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Abstract 
 

Zinc oxide (ZnO) has unique physical properties that make it a most promising 

material for optoelectronic device. The main reasons are a direct band gap of 3.3 eV 

and a large exciton binding energy (60 meV), which permits exciton recombination 

even above room temperature. Owing to its distinctive characteristics the research 

trend on ZnO has continued for many decades. The former studies are focused on the 

basic physical properties of three- and two-dimensional ZnO materials, such as lattice 

parameter, vibrational properties, and optical studies. As improving the technology of 

materials growth, scientists have more opportunities to produce high-quality ZnO 

materials and then can do deeply research in it. In this nearly decade, the main 

obstacle to the development of ZnO has been the lack of reproducible and 

low-resistivity p-type ZnO. For the moment, many groups have attacked this problem 

and several have been successful to solve some problems of them [64-67]. Moreover, 

theoreticians have also been active in this area, and have predicted the electrical 

activities of various dopants and native defects [68-70]. In addition to ZnO thin films, 

significant interest has emerged in the synthesis of nanoscale ZnO materials, in recent 

years. It is due to the one-dimensional ZnO nanostructures provide an attractive 

candidate system for fundamental quantization and low-dimensional transport studies 

for chemical sensing and biomedical applications. This thesis outlines the process of 

fabricating p-type ZnO thin films and one-dimensional ZnO nanostructures, as well as 

the study of their physical properties.  

In chapter 1 we will present an introductory overview to ZnO materials. It is 

devoted, respectively, fundamental, doping, and defects properties in ZnO. Chapter 2 

will discuss the fabrication of one- and two-dimensional ZnO materials and basic 
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theoretical concepts of nanoscience. This chapter also includes how we developed 

high-quality ZnO films and nanorods and measured their excellent physical properties. 

The individual nanorod measurement setup for electrical transport is also shown in 

this chapter. 

Chapter 3 discusses the defects engineering on ZnO thin films. The transitions of 

native defects in ZnO are inspected by photoluminescence (PL) spectroscopy, in this 

study. Different buffer-layers could change the concentration of native defects and 

improve the physical properties of ZnO. We will, therefore, discuss the relationship 

between the predominant defects and PL emissions in the ZnO films. In chapter 4, we 

will present the results for the electrical and optical properties of group-V elements 

doping in ZnO films. Reproducible p-type ZnO films with high carrier concentration 

(7.3× 1017 cm-3) are fabricated by nitrogen-implanted on nitride layer and then 

annealed at 850 oC in N2 ambient.  

To date, the most popular method to grow ZnO nanorods is vapor-solid process. 

However, this method is usually operated under high temperature and it has also 

locked the size of the sample due to the size of the furnace. In chapter 5, we will show 

a convenient method to produce large scale ZnO nanorods on organic and inorganic 

substrates. The growth mechanism and thermal annealed effect of ZnO nanorods will 

be investigated by high-resolution transmission electron microscopy. The plasma 

treatments are used to improve the luminescent and electrical properties in ZnO 

nanorods. The high conductivity n-type and rectifying behavior p-type ZnO nanorods 

are revealed in chapter 6. The electrical transport of individual ZnO nanorods and 

single-walled carbon nanotubes composite will be discussed in chapter 7. 
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Chapter 1 

 

Introduction 
 

1.1  Zinc oxide materials 

 

Nowadays, ZnO is attracting attention for its application to ultraviolet (UV) 

light-emitters, transparent high power electronics, surface acoustic wave devices, 

piezoelectric transducers, gas-sensing and solar cells. Some optoelectronic 

applications of ZnO have advantages over GaN, another wide-gap semiconductor (Eg 

~3.4 eV at 300 K) and widely used for production of light-emitting devices, because 

of its availability in bulk, single-crystal form and its larger exciton binding energy (60 

meV at 300K) [1-15]. As a wide bandgap semiconductor, ZnO is a candidate host for 

solid state blue to UV optoelectronics, including laser development. This has 

important applications in high density data storage systems, solid-state lighting, 

secure communications and bio-detection [16]. Transparency to visible light provides 

opportunities to develop transparent electronics, UV optoelectronics, and integrated 

sensors, all from the same material system. ZnO is a direct bandgap semiconductor 

with Eg~3.2 eV. The bandgap of ZnO can be tuned via divalent substitution on the 

cation site.  

It is well-known that ZnO is not really a newly discovered material. Interest in this 

material at the time of this writing is again at a high point. In terms of its 

characterization, reports go back to 1935 or even earlier. Studies of ZnO properties 

presume that ZnO samples were available. Growth methods not much different from 
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what is employed lately have been explored, among which are chemical-vapor 

transport, vapor-phase growth, hydrothermal, high-quality platelets. ZnO has recently 

found other niche applications as well, such as fabrication of transparent thin-film 

transistors, where the protective covering preventing light exposure is eliminated 

since ZnO-based transistors are insensitive to visible light. Today scientists can use 

heavy substitutional doping method to increase the carrier concentrations up to 2x1021 

cm−3. By controlling the doping level electrical properties can be changed from 

insulator through n-type semiconductor to metal while keeping optical transparency 

that makes it useful for transparent electrodes in flat-panel displays and field effect 

transistor.  

However, an important problem should be overcome before ZnO transforms into a 

potential optoelectronics devices in the world: the fabrication of p-type-conductivity 

ZnO materials. Notwithstanding all the progress that has been made and the reports of 

p-type conductivity in ZnO films using various growth methods and various group-V 

dopant elements (N, P, and As), a reliable and reproducible high quality p-type 

conductivity has not yet been achieved for ZnO. Therefore, it remains to be the major 

topic in ZnO research today, and congruently most of the research efforts are directed 

just to solving this problem. Many results are just heralds of what can be expected of 

ZnO in an effort to position it for future device applications. As in the early 

developments of GaN predating the demonstration of p-type conductivity, 

metal-insulator-semiconductor device structures not requiring p-type ZnO have been 

introduced but lack the high efficiency. 
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1.2  Physical characteristics of ZnO materials 

 

1.2.1 Crystal and electronic band structures 

 

(i) Crystal structure 

 

Most of the group II-VI binary compound semiconductors crystallize in either cubic 

zinc-blende or hexagonal wurtzite structure where each anion is surrounded by four 

cations at the corners of a tetrahedron, and vice versa. This tetrahedral coordination is 

typical of sp3 covalent bonding, but these materials also have a substantial ionic 

character. ZnO is an II-VI compound semiconductor whose ionicity resides at the 

borderline between covalent and ionic semiconductor. The crystal structures shared 

by ZnO are wurtzite, zinc blende, and rocksalt. At ambient conditions, the 

thermodynamically stable phase is wurtzite, as schematically shown in Figure 1.1a. 

