 

6.1  Introduction 

In the last few chapters, we have considered the fabrication and characterization 

of the ZnO thin films. Indeed, the ZnO-based nanostructures for optoelectronic 

applications have attracted much attention. Over the past few years, various ZnO 

one-dimensional nanostructures including nanowires [90], nanorods [91, 92], 

nanobelts [93, 94] and nanotubes [95] have been synthesized by different 

approaches. The approaches include metal-organic chemical vapor deposition 

(MOCVD) [96], CVD [97], thermal evaporation [94], pulsed laser deposition 

(PLD) [98], solution method [99] and template-based growth technique [100].  

The solution method has been widely used to synthesize ZnO nanowires and 

nanorods due to its simplicity, low cost and fewer apparatuses. In this chapter, 

fabrication and characterization of ZnO nanorods via low-temperature chemical 

aqueous method were carried out. In order to utilize the as-grown nanorods, 

hybrids LEDs were fabricated with the organic semiconductor. The origin of 

emission of the LEDs will be studied. 

6.2   Experimental 

The ZnO nanorods were grown on the SiO2/Si substrate. Before the growth of 

nanorods, the substrates were cleaned by acetone and isopropyl alcohol in 

ultrasound bath for 15 minutes respectively, and then were dried in air. A ZnO 

buffer layer with the thickness of ~ 20 nm was deposited on the substrates by the 
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FCVA technique, as described in Chapter 3. The substrate temperature was 

adjusted from room temperature to 400 
o
C. The oxygen flow rate was kept 

constant at 40 SCCM. 

In order to prepare the mixture, 2.97 grams of zinc nitrate hexahydrate (Zn 

(NO3)2·6H2O) powder and 1.42 grams of hexamethyl tetramine (C6H12N4) were 

added to deionized water so that the 0.1 M of Zn (NO3)2·6H2O and 0.1 M of 

C6H12N4 mixtures were obtained. Subsequently, the two mixtures were added 

together. Fig. 6.1 shows the setup for the growth of the ZnO nanorods. The 

substrates were placed into the solution and heated at the temperature of 95 
o
C. 

The growth time of the ZnO nanorods is 1 hour. The samples were taken away 

from the solution and rinsed by deionized water in order to wash away the ZnO 

clusters.  

 

Figure 6.1 (a) Schematic diagram of the experimental setup for the growth 

of the ZnO nanorods and (b) Photograph of the setup. 
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6.3  Effects of buffer layer growth temperature 

6.3.1  Structure characterization 

Fig. 6.2 shows the XRD spectra of the ZnO nanorods grown on the buffer layers 

which are prepared at various temperatures. When the buffer layer is deposited at 

room temperature, a multiple peaks including (100), (002), (101) and (102) are 

observed from the spectra. As the substrate temperature increases, only (002) 

peak is dominated, which indicates that the ZnO nanorods grow along c-axis 

orientation. At high temperature, the improvement of the crystallinity of the ZnO 

buffer layer may lead to the enhanced crystal quality of the nanorods. 

 

Figure 6.2 XRD spectra of the ZnO nanorods deposited on buffer layers 

prepared at various substrate temperatures. 

Fig. 6.3 shows the SEM images of the ZnO nanorods on the ZnO buffer layer 

deposited at various substrate temperatures. It is shown that the orientation of the 
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nanorods is affected by the growth temperatures of the buffer layers. At the low 

growth temperature, the nanorods align in different directions. The higher degree 

of alignment and converge density are observed when the buffer layer was 

deposited at higher temperature. At 400 
o
C, the nanorods become well-aligned 

perpendicular to the substrate. The observation is consistent with the XRD results. 

The quality of the buffer layer has a considerable effect on the alignment of the 

ZnO nanorods. 

In addition, it is experimentally shown that the buffer layer is essential for the 

growth of ZnO nanorods by solution method. If the nanorods were grown 

without such a layer, they would be oriented randomly and adhered inadequately 

on the substrate. The difference between the region with and without buffer layer 

is shown in Fig. 6.4. 
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Figure 6.3 SEM images of the ZnO nanorods grown on the buffer layer 

deposited at (a) room temperature, (b) 100 
o
C, (c) 200 

o
C, (d) 300 

o
C and (e) 400 

o
C. The insets show the cross-section view of the 

nanorods. 