The zinc-blende ZnO structure can be stabilized only by growth on cubic substrates, 

and the rocksalt structure may be obtained at relatively high pressures. 

The wurtzite structure has a hexagonal unit cell with two lattice parameters, a and 

c, in the ratio of c/a=1.633 and belongs to the space group of P63mc. The structure is 

composed of two interpenetrating hexagonal-close-packed sublattices, each of which 

consists of one type of atom displaced with respect to each other along the threefold 

c-axis by the amount of u =3/8=0.375 (in an ideal wurtzite structure) in fractional 

coordinates. Each sublattice includes four atoms per unit cell and every atom of one 

kind (group-II atom) is surrounded by four atoms of the other kind (group VI), or vice 

versa, which are coordinated at the edges of a tetrahedron [17]. In a real ZnO crystal, 
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the wurtzite structure deviates from the ideal arrangement, by changing the c/a ratio 

or the u value. It should be pointed out that a strong correlation exists between the c/a 

ratio and the u parameter in that when the c/a ratio decreases, the u parameter 

increases in such a way that those four tetrahedral distances remain nearly constant 

through a distortion of tetrahedral angles due to long-range polar interactions. Since 

the c/a ratio also correlates with the difference of the electron negativities of the two 

constituents, components with the greatest differences show the largest departure 

from the ideal c/a ratio. 

The convention is that the [0001] axis points from the face of the O plane to the 

Zn plane and is the positive z direction. In other words, when the bonds along the c 

direction are from cation (Zn) to anion (O), the polarity is referred to as Zn polarity. 

By the same argument, when the bonds along the c direction are from anion (O) to 

cation (Zn), the polarity is referred to as O polarity. Many properties of the material 

depend also on its polarity, for example, growth, etching, defect generation and 

plasticity, spontaneous polarization, and piezoelectricity. In wurtzite ZnO, besides the 

primary polar plane (0001) and associated direction <0001>, which are the most 

commonly used surface and direction for growth, many other secondary planes and 

directions exist in the crystal structure. 

 

(ii) Electronic band structures 

 

The band structure of a given semiconductor is pivotal in determining its potential 

utility. Consequently, an accurate knowledge of the band structure is critical if the 

semiconductor in question is to be incorporated in the family of materials considered 

for device applications. Several theoretical approaches of varying degrees of 

complexity have been employed to calculate the band structure of ZnO for its wurzite, 
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zinc-blende, and rocksalt. Figure 1.1b shows the calculated band structure and the 

total density of states of ZnO for wurzite phase. Besides, a number of experimental 

data have been published regarding the band structure of the electronic states of 

wurtzite ZnO. X-ray or UV reflection/absorption or emission techniques have 

conventionally been used to measure the electronic core levels in solids. These 

methods basically measure the energy difference by inducing transitions between 

electronic levels. For example, transitions from the upper valence band states to the 

upper conduction band states, and from the lower valence-band states, or by exciting 

collective modes,such as, the upper core states to the lower edge of the conduction 

band and to excitations of plasmons. After the theoretical work on band-structure 

calculation of ZnO proposed by Rössler using Green’s function in 1969, there have 

been several experimental works [18-19] performed on the wurtzite ZnO which 

proved Rössler’s predicted bulk electronic structure to be far from satisfactory.  

Langer and Vesely [20] have reported experimental data related to the energy 

levels of core electrons in ZnO using x-ray-induced photoemission spectroscopy. 

They have drawn two conclusions from their studies: (a) the location of the Zn 3d 

level in ZnO has been unambiguously determined and (b) the discrepancy between the 

measured values and the theoretically determined energy values was angular 

momentum dependent. Powell et al. [18] have carried out UV photoemission 

measurements on hexagonal ZnO cleaved in vacuum. Those authors have placed the 

Zn 3d core level at about 7.5 eV below the valence-band maximum, which is 3 eV 

lower than the value predicted by Rössler’s band calculation. In the following years, 

LDA and tight binding methods were employed [21,22] by considering the Zn 3d 

states as core levels to ease calculations. Satisfactory agreement with qualitative 

valence-band dispersions was achieved with this assumption. However, quantitative 

disagreements remained and the location of the Zn 3d states could not be predicted. 
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Figure 1.1: (a) Crystal structure, and (b) Band structure for wurtize type in the ZnO 
[33].  

 

Recently, Girard et al. [23] have studied the electronic structure of the ZnO (0001) 

surface by angle-resolved photoelectron spectroscopy. They recorded both normal and 

off normal emission spectra, which give valuable information about bulk and surface 

states as well as the Zn 3d states. In these measurements, the binding energies were 

referred to the Fermi level and the intensities were normalized to the photon flux. 

Among all the spectra displayed, seven features were seen, labeled from A to G. The 

dispersions of the four valence bands observed in the (0001) direction were compared 

with theory based on LDA calculations, which consider the Zn 3d electrons as part of 

the valence band, [24] and good agreement was realized. It should also be noted that 

the Zn 3d states were observed to separate into two groups of four and six bands, 

which show dispersion with k, which is in agreement with theoretical results, but the 
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location of these states were not accurately predicted. 

The polar (0001)-Zn and (000-1)-O surfaces and the nonpolar (10-10) surface (m 

plane) have also been the object of experimental and theoretical investigations. Of 

these surfaces, the nonpolar (10-10) surface is of particular interest from the 

viewpoint of surface chemistry, because the surface is terminated with the same 

number of O and Zn atoms. The low-energy electron-diffraction (LEED) studies have 

revealed that the surface undergoes relaxation, which is characterized by downward 

shift of both surface Zn and O atoms, with a greater shift for the Zn atom than the O 

atom, resulting in the Zn–O bond rotation by 6.2° or 11.5° [25] with respect to the 

ideal surface plane. Such a surface relaxation should influence the energetic position 

as well as the dispersion width of the surface dangling bond bands of the occupied O 

2p and unoccupied Zn 4s states. Besides, several theoretical studies have indicated 

that, upon relaxation, the O 2p dangling-bond state is stabilized while the Zn 4s 

dangling-bond state shifts up in energy. [26] The theoretically determined position of 

these dangling-bond bands, especially the occupied O 2p dangling-bond band, relative 

to the bulk bands projected onto the (10-10) surface varies depending on the method 

employed in the calculations. 

The theoretical calculation of the band structure of ZnO mostly involve the LDA, 

[24,27,28]which is very demanding because of the cationic d electrons. If the d 

electrons are treated as core electrons, the calculated lattice constant underestimates 

the experimental values by as much as 18% for wurtzite ZnO, while inclusion of the d 

electrons in the valence band yields very accurate lattice constants. However, even if 

the d electrons are properly taken into account, the results of standard LDA 

calculations show distinct shortcomings, such as strongly underestimated band gap 

and overestimated occupied cationic d bands, which roughly reside 3 eV high in 

energy as compared to experiment. In addition, their interactions with the anion p 
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valence bands are artificially enlarged, resulting in overestimated dispersion and 

bandwidth of the latter and shifting them unphysically close to the conduction bands. 

Zakharov et al. [29] have recently reported plane-wave GW method for a number of 

II-VI compounds. They simply treated the d electrons as core electrons and 

deliberately carried out their GW calculation at the experimental lattice constants. 

They obtained very good results for the anion p valence bands and for the band-gap 

energies but no assertion concerning the d-band positions could be made. Recently, 

Vogel et al. [30] suggested an alternative approach to treat the II-VI semiconductor 

compounds, which approximately incorporates dominant self-interaction corrections. 

It has been shown that self-interaction corrections to LDA can be very important for a 

quantitative description of a system with strongly localized states such as 3d electrons. 

The electronic band structure of the other phases of ZnO has also been studied by a 

number of researchers [30-32]. When wurtzite ZnO is compressed, it has been 

observed that the peak at the top of the upper valence band is slightly reduced in 

height and shifted down in energy, the O 2s and Zn 3d-derived peaks are slightly 

broadened and shifted up in energy, and a splitting appears in the Zn 3d states. 

 

1.2.2 Electrical behaviors 

 

As a direct and large-band-gap material, ZnO is attracting a lot of attention for a 

variety of electronic and optoelectronic applications. Advantages associated with a 

large band gap include higher breakdown voltages, ability to sustain large electric 

fields, lower noise generation, and high temperature and high power operation. The 

electron transport in semiconductors can be considered for low and high electric fields. 

(a) At sufficiently low electric fields, the energy gained by the electrons from the 

applied electric field is small compared to the thermal energy of electrons, and 
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therefore, the energy distribution of electrons is unaffected by such a low electric field. 

Since the scattering rates determining the electron mobility depend on the electron 

distribution function, electron mobility remains independent of the applied electric 

field, and Ohm’s law is obeyed. (b) When the electric field is increased to a point 

where the energy gained by electrons from the external field is no longer negligible 

compared to the thermal energy of the electron, the electron distribution function 

changes significantly from its equilibrium value. These electrons become hot 

electrons characterized by an electron temperature larger than the lattice temperature. 

Furthermore, as the dimensions of the device are decreased to submicron range, 

transient transport occurs when there is minimal or no energy loss to the lattice during 

a short and critical period of time, such as during transport under the gate of a 

field-effect transistor or through the base of a bipolar transistor. The transient 

transport is characterized by the onset of ballistic or velocity overshoot phenomenon. 

Since the electron drift velocity is higher than its steady-state value, one can design a 

device operating at frequencies exceeding those expected from linear scaling of 

dimensions. 

Hall effect is the most widely used technique to measure the transport properties 

and assess the quality of epitaxial layers. For semiconductor materials, it yields the 

carrier concentration, its type, and carrier mobility. More specifically, experimental 

data on Hall measurements over a wide temperature range, as 4.2–300 K, provide 

quantitative information on impurities, imperfections, uniformity, scattering 

mechanisms, etc. The Hall coefficient and resistivity (ρ) are experimentally 

determined and then related to the electrical parameters through (for n-type 

conduction) RH=rH/ne and µH =RH/ρ, where n is the free-electron concentration, e is 

the unit electronic charge, µH is the Hall mobility, and rH is the Hall scattering factor 

which is dependent on the particular scattering mechanism. The drift mobility is the 



 

 15

average velocity per unit electric field in the limit of zero electric field and is related 

to the Hall mobility through the Hall scattering factor by µH =rHµ. As noted above, 

the Hall scattering factor depends on the details of the scattering mechanism, which 

limits the drift velocity. As the carriers travel through a semiconductor, they 

encounter various scattering mechanisms that govern the carrier mobility in the 

electronic system. The parameter for characterizing the various scattering mechanisms 

is the relaxation timeτ, which determines the rate of change in electron momentum as 

it moves in the semiconductor crystal.  

Experimental investigation of the temperature-dependent carrier mobility and 

concentration can be used to determine the fundamental material parameters and 

understand the carrier scattering mechanisms along with an accurate comparison with 

theory. The transport properties reported in the literature are mostly based on 

Hall-effect measurements, assuming the Hall scattering factor to be unity. Using 

Monte Carlo simulations, Albrecht et al. [34,35] predicted the room-temperature 

electron mobility of ZnO as 300 cm2/Vs. Nominally undoped ZnO with a wurtzite 

structure naturally becomes an n-type semiconductor due to the presence of intrinsic 

or extrinsic defects, which were generally attributed to native defects, such as OZn, Zni, 

and VO. 

 

Ohmic and Schottky contacts on ZnO 

 

An Ohmic contact can be defined as having a linear and symmetric current-voltage 

relationship for both positive and negative voltages and is so important for carrying 

electrical current into and out of the semiconductor, ideally with no parasitic 

resistance. The major loss of device performance is often caused by high-resistance 

metal-semiconductor Ohmic contacts through thermal stress and or contact failure 
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[36]. Thus, in order to attain high-performance ZnO-based optical and electrical 

devices, it is essential to achieve Ohmic contacts that have both low resistance and are 

thermally stable and reliable. This can be achieved either by performing surface 

preparation to reduce the metal-semiconductor barrier height which would allow to 

increase carrier tunneling probability or by increasing the effective carrier 

concentration of the surface perhaps taking advantage of oxygen loss [37,38]. In ZnO, 

Specific contact resistances of 3x10-4 Ωcm2 were reported for Pt-Ga contacts on 

n-ZnO epitaxial layers [39], 2x10-4 Ωcm2 for Ti/Au on Al-doped epitaxial layers  

[40], 0.7 Ωcm2 for non-alloyed In on laser-processed n-ZnO substrates [41], 2.5x10-5 

Ωcm2 for non-alloyed Al on epitaxial n-type ZnO [42], 7.3x10-3 to 4.3x10-5 Ωcm2 for 

Ti/Au on plasma exposed, Al-doped n-type epitaxial ZnO [43] and 9 x10-7 Ωcm2 for 

Ti/Al on n+ epitaxial ZnO [44]. 