 

Figure 6.4 (a) SEM image shows the nanorods without buffer layer. (b) 

Difference between the region with and without buffer layer. 

The TEM image of an individual ZnO nanorod is shown in Fig. 6.5 (a). The 

average diameter of the nanorods is about 70 nm with a sharp morphology. The 
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lengths of the nanorods are ranged from 600 nm to 1μm. Fig. 6.5 (b) and (d) 

illustrate a preferential (002) orientation of a nanorod with its interplanar 

distance of ~ 0.26 nm. The result is confirmed by the select area electron 

diffraction pattern (Fig. 6.5 (c)), indicating the single crystalline structure of the 

nanorods. 

 

Figure 6.5 (a) TEM image of a single ZnO nanorod and its corresponding 

HRTEM image is shown in (b). (c) Selected area electron 

diffraction pattern of the ZnO nanorods. (d) The magnified region 

in (b) shows the [0002] orientation and the lattice spacing of the 

nanorods. 
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6.3.2  Photoluminescence 

In order to investigate the optical properties of the ZnO nanorods, PL 

measurement was carried out at room temperature. Fig. 6.6 (a) depicts the PL 

spectra of the ZnO nanorods grown on the buffer layers deposited at various 

temperatures. All the samples exhibit a UV emission and a broad green emission 

band. The UV emission is peaked at around 380 nm which is originated from the 

exciton recombination corresponding to the near band edge emission. This free 

exciton recombination is generally come from the exciton-exciton collision [101, 

102]. The green emission band is due to the point defects and such as oxygen 

vacancies, zinc interstitial or other impurities, which may be resulted from the 

recombination of a photogenerated hole with an electron associated with singly 

ionized oxygen vacancy [103, 104]. 

The PL intensity ratio of UV emission to the green emission band (IUV/IVisible) is 

shown in Fig. 6.6 (b). The average ratio is determined to be about 0.26. The 

results indicate that the PL of the ZnO nanorods only slightly depends on the 

buffer layer quality. 
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Figure 6.6 (a) PL spectra of the ZnO nanorods on the buffer layer deposited at 

various temperature and (b) PL intensity ratio of UV emission to 

visible band as a function of the buffer deposition temperature. 

6.4  Effects of buffer layer thickness 

6.4.1  Structural characterization 

Fig. 6.7 shows the XRD spectra of the ZnO nanorods with various thicknesses of 

the buffer layer. The buffer layer prepared at the substrate temperature of 400 
o
C 

was used to investigate the thickness dependence. The (002) peak intensity 

increases with the buffer layer thickness, which shows that the degree of 

preferential c-axis orientation enhances with increasing the thickness of the 

buffer layer. The thicker buffer layer is made of stacking many preferred c-axis 

grains perpendicular to the substrate and favors the growth of the nanorods along 

c-axis [105]. 

On the other hand, the 2θ(002) value decreases from 34.6∘to 34.52∘when the 

buffer thickness increases from 20 to 100 nm. This may be attributed to the 

distribution of microstrain generated between the buffer layer and nanorods for 

thicker buffer layer. 
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Figure 6.7 XRD spectra of the ZnO nanorods with different thicknesses of 

buffer layer. The inset shows the peak shift with the buffer layer 

thickness. 

Fig. 6.8 illustrates the SEM images of the ZnO nanorods grown on different 

buffer thicknesses. Hexagonal shapes are observed in the plan-view SEM images. 

The nanorods grown on the thicker buffer layer have higher degree alignment of 

the columnar structures, making the nanorods growing close to each other and 

merge with the neighbor rods by the oriented attachment mechanism [106]. 

However, it can be found from the SEM images that the buffer layer thickness 

does not have major effect on the length and diameter of the nanorods. 
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Figure 6.8 SEM images of the ZnO nanorods grown on the buffer layer with 

the thickness of (a) 20 nm, (b) 50 nm and (c) 100 nm. The inset 

shows the cross-sectional view of the nanorods. 

6.4.2  Photoluminescence 

The PL emission of the ZnO nanorods with different buffer layer thicknesses was 

also investigated. As shown in Fig. 6.9 (b), the IUV/IVisible increases when the 

buffer layer thickness increases from 20 to 50 nm. This finding is attributed to 

the fact that the quality of the nanorods is enhanced with the thicker buffer layer. 

However, the IUV/IVisible reduces with further increasing the thickness. Comparing 

with the XRD results, the strongest XRD peak occurs at the nanorods grown on 

the 100 nm-thick buffer layer, whereas the degraded PL is observed at that buffer 

thickness. The possible reason of the discrepancy between the XRD and PL 
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might be due to the microstrain-induced change of structure in the ZnO nanorods. 

The structural change in the nanorods might result in crystalline defects. 

 

Figure 6.9 (a) PL spectra of the ZnO nanorods on the buffer layer with the 

thickness of (a) 20 nm, (b) 50 nm and (c) 100 nm. (b) PL intensity 

ratio of UV emission to visible band as a function of the buffer 

layer thickness. 

6.5  Summary 

In summary, the ZnO nanorods were synthesized by the chemical aqueous 

method at 95 
o
C. The effects of buffer layer grown temperature and thickness 

were studied. All the samples exhibited strong (002) orientation. At higher 

deposition temperature, the high degree of alignment and converge density of the 

nanorods were obtained. With the increase of the buffer layer thickness, the 

degree of preferential c-axis growth of the nanorods was enhanced due to the 

contribution of the grains in the buffer layer. PL measurement showed that all the 

nanorods demonstrated a UV emission at ~ 380 nm and a broad defect related 

green emission band. The PL intensity IUV/IVisible ratios were determined as a 

function of the buffer layer grown temperature and thickness. The growth 
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temperature of the buffer layer has minor effect on the PL emission of the 

nanorods. On the other hand, the reduction of the IUV/IVisible ratio was observed 

for the nanorods with the thicker buffer layer. 
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Chapter 7 Fabrication and 

characterization of hybrid light-

emitting diodes 

7.1  Introduction 

Zinc oxide (ZnO) is a promising semiconductor for light-emitting diodes (LEDs) 

[107-110] and laser diodes (LDs) [111]. The reason for the use of ZnO is not only 

due to its optical properties, but also the existence of deep-defect levels which 

can emit various colors covered from ultraviolet (UV) to visible spectrum. 

Electrically and optically pumped ZnO-based devices have been demonstrated 

[107-110]. Among these results, the ZnO films grown on various substrates such 

as p-GaN [107], p-NiO [108], p-SiC [109] and p-Si [110] have been widely 

investigated. Long et al. [108] have fabricated ZnO/NiO heterojunction LEDs 

which exhibited UV emission peaked at ~ 370 nm. In recent years, ZnO-organic 

hybrid LEDs have attracted world-wide attention. It has been shown that 

inorganic and organic semiconductors are able to form a device to realize 

emission from both kinds of materials [112]. Bolink et al. [113] fabricated 

ZnO/organic LEDs with the use of poly(9,9-dioctylfluorene-co-benzothiadiazole) 

(F8BT). Zhao et al. [114] prepared ZnO/MEH-PPV heterostructure LEDs and 

the devices exhibited a sharp UV emission and a broad visible emission. 

Subsequently, electroluminescence (EL) from ZnO/PFO hybrid LEDs have been 

reported by Bano et al [115]. They found a white light emission from 450 nm to 

620 nm under forward bias. 