The chemical reactions between the metal and the semiconductor, the surface 

states, the contaminants, the defects in the surface layer, and the diffusion of the metal 

into the semiconductor are well-known problems in the formation of Schottky 

contacts. To create Schottky barrier with undoped ZnO, a high work function can be 

applied to the surface of a ZnO crystal. Many publications reveal that Au has some 

serious problems at high temperatures, [45,46] but it has widely been applied to ZnO 

to form Schottky barriers [45-47]. Au and Ag Schottky contacts on (0001) Zn surface 

of undoped n-ZnO samples have been investigated by Polyakov et al., [46] comparing 

their barrier heights and thermal stabilities. Schottky barrier heights of 0.65–0.69 eV 

and diode ideality factors of 1.6–1.8 have been obtained by capacitance-voltage and 

current-voltage measurements, respectively. The ideality factor had a value close to 2 

for almost all the samples studied due to an increase of the tunneling current through 

the junction. Some authors have reported good electrical performance of the Schottky 

diodes after etching in concentrated nitric acid [48]. However, it should be noted that 
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in the majority of papers the ideality factors of the ZnO Schottky diodes are 

considerably higher than unity which has been explained by the prevalence of 

tunneling, the impact of interface states or the influence of deep recombination 

centers. 

 

1.2.3 Luminescent properties 

 

(i) Basic concept of excitons 

 

The absorption of a photon by an interband transition in a semiconductor or insulator 

creates an electron in the conduction band and a hole in the valence band. The 

oppositely charged particles are created at the same point in space and can attract each 

other through their mutual Coulomb interaction. This attractive interaction increases 

the probability of the formation of an electron-hole pair, and therefore increases the 

optical transition rate. Moreover, if the right conditions are satisfied, a bound 

electron-hole pair can be formed.  This neutral bound pair is called an exciton. In the 

simplest picture, the exciton may be conceived as a small hydrogenic system similar 

to a positronium atom with the electron and hole in a stable orbit around each other. 

Excitons are observed in many crystalline materials. There are two basic types of 

excitons, Wannier-Mott excitons (free excitons) and Frenkel excitons (tightly bound 

excitons). The free excitons are mainly observed in semiconductors, while the Frenkel 

excitons are found in insulator crystals and molecular crystals. Moreover, 

Wannier-Mott type excitons have a large radius that encompasses many atoms, and 

they are delocalized states that can move freely throughout the crystal; hence the 

alternative name of “free” excitons. In contrast, Frenkel excitons have a much smaller 

radius which is comparable to the size of the unit cell. This makes them localized 
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states which are tightly bound to specific atoms or molecule; hence their alternative 

name of “tightly bound” excitons. Tightly bound excitons are much less mobile than 

free excitons, and they have to move through the crystal by hopping from one atom 

site to another [49]. 

In a free exciton, the average separation of the electrons and holes is much greater 

than the atomic spacing, as shown in Figure 1.2(a). This is effectively the definition 

of a Wannier exciton, and it specifies more accurately what is meant by saying that 

the free exciton is a weakly bound electron-hole pair. Since the electron-hole 

separation is so large, it is a good approximation to average over the detailed structure 

of the atoms in between the electron and hole and considers the particles to be moving 

in a uniform dielectric material. The energies of the bound states can be determined 

by finding the eigenvalues of the Schroedinger equation for the relative motion, or 

alternatively by using approximation techniques such as the variational method. 

Bound excitons are localized on the atom site at which they are created, as shown in 

Figure 1.2(b). The excitons may therefore be considered as excited states of the 

individual atoms or molecules on which they are localized. They have very small radii 

and correspondingly large binding energies, with typical values ranging from about 

0.1 eV to several eV. This means that Bound excitons are usually stable at room 

temperature. The excitons can propagate through the crystal by hopping from atom 

site to site in the same way that spin excitations propagate through crystals as magnon 

waves. The theoretical treatment of Bound excitons requires techniques more akin to 

atomic or molecular physics than solid state physics. The calculation of the exciton 

energies usually follows a tight binding approach, in order to emphasize the 

correspondence to the atomic or molecular states from which the excitons are derived. 

The calculation is further complicated by the fact that the coupling between the 

excitons and the crystal lattice is usually very strong. This leads to ‘self-trapping’ 
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effects, in which the exciton produces a local distortion of the lattice, which then 

causes further localization of the exciton wave functions. 

 

 

 

 

 

 

 

 

 

Figure 1.2: Schematic diagram of (a) Wannier-Mott excitons and (b) Frenkel 
excitons. 

 

(ii) Free and Bound excitons in ZnO 

 

The wurtzite ZnO conduction band is mainly constructed from the s-like state having 

Γ7
c symmetry, whereas the valence band is a p-like state, which is split into three 

bands due to the influence of crystal-field and spin-orbit interactions [50]. The 

near-band-gap intrinsic absorption and emission spectrum is therefore dominated by 

transition from these three valence bands. The related free-exciton transitions from the 

conduction band to these three valence bands or vice versa are usually denoted by the 

heavy hole, light hole, and crystal-field split band. 

Bound excitons are extrinsic transitions and are related to dopants or defects, 

which usually create discrete electronic states in the band gap, and therefore influence 

both optical absorption and emission processes. The electronic states of the bound 
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excitons depend strongly on the semiconductor material, in particular, the band 

structure. From above statement, excitons could be bound to neutral or charged 

donors and acceptors. A basic assumption in the description of the bound exciton 

states for neutral donors and acceptors is a dominant coupling of the like particles in 

the bound-exciton states. These two classes of bound excitons are by far the most 

important cases for direct band-gap materials. In high-quality bulk ZnO substrates, the 

neutral shallow neutral-donor bound exciton (DBE) often dominates because of the 

presence of donors due to doped impurities and/or shallow donor-like defects. In 

samples containing acceptors, the acceptor-bound excitons (ABE) is observed. The 

recombination of bound excitons typically gives rise to sharp lines with a photon 

energy characteristic to each defect. Many sharp donor and acceptor bound-exciton 

lines were reported in a narrow energy range from 3.348 to 3.374 eV in ZnO. 

However, the chemical origin and binding energy of the most underlying donor and 

acceptor atoms remain unclear. 

 

(iii) Two-electron satellites and Stimulated emission in ZnO 

 

Another characteristic of the neutral-donor-boundexciton transition is the two-electron 

satellite transition in the spectral region of 3.32–3.34 eV. These transitions involve 

radiative recombination of an exciton bound to a neutral donor, leaving the donor in 

the excited state, thereby leading to a transition energy which is less than the DBE 

energy by an amount equal to the energy difference between the first excited and 

ground states of the donor. In the effective-mass approximation, the energy difference 

between the ground-state neutral donor-bound excitons and their excited states can be 

used to determine the donor binding energies [51] and catalog the different species 

present in the material. 
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Even though n- and p-type dopings have been reported in ZnO thin-films, [52] 

there is no demonstration of electrically pumped lasing in ZnO-based structures. 