On the other hand, ZnO can be processed in large variety of nanostructures 
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which can be grown on substrate without the need of lattice matching. ZnO 

nanorods may offer advantages for light emission due to the improved carrier 

confinement and increased junction area in 1-D nanostructures [116, 117]. The 

growth of ZnO nanorods can be performed by either high-temperature [118] or 

low-temperature (<100℃) [119, 120] growth techniques. It is preferred to use 

low-temperature approach to grow ZnO nanorods because it is possible for the 

fabrication of electronic and photonic devices on plastic substrates. Nadarajah et 

al. [121] reported EL from flexible ZnO/organic LEDs. In their work, ZnO 

nanowires were electrodeposited at 80℃ on flexible polymeric substrate. The 

combination of low-temperature grown ZnO nanorods and organic 

semiconductor likely provides an alternative approach for the fabrication of solid 

state lighting devices. In this chapter, we synthesized the ZnO nanorods onto Si 

substrate by low-temperature aqueous chemical method. The as-grown ZnO 

nanorods were then utilized to fabricate hybrid heterojunction LEDs with a p-

type organic N, N‟-diphenyl-N, N‟-bis(1-naphthyl)-1, 1‟-biphenyl-4, 4‟-diamine 

(α-NPD). The α-NPD used here is one of the most widely used hole transport and 

blue-emitting organic semiconductors. 

7.2  Fabrication 

Fig. 7.1 shows the fabrication process of the hybrid LED. Prior to the ZnO 

nanorods growth, the Si substrate was cleaned by acetone and isopropyl alcohol 

in ultrasound bath for 15 minutes respectively, then it was etched by HF (10%) 

acid to remove the native oxide on the Si surface. After cleaning, a ~ 20 nm-thick 

ZnO buffer layer was deposited onto the n-type doped Si substrate by filtered 

cathode vacuum arc technique. During the deposition, the oxygen flow rate and 
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substrate temperature were kept at 40 SCCM and 200 °C, respectively. The ZnO 

nanorods were then directly grown on the buffer layer. The growth method is 

described in detail in Chapter 3. After the growth of the nanorods, polymethyl 

methacrylate (PMMA) was spin-coated onto the ZnO nanorods in order to 

insulate the uncovered ZnO buffer layer area. A α-NPD layer of ~ 150 nm was 

directly deposited on the top of the ZnO nanorods by thermal evaporation 

without substrate heating. Finally, a molybdenum trioxide (MoO3) layer and an 

Al electrode (anode) with thicknesses of ~ 10 nm and ~ 100 nm, respectively 

were evaporated onto the samples. Ag paste was used as the bottom electrode 

(cathode) of Si. The use of a thin MoO3 layer has been shown to enhance the hole 

injection between the electrode and organic layer [122] and to act as a protective 

layer of organic material [123]. Instead of Si, the similar structures were also 

fabricated on the ITO glass with the same condition, except that the ITO glass 

was cleaned by oxygen-plasma with a power of about 20 W under the partial 

pressure ranged from 400 to 500 mTorr to remove the surface contamination. 

 

Figure 7.1 Fabrication process of the hybrid structure.
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7.3  Structural properties of the ZnO nanorods 

The SEM images of the ZnO nanorods are shown in Fig. 7.2. A large scale and 

uniform ZnO nanorods are grown on the Si, as shown in Fig. 7.2(a). The inset 

depicts that the ZnO nanorods have a hexagonal geometry with a smooth top 

surface. The diameter of the ZnO nanorods is in the range from 50 to 90 nm. The 

cross sectional SEM image (Fig. 7.2(b)) reveals clearly that the ZnO nanorods 

are grown on the ZnO buffer layer and are synthesized predominantly 

perpendicular to the Si substrate along c-axis orientation. The average length of 

the nanorods is about 1 μm. The aspect ratio, which defines as the length of a 

nanorod divided by the width, is calculated to be around 15. 

 The SEM image of the ZnO nanorods grown on the ITO glass is illustrated in 

Fig. 7.2 (c). The morphology and alignment of the as-grown nanorods on ITO 

glass appears different from those on Si substrate. The nanorods grown on the Si 

likely aligned better than those on ITO glass, probably depending on the 

roughness of the substrate. 

The XRD pattern of the ZnO nanorods is shown in Fig. 7.2 (d). All the 

diffraction peaks can be indexed to the hexagonal wurtzite structure of ZnO. The 

intensity of (002) peak is the strongest among those peaks, verifying high crystal 

quality and preferable c-axis orientation. 
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Figure 7.2 (a) The top view and (b) cross section SEM images of the as-

grown ZnO nanorods. (c) The ZnO nanorods grown the ITO glass. 