However, optically pumped stimulated emission has been observed by many 

researchers from ZnO epitaxial layers grown by a variety of methods. Fabrication of 

low-dimensional structures such as quantum wells and dots has been the focus of 

semiconductor laser research to decrease the threshold for lasing. Efficient 

stimulated emission may be obtained from these quantum structures since the 

transfer integral at the band edge is larger than that of the bulk semiconductor. 

Excitonic emission may also be used to obtain efficient lasing, which may be 

realized for ZnO due to its larger exciton binding energy (60 meV) [53] compared to 

other wide band-gap semiconductors. Exciton-exciton scattering-induced stimulated 

emission is very important for the realization of low-threshold lasers since it occurs 

at a threshold lower than that for the electron-hole plasma (EHP) recombination. The 

demonstration of stimulated emission with excitonic origin paves the way for the 

realization of blue-violet laser diodes based on ZnO. 

 

1.2.4 Defects in ZnO 

 

As in any semiconductor, point defects affect the electrical and optical properties of 

ZnO as well. Kohan et al. and Van de Walle [54,55] recently calculated formation 

energies and electronic structure of native point defects and hydrogen in ZnO by 

using the first-principles, plane-wave pseudopotential technique together with the 

supercell approach. It can be concluded that, depending on the partial pressure of Zn, 

the two most common defects in ZnO are likely to be oxygen and zinc vacancies. In 

particular, oxygen vacancies (VO) have lower formation energy than the zinc 

interstitials (Zni) and hence should be more abundant in Zn-rich conditions. In O-rich 
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conditions, zinc vacancies (VZn) should dominate. Figure 1.3 shows the various 

structure of native defects in ZnO crystal. As for the electronic structure of the main 

point defects in ZnO, the oxygen vacancy has been identified as a negative-U defect, 

since with increasing Fermi level a transition occurs from the +2 to the neutral state. 

Zinc vacancy is expected to have charge −2 in n-type ZnO where its formation is 

more favorable. The transition level between the −1 and −2 charge states of VZn 

occurs at 0.8 eV above the valence band. Thus, we may expect transitions from the 

conduction band or a shallow donor to the VZn acceptor at around 2.6 eV in n-type 

ZnO. Thus, the broad green luminescence commonly observed in n-type ZnO can be 

attributed to VZn [54]. The 2+ /0 level of the oxygen vacancy is predicted at about 2.7 

eV above the valence band [55]. Since the positive charge state of VO is unstable in 

ZnO, an electron paramagnetic resonance signal associated with this defect is not 

expected to be observable, at least in thermodynamically stable conditions. 

 

 
 
 
 
 
 
 
 
 
Figure 1.3: Structures of fully relaxed (a) Zno and , (b) OZn antisite, and (c) Zni point 
defects. (The dark balls indicate O atoms, whereas the gray balls are Zn atoms) [154] 

 

Besides strong and rich exciton-related emissions in the photon energy range of 

3.25–3.4 eV, PL spectrum of undoped high-quality ZnO usually contains a sharp peak 

at about 3.22 eV followed by at least two LO-phonon replicas. This emission has been 
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attributed to the donor-acceptor pair (DAP) transitions involving a shallow donor and 

a shallow acceptor [56]. This conclusion is based mostly on a characteristic 

transformation of the DAP emission lines to similar, but shifted, emission lines arising 

from transitions from the conduction band to the same shallow acceptor with 

increasing temperature. The nature of the Green Luminescence, appearing at about 2.5 

eV in undoped ZnO, may be related to a native point defect such as VO or VZn. A red 

luminescence band emerged at about 1.75 eV in the PL spectrum of undoped bulk 

ZnO. Doping ZnO with Li acceptor results in the yellow luminescence band with a 

peak at about 2.2 eV. In contrast to the Green Luminescence band, the yellow 

luminescence band decays very slowly after switching off the excitation source, and 

can be observed also in the thermal luminescence spectrum [14].  

 

1.3  Doped ZnO materials 

 

ZnO has a strong potential for various short-wavelength optoelectronic device 

applications. In order to attain the potential offered by ZnO, both high-quality n- and 

p-type ZnO are indispensable. However, difficulty in bipolar carrier doping is a major 

obstacle as seen in other wide-band-gap semiconductors. 

 

1.3.1 N-type doping 

 

ZnO with a wurtzite structure is naturally an n-type semiconductor because of a 

deviation from stoichiometry due to the presence of intrinsic defects such as O 

vacancies and Zn interstitials. Undoped ZnO shows intrinsic n-type conductivity. The 

first-principles study suggested that none of the native defects show high 
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concentration shallow donor characteristics [54]. N-type doping of ZnO is relatively 

easy compared to p-type doping. Group-III elements Al, Ga, and In as substitutional 

elements for Zn and group-VII elements Cl and I as substitutional elements for O can 

be used as n-type dopants [57]. Doping with Al, Ga, and In has been attempted by 

many groups, resulting in high-quality, highly conductive n-type ZnO films [58-60].  

 

1.3.2 P-type doping 

 

As mentioned repeatedly it is very difficult to obtain p-type doping in wide-band-gap 

semiconductors, such as GaN and ZnSe. The difficulties can arise from a variety of 

causes. Dopants may be compensated by low-energy native defects, such as Zni or VO. 

Low solubility of the dopant in the host material is also another possibility [61,62]. 

Deep impurity level can also be a source of doping problem, causing significant 

resistance to the formation of shallow acceptor level. In ZnO, most candidate p-type 

dopants introduce deep acceptor levels. Copper doping introduces an acceptor level 

with an energy 0.17 eV below the conduction band [63]. Silver behaves as an acceptor 

with a deep level 0.23 eV below the conduction band. Lithium introduces a deep 

acceptor, and induces ferroelectric behavior [64,65]. It appears that the most 

promising dopants for p-type materialare the group V elements, although theory 

suggests some difficulty in achieving shallow acceptor states [66]. 

A number of theoretical studies have addressed the fundamental microscopic 

aspects of doping in wide-band-gap semiconductors. The majority of these studies 

have dealt with the manner in which dopant solubility [67] or native defects [68,69] 

such as vacancies, interstitials, and antisites interfere with doping. Recently, various 

substitutional impurities for ZnO were examined as p-type dopants by using the 

first-principles pseudopotential method [70]. P-type doping in ZnO may be possible 
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by substituting either group-I elements for Zn sites or group-V elements for O sites. It 

was shown that group-I elements could be better p-type dopants than group-V 

elements in terms of shallowness of acceptor levels [70]. However, group-I elements 

tend to occupy the interstitial sites, in part mitigated by their small atomic radii, rather 

than substitutional sites, and therefore, act mainly as donors instead.425 Moreover, 

significantly larger bond length for Na and K than ideal Zn–O bond length (0.193 nm) 

induces lattice strain, increasingly forming native defects such as vacancies which 

compensate the very dopants. These are among the many causes leading to difficulties 

in attaining p-type doping in ZnO. A similar behavior is observed for group-V 

elements except for N. Both P and As also have significantly larger bond lengths and, 

therefore, are more likely to form antisites to avoid the lattice strain. The antisites, AZn, 

are donor like and provide yet another unwelcome possible mechanism for 

compensating acceptors. It then appears that perhaps the best candidate for p-type 

doping in ZnO is N because among the group-V impurities, N has the smallest 

ionization energy, it does not form the NZn, and the AX center of N is only metastable. 