(d) XRD pattern of the ZnO nanorods grown on the Si. 

7.4  Electrical properties of the hybrid structures 

The room-temperature I-V characteristics of the diodes are shown in Fig. 7.3 (a). 

It is observed that both diodes exhibit rectifying diode-like behavior. The turn-on 

voltage of the α-NPD/ZnO/Si diode is ~ 3.4 V, which is ~ 0.9 V lower than that 

of the α-NPD/ZnO/ITO diode. The inset of Fig. 7.3 (a) depicts the I-V 

characteristic of the Al/MoO3 contacts deposited onto the α-NPD. The 

configuration of the measurement of Al/MoO3/α-NPD is demonstrated in Fig. 7.3 

(b). The distance between the two electrodes is 1.5 mm. The I-V curve of the 

Al/MoO3/α-NPD shows a fairly ohmic behavior. Hence, it can be proved that the 

rectifying diode-like behavior is mainly due to the formation of p-n junction 

between the ZnO nanorods and the α-NPD layer. On the other hand, the 
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measured leakage current of the ZnO/α-NPD/Si structure at reverse bias voltage 

of -14 V is less than ~ 70 μA, which is lower than that of ZnO/α-NPD/ITO 

structure (~ 0.15 mA). This is because a thin SiOx might be formed between the 

ZnO buffer layer and Si substrate during the growth of ZnO buffer layer. The 

SiOx layer at the ZnO/n-Si interface acts as a Schottky barrier and hence the 

electron might tunnel from the n-Si valence band to ZnO conduction band at 

reverse bias. 

 

Figure 7.3 (a) Room temperature I-V characteristics of the α-NPD/ZnO/Si 

and α-NPD/ZnO/ITO heterojunction LEDs. (b) The 

configuration of the α-NPD contacts ohmic measurement. 
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7.5  Optical properties 

7.5.1  Photoluminescence 

Fig. 7.4 depicts the room temperature PL spectra of the ZnO nanorods and α-

NPD layer. The PL spectrum of the α-NPD exhibits a strong blue peak at ~ 440 

nm. For the nanorods, the spectrum shows a sharp ultraviolet (UV) emission at ~ 

380 nm and a broad visible emission at ~ 560 nm. The UV emission is generally 

ascribed to near-band-edge emission commonly related to free exciton 

recombination through exciton-exciton collision. As for the origin of the 

yellowish green emission, it is typically attributed to deep-level emission 

associated with the recombination of photon generated holes with intrinsic defect 

complexes, which likely include zinc or oxygen vacancy complexes [124]. 

 

Figure 7.4 PL spectra of the (a) ZnO nanorods and (b) α-NPD layer. 

7.6  Electroluminescence 

The EL spectra from the hybrid LEDs at different forward-biased voltages are 



 Fabrication and characterization of hybrid light-emitting diodes  

The Hong Kong Polytechnic University  

  Luk Chi Man  71 

shown in Fig. 7.5. It is observed that at the biased voltage of ~ 15 V, a broad blue 

emission emerges from the EL spectrum with a band at ~ 464 nm. The emission 

intensity increases as the biased voltage increases. The EL spectrum obtained for 

the diode is fitted by three Gaussian curves which are dominated by 467 nm, 520 

nm and 633 nm, as shown in Fig. 7.5 (c). The EL peaks are comparable to the PL 

spectra of the ZnO nanorods and α-NPD layer. The blue emission at 467 nm is 

emerged from the α-NPD layer. This agrees well with the previous report [125]. 