Figure 1.4 shows the possible sites of N bind on ZnO crystal structure. 

 

Figure 1.4: Atomic structures of the (a) split-interstitial-Oi complex, (b) N2 molecule 
at an O site,(c) N-acceptor–Zn-antisite complex, and (d) N-acceptor–Zn-interstitial 
complex in ZnO [155]. 
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1.4  Nanoscience and nanostructures in ZnO materials 

 

1.4.1 Nanoscience 

 

Nanoscience is the study of atoms, molecules, and objects whose size is on the 

nanometer scale (1 - 100 nanometers). Physics is different on the nanometer scale. 

Properties not seen on a macroscopic scale now become important such as quantum 

mechanical and thermodynamic properties. Rather than working with bulk materials, 

one works with individual atoms and molecules. By learning about the properties of 

an individual molecule, scientists put them together in very well-defined ways to 

produce new materials with new and amazing characteristics.  

The prospect of changing the big world by working in the nanoworld was first 

proposed by Richard Feynman back in 1959. Nanoscience involves working with 

objects on an extremely small scale. Recent developments in technology are only now 

allowing scientists to understand what is happening down at this level. While we can't 

literally see the atomic landscapes of molecules, we can model their composition and 

structure by using a variety of techniques such as X-ray crystallography, nuclear 

magnetic resonance spectroscopy and scanning probe microscopy. By controlling the 

mode in which nanometer scale molecular structures are formed, it is possible to 

control the fundamental properties of the materials these molecules build properties 

such as color, electrical conductivity, melting temperature, hardness, and strength. 

The physical and chemical properties change because we opened up and exposed 

more surface area of the material. When particle sizes are reduced to the nanoscale, 

the ratio of surface area to volume increases dramatically. Since many important 
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chemical reactions occur at surfaces, it is not too surprising that very small particles 

are staggeringly reactive. 

 

1.4.2 Nanostructures in ZnO 

 

The ZnO nanostructures presented here include nanorods, nanobelts, nanocombs, 

nanocages, nanotubes and nanorings. Recently, many research groups developed 

several methods for growing ZnO nanostructures, such as, vapor transport process, 

electrodeposition, sol-gel, polymer assisted growth, and aqueous chemical growth 

(ACG) technique. The most usual method to synthesize ZnO nanostructures used a 

vapor transport and ACG process [71]. Aligned growth of ZnO nanorods has been 

successfully achieved on a solid substrate via the VLS process with the use of 

catalysts and ACG process, which initiate and guide the growth [72], as shown in 

Figure 1.5 and 1.6. There were also other techniques employed for the growth of 

vertically aligned ZnO nanorods which did not use any catalyst [73]. The 

vapor-liquid-solid (VLS) crystal growth mechanism was first proposed by Wagner 

and Ellis [74] in 1964 for Si whisker growth, in which Si whiskers with diameters of 

up to the micrometer scale were grown by hydrogen reduction of SiCl4 with the 

presence of Au, Pt, Ag, Pd, Cu and Ni as the catalysts. In addition, Nanobelts are 

nanowires that have a well-defined geometrical shape and side surfaces. Nanobelts of 

ZnO are usually grown [75] by sublimation of ZnO powder without introducing a 

catalyst. Figure 1.7 shows a TEM image of ZnO nanobelts, displaying different 

morphologies from the nanowires and nanorods. Each nanobelt has a uniform width 

along its entire length and the typical widths of the nanobelts are in the range of 50 to 

300 nm and thicknesses are 10 to 30 nm. No particle was observed at the ends of the 

nanobelts. A ripple-like contrast that appeared in the TEM image is due to strain 
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resulting from the bending of the belt. The nanobelt grows along [01-10], with top and 

bottom flat surfaces ±(2-1-10) and side surfaces ±(0001). 

 

 

 

 

 

 

 

 
 
Figure 1.5: Growth of patterned and aligned ZnO nanowires. (a) Self-assembled 
monolayer of polystyrene spheres that serves as a mask. (b) Hexagonally patterned 
Au catalyst on the substrate. (c) Aligned ZnO nanowires grown on a single-crystal 
alumina substrate in a honeycomb pattern defined by the catalyst mask.[72] 

 

 

 

 

 

 

 

Figure 1.6: SEM images of large arrays of oriented ZnO nanorods grown on 
polystyrene (PS)/polycarbonate (PC) substrates for 8 h. (a) Low magnification, 
face-on view. (b) Cross-sectional SEM image of ZnO nanorods grown on PS/PC 
substrates. (c) SEM image of ZnO nanorods grown on PS/PC substrates after 
removingthe PS beads. 
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Recently, some scientists have discovered a novel nanostructure named “nanocage” 

or polygon prismatic nanocrystals [76,77]. In the temperature zone of 300-500 oC that 

we are interested in, balls and polyhedral are observed; some of them are dispersed on 

the substrate and there appears to be no correlation among them, as shown in Figure 

1.8. The polyhedron is enclosed by (0001) (top and bottom surface), {10-10} (side 

surfaces), stepped {10-11} (inclined surfaces) and high index planes with rough 

surfaces. Some truncated hexagon based drums show open corners. In some cases, 

one side of the shell collapses possibly due to the high growth temperature as well as 

the small shell thickness. A common feature is that the shell exhibits mesoporous 

structure. Although the polyhedral shell structure appears to be composed of 

nanocrystals, transmission electron diffraction and imaging indicates that they have a 

‘single-crystalline’ textured orientation and the side surfaces are {10-10}. 

 

 

 

 

 

 

 

 

 

Figure 1.7: TEM images of the as-synthesized ZnO nanobelts, showing uniform 
morphology [75]. 
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Figure 1.8: Morphology development of polygon prismatic compact Zn crystals as a 
function of growth time at 300 oC in an Ar atmosphere. (a) TEM image of polygon 
prismatic Zn nanoparticles (<30 nm) formed by the thermal vapor process in the 
initial growth stage. (b) Polygon prismatic Zn clusters are attracted together in 0.5 h 
and arranged into a polygonbased shape (inset). Also shown is the morphology of 
polygon prismatic Zn crystals in (c) 2 h and (d) 4 h. [77] 
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Chapter 2 

 

Theory and Experiment 
 

2.1  Theory 

2.1.1 Theoretical concepts of nanomaterials 

 

The goal is to develop a strategy to reach the rational design of nanomaterials with 

modeled and controlled particles size, morphology, orientation, and crystal structure. 

And then we could fabricate functional nanomaterials, to probe, tune, and optimize 

their physical and chemical properties. In our view, to achieve such ambitious 

challenge, the most pertinent parameter to monitor is the interfacial free energy of the 

system. 

The main idea is to tune the thermodynamics and kinetics of nucleation, growth, 

and ageing of a system by controlling experimentally its interfacial tension [78]. For 

instance, the ability to segregate the nucleation and the growth stage enables to 

control the monodispersion of nanoparticles. Indeed, performing an aqueous 

precipitation far from the typical point of zero charge of the investigated metal oxide 

allows an enhanced control of the nucleation, growth, and ageing processes. 

According to the acid-base properties of metal oxide surfaces, increasing (or 

decreasing) the pH of precipitation/dispersion from the point of zero charge will 

increase the surface charge density by adsorption of hydroxyl ions. Consequently, the 

chemical composition of the interface and the interfacial tension of the system will be 

changed. In addition, a high ionic strength will contribute to a further increase of the 
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surface charge density. This is understood by considering the electrostatic forces at 

the interface; indeed by increasing the ionic strength of the medium, a more effective 

screening effect of the interfacial charged sites will allow further surface sites to 

develop a charge. In such case, the surface charge may therefore reach its maximum 

charge density, which ultimately depends on the oxygen structure and composition of 

the interface. At maximum charge density, the interfacial tension of the system will 

reach a minimum. Thermodynamic colloidal stability may thus be reached resulting in 

a considerable lowering of the secondary ageing processes, henceforth preventing the 

nanoparticle size to increase as well as avoiding crystal phase transformations. Any 

adsorption phenomenon at interface decreases the surface (or interfacial) tension γ. 

Moreover, the nanoparticles will evolve in solution, that is, their size will increase 

with time, and their crystal structure may be subjected to phase transformations. This 

is the unstable region of the precipitation. [Note: The stable region, the nanoparticles 

are thermodynamically stabilized, and consequently secondary growth phenomenon 

such as Ostwald ripening does not occur.] No longer submitted to ageing, the 

nanoparticle size is finite and is directly related to the precipitation conditions such as 

pH and ionic strength at a given temperature and precursor concentration. By 

consideration of the nucleation and growth processes which rule the generation of 

solid phases from solutions, a maximum is found for the first derivative of the free 

enthalpy of nucleation with respect to the number of precursors (which essentially 

represents the particle size). Therefore, reducing the interfacial tension leads to an 

important lowering of the nucleation energy barrier, which in turn leads to the 

decrease of the nanoparticle size. A large stage of nucleation of very small particle 

accompanied by a very short stage of growth is predicted. As a result, the average 

nanoparticle size is expected to decrease substantially. 

As the thermodynamic stabilization is achieved, not only the size is tailored but 
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also the shape as well as the crystallographic structure may be controlled. For 

example, at low interfacial tension, the shape of nanoparticles does not necessarily 

require being spherical; indeed very often nanoparticles develop a spherical 

morphology to minimize their surface energy because the sphere represents the 

smallest surface for a given volume. However, if the synthesis and dispersion 

conditions are suitable, the shape of the crystallites will be driven by the symmetry of 

the crystal structure as well as by the chemical environment, and various 

morphologies may therefore be developed. Manipulating and controlling the 

interfacial tension enables to grow nanoparticles with sizes and shapes tailored for 

their applications. Additionally, particle size and shape control, the precipitation of 

nanoparticles at low interfacial tension allows the stabilization of oxide and 

oxyhydroxide metastable crystal structures. Crystal phase transitions in solution 

generally operate through a dissolution re-crystallisation process to comply with the 

surface energy minimization requirement of the system. Indeed, when a solid offers 

several allotropic phases and polymorphs, it is typically the one with the highest 

solubility and consequently the lowest stability, which precipitates first. This is 

understood by considering the nucleation kinetics of the solids. At a given 

super-saturation ratio, the germ size is as small (and the nucleation rate as high) as the 

interfacial tension of the system is low. Thus, given that the solubility is inversely 

proportional to the interfacial tension, the precipitation of the most soluble phase and 

consequently the less stable thermodynamically, is therefore kinetically promoted. 

 

2.1.2 Theoretical concepts of photoluminescence  

 

(i) Excitation and relaxation 
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The band diagram corresponding to the photoluminescence process in a direct gap 

material is given in Figure 2.1(a). Photons are absorbed from an excitation source 

such as a laser or lamp, and this injects electrons into the conduction band and holes 

into the valence band. This will be possible if the frequency νL of the source is chosen 

so that hνL is greater than Eg. 

It is apparent from Figure 2.1(a) that the electrons are initially created in states 

high up in the conduction band. The electrons do not remain in these initial states for 

very long, because they can lose their energy very rapidly by emitting phonons. This 

process is indicated by the cascade of transitions within the conduction band shown in 

Figure 2.1(a). Each step corresponds to the emission of a phonon with the correct 

energy and momentum to satisfy the conservation laws. The electron-phonon 

coupling in most solids is very strong and these scattering events take place on time 

scales as short as 100 fs (10-13s). This is much faster than the radiative lifetimes which 

are in the nanosecond range, and the electrons are therefore able to relax to the bottom 

of the conduction band long before they have had time to emit photons. The same 

conditions apply to the relaxation of the holes in the valence band. After the electrons 

and hole have relaxed as far as they can by phonon emission, they must wait at the 

bottom of the bands until they can emit a photon or recombine non-radiatively. This 

leaves time to form thermal distributions, as sketched in Figure 2.2(b), and the 

shading indicates the occupancy of the available states. These occupancy factors can 

be calculated by applying statistical physics to the electron and hole distributions. 

 

(ii) Photoluminescence spectroscopy 

 

Photoluminescence spectroscopy is mainly used as a diagnostic and development tool 

in semiconductor research. The usual goal is to develop electroluminescent devices 
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such as light-emitting diodes and lasers. This is usually only achieved after the 

emission mechanisms have been studied in detail using photoluminescence 

spectroscopy. Photoluminescence spectra can be recorded with an experimental 

arrangement such as the one shown in Figure 2.2. The sample is mounted in a 

variable temperature cryostat and is illuminated with a laser or bright lamp with 

photon energy greater than Eg. If a liquid helium cryostat is used, sample 

temperatures from 2 K upwards are easily obtained.  The luminescence is emitted at 

lower frequencies and in all directions. A portion is collected with a lens and focused 

onto the entrance slit of a spectrometer. The spectrum is recorded by scanning the 

spectrometer and measuring the intensity at each wavelength with a sensitive detector 

such as a photomultiplier tube. Alternatively, the whole spectrum is recorded at once 

using an array of detectors such as a charge coupled device (CCD). 