On the other hand, the emission at 520 nm (green) and 633 nm (orange-red) can 

be associated with the intrinsic deep level defects in ZnO. The origin of green 

band is the most investigated and the most controversial band in ZnO. The 

variation of green emission may be resulted from different intrinsic defects such 

as zinc vacancy (VZn), oxygen vacancy (VO), interstitial zinc (Zni), interstitial 

oxygen (Oi) and antisite oxygen (OZn). Sun et al. [126] theoretically predicted the 

intrinsic defect levels in ZnO. The calculated defect energy level is illustrated in 

Fig. 7.5 (e). It is shown that the energy interval from the bottom of conduction 

band to OZn is consistent with the energy of green emission (2.38 eV) in our 

experiment. On the other hand, the energy interval (2.28 eV) between the bottom 

of conduction band and Oi approximately confirms the green band. However, the 

probability of forming Oi is relatively low due to the larger diameter of oxygen 

atom as compared to zinc atom. Hence, we suggest that the green emission is 

associated with the electron transition from the bottom of conduction band to OZn 

level. The orange-red emission is ascribed to the transition from Zni level to OZn 

level. 

Because the green luminescence has also been shown to appear at the interface of 

ZnO/Si heterojunction LEDs [127], hybrid LEDs on the ITO glass were prepared 
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to identify the emission. The corresponding EL spectrum is shown in Fig. 7.5 (b). 

The turn-on voltage for the α-NPD/ZnO/ITO heterojunction LED is lower than 

that of the LED grown on Si. It might be due to the high carrier injection in the 

ITO as compared to that of Si. The Gaussian fitting of EL spectrum obtained 

from the diode is shown in Fig. 7.5 (d). The EL spectrum is dominated at 477 nm, 

552 nm and 640 nm, which is similar to the spectrum of the α-NPD/ZnO/Si diode. 

Hence, it is confirmed that the green luminescence is attributed to the deep-

defect level of ZnO nanorods and the EL spectrum is substrate-independent. 
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Figure 7.5 EL spectra of the (a) α-NPD/ZnO/Si and (b) α-NPD/ZnO/ITO 

structures. (c) and (d) Gaussian fitting of the EL spectrum of the 

corresponding diodes. (e) Calculated deep-defect level energy 

diagram of ZnO. 

In order to understand the mechanism of the light emission, the EL of the hybrid 

LED is examined by using energy-band diagram, as shown in Fig. 7.6. The band 

gap energy of ZnO (3.36 eV) is nearly equivalent to that of α-NPD (3.1 eV). The 

energy affinities of Si, ITO, ZnO and lowest-unoccupied molecular orbital 

(LUMO) of α-NPD can be assumed to be 4.05 eV [128], 4.5 eV [129], 4.35 eV 



 Fabrication and characterization of hybrid light-emitting diodes  

The Hong Kong Polytechnic University  

  Luk Chi Man  74 

[130] and 2.5 eV [131], respectively. For ZnO/α-NPD interface, it is shown that 

the energy band offsets between conduction band-lowest-LUMO (~ 1.9 eV) and 

valence band-highest occupied molecular orbital (HOMO) (~ 2 eV) are 

comparable, suitable for charge transfer from organic to inorganic semiconductor, 

or from inorganic to organic semiconductor. Under large forward-bias voltage, 

holes can be injected from the HOMO of the α-NPD to the valence band of the 

ZnO. Electrons excited to the conduction band of the ZnO can be relaxed 

nonradiatively to the trap-level states and radiatively recombined with holes near 

the valence band of the ZnO. At the same time, electrons from the conduction 

band of the ZnO can be injected to LUMO of the α-NPD, and radiatively 

recombined with holes in the HOMO of the α-NPD. According to the PL and EL 

spectra of the ZnO nanorods and α-NPD, it is suggested that both electron and 

hole transfer are dominated for radiative emission. On the other hand, for the 

ZnO/α-NPD/Si heterojunction, the valence band offset (> 2 eV) between ZnO 

and Si is relatively large. With the replacement of Si with ITO, the valence band 

offset between the ZnO and the ITO becomes as small as ~ 0.3 eV. Hence, holes 

are able to tunnel through the barrier of the valence band of the ZnO for the 

ZnO/α-NPD/ITO heterojunction, leading to larger leakage current under reverse 

bias. 
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Figure 7.6 Energy band diagram of the α-NPD/ZnO/Si (a) and α-

NPD/ZnO/ITO (b) heterojunction under forward bias. 