 

 

 

 

 

 

 

 

 

 

Figure 2.1: (a) Schematic diagram of the processes occurring during 
photoluminescence in a direct gap semiconductor after excitation at frequency. (b) 
Density of states and level occupancies for the electrons and holes after optical 
excitation. 
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Figure 2.2: Experimental arrangement used for the observation of photoluminescence 
spectra. 

 

2.2  Material fabrication 

 

2.2.1 ZnO thin films formation 

 

The ZnO thin films (~100 nm) were deposited on 4 inch diameter Si (001) substrates 

buffered with SiO2 and Si3N4 and without inter-layers by radio-frequency (RF) 

magnetron sputtering using 99.99% ZnO as the target. The growth chamber was 

evacuated by a turbo pump and mechanical pump. The gas mole ratio of oxygen to 
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argon (OMR) was varied in the range of 0-72%. Silicon substrates were cleaned by 

usual semiconductor technology before loading into the chamber. Sputtering 

conditions were optimized at a substrate temperature of 50˚C, RF power of 50W, 

sputtering pressure of 10mTorr and sputtering time of 30-40 minutes. The buffer 

layers (inter-layers) were grown by electron evaporation and the thickness of the 

buffer layers for Si3N4 and SiO2 was measured to be about 10-40 nm, respectively. 

After sputtering, the as-grown films were cut into several pieces and then annealed at 

500, 850 and 1000oC for 20-40 minutes under pure oxygen and nitrogen atmospheres. 

 

2.2.2 Ions implantation in ZnO films 

 

Ion implantation is a precise method of introducing dopants into a semiconductor and 

can also be used to create high resistance regions for inter-device isolation. The 

residual implant damage remaining after annealing appears to have donor-like 

character. To minimize this damage, it may be necessary to adopt techniques used for 

other compound semiconductors, such as elevated temperatures during the implant 

step to take advantage of so-called dynamic annealing in which vacancies and 

interstitials created by the nuclear stopping process are annihilated before they can 

form stable complexes. 

The ZnO films were subsequently subjected to phosphor and nitrogen 

implantation at room temperature. The phosphor and nitrogen ions with energy of 120 

and 80 KeV were injected into the as-grown ZnO films, respectively. The fluences 

range was from 5 × 1012 -5 × 1015 cm-2. Based on Rutherford back scattering 

measurement followed by (the transport of ions in matter) TRIM simulations, the 

implanted ions distribution in ZnO films forms a nearly perfect Gaussian shape with 

the peak position at (80±10) nm below the surface. After ions implantation, the 
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specimens were annealed at 850˚C and 1000˚C for 20 minutes under pure oxygen and 

nitrogen atmospheres. 

 

2.2.3 Soft chemical growth and treatment on ZnO nanorods 

 

The ZnO-coated silicon substrates were placed in a solution containing an equimolar 

(0.01-0.1M) aqueous solution of Zn(NO3)2.6H2O and Hexamethylenetetramine (HMT) 

and reacted at 75-95oC for 10-24 h. After that, the substrates were removed from the 

aqueous solutions, rinsed with distilled water, and dried at room temperature 

overnight. Finally, high quality one-dimensional ZnO nanostructures were developed. 

The ZnO nanorods were exposed to various plasma atmospheres (nitrogen, 

oxygen, ammonia, and hydrogen) for 30, 60, 120, 300, and 900 sec by inductively 

coupled plasma (ICP) system. For the plasma treatment, the substrate temperature, 

total gas pressure, ICP top power, and bottom power were maintained at different 

conditions such as Table 2.1. 

 

Table  2.1: Conditions of plasma treatment on ZnO nanorods. 

 

 

 

 

 

2.2.4 Fabrication of one-dimensional nanotube composite device  

 

Figure 2.3 shows the optical microscopy bright-field images of electrode structure 

made by the electron-beam lithography process. In Figure 2.3 (a), the 16 large 
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electrode pads are used for wire bonding, connecting to the outside part circuit. In the 

central part shown in Figure 2.3 (b), several tiny electrode arrays intended to contact 

nanotubes (or nanowires) are shown. Thin Cr layer (1 nm) is used to enhance the 

reliable contact and adhesion between the contact metal and SiO2. As we zoomed in 

Figure 2.3(b), there are four squares in the corners, which are used as alignment 

markers (Figure 2.3 (c)). For electrical transport measurement, device configuration 

is shown in Figure 2.4. The nanotube (or nanowire) is embedded in metal electrodes 

(AuPd alloy) to enhance the electrical coupling between nanotube and electrode. To 

achieve this aim, predefined coordinate markers are needed to calculate the exact 

position of selected nanotubes relative to the neighboring coordinate markers. The 

tolerance shift in our alignment technique is well controlled within around 50 nm. The 

main advantages of this contact method are to decrease the contact resistance and 

make possible contact patterns on complicated nanostructures. 

 

 

 

 

 

 

 

                                  Figure 2.3: SEM images of electrode 
patterns for contacting nanotubes, (a) 
Large-scale view of pattern. (b) Dark-field 
image of central part of (a), (c) Bright-field 
image of (b). Scale bar is 200 µm. 

 

 

(a) 

(b) (c) 
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Figure  2.4:  (a) AFM image of coated SWNT embedded in source and drain 
electrodes. (b) Schematic illustration of coated SWNT device. 

 

 

2.3  Characterization of ZnO materials and electrical 

transport 

 

The surface morphology of ZnO materials were observed by field emission scanning 

electron microscopy (FE-SEM). JEOL-6500 FE-SEM system was employed in this 

study. In order to prevent to damage our samples, we used low voltage (20KeV) to 

scan these serial images. The transmission electron microscopy (TEM; Philips 

TECNAI 20) with energy dispersive x-ray spectroscopy (EDS) operated at 200 keV 

was used for detail crystal analysis. The crystal structures of ZnO films and nanorods 

were investigated by x-ray diffraction (Siemens, D5000) using Cu Kα radiation and a 

nickel filter. When an x-ray beam strikes a crystal surface at some angle, a portion is 

scatted by the layer of atoms at the surface. For optical properties, photoluminescence 

measurement was performed by the excitation from 325 nm He–Cd laser at room 

temperature and 10 K. The chemical compositions