On the other hand, the EL from the organic component can be explained by 

Föster energy transfer from inorganic to organic component [132]. Such concept 

has been used to achieve light amplification in optically pumped organic layer 

[133]. The basic idea of this approach is to utilize the electrical pumping of 

inorganic material to produce the luminescence of organic material when the EL 

spectrum of the inorganic layer overlaps the absorption spectrum of the organic 

layer. Consequently, it results in a strong coupling of inorganic layer excitation to 

the adsorption dipole of organic layer. In this case, the α-NPD has a broad 

absorption band in UV regime [125]. However, the emission from the α-NPD 

layer is not likely due to the absorption from the ZnO nanorods because the 

dominant EL band of the ZnO is weaker than the absorption band of the α-NPD. 

Hence, the EL from the organic layer is attributed to the radiative recombination 

of the electron-hole pairs in both organic and inorganic layers. 
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7.7  Summary 

Hybrid p-n heterojunction LEDs were fabricated using ZnO nanorods and 

organic semiconductors. The diodes exhibited a rectifying diode-like behaviour. 

The EL of the devices revealed a blue emission originated from the organic 

material as well as yellowish-green emission due to the deep-defect levels from 

the ZnO nanorods. It is believed that the emission is originated from the radiative 

recombination of the injected carriers in both organic and inorganic components.
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Chapter 8 Conclusion and 

recommended future works 

8.1  Conclusion 

In this project, the ZnO and ZnO:Al thin films were deposited on SiO2/Si by 

FCVA technique at various substrate temperatures. The in-depth studies were 

carried out to investigate the structural, electrical as well as optical properties of 

the ZnO and ZnO:Al films. The crystal quality of the films was enhanced with an 

increase in substrate temperature. The electrical resistivity of the films decreased 

gradually when the substrate temperature increased. PL measurement was carried 

out to study the optical quality. All the samples exhibited a UV emission band at 

room temperature, which is associated with free excitonic recombination. The 

broadening of the PL spectra was observed with increasing doping concentration 

due to the Burstein-Moss shift. Transmittance spectra showed that all the films 

exhibited a high transparency (~ 85 %) in the visible regions. The energy band 

gap was determined in accordance of the transmittance spectra. 

The ZnO and ZnO:Al (7%) films were utilized to fabricate  a heterojunction LED 

by vertical contact approach. The LEDs exhibited room temperature EL 

luminescence peaked at ~ 370 nm. The EL was attributed to the radiative 

recombination within the ZnO:Al (7%) and ZnO films. 

ZnO nanorods have been grown by a low temperature aqueous method. The 

effects of the buffer layer deposition temperature and the thickness were studied 

via the structural and optical measurements. The degree of the ZnO nanorods 

alignment was improved with the increase of deposition temperature of the buffer 
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layer and the thickness. PL measurement showed that the emission was 

independent on the buffer deposition temperature; however, The PL emission 

was found to be decreased with the thicker buffer layer. 

The as-grown ZnO nanorods were used as an electron injector to fabricate hybrid 

LEDs with a p-type organic semiconductor, N, N‟-diphenyl-N, N‟-bis(1-

naphthyl)-1, 1‟-biphenyl-4, 4‟-diamine (α-NPD). The LEDs were fabricated on 

the n-Si and ITO glass respectively. Both of the LEDs showed a blue emission 

band originated from α-NPD layer, showing that the EL is substrate independent. 

The origin of the EL was explained in terms of the energy band diagram. 

8.2  Recommended future works 

The study presented in this thesis is focused on the fabrication of the ZnO-based 

LEDs. Although comprehensive studies have been performed to investigate the 

luminescence, reproducible and high quality p-type ZnO remains challenges. 

Therefore, it is highly desirable to prepare p-type ZnO with large carrier 

concentration to fabricate more efficient homojunction LEDs. 

In this thesis, LEDs based on the ZnO nanorods were also demonstrated. 

However, defect-related emission is observed from the ZnO nanorods. In order to 

improve the optical properties, the optimized condition for the growth of the 

nanorods is needed to be determined. In addition, optoelectronic applications on 

flexible polymeric substrate are possible for the low temperature growth of the 

ZnO nanorods. 
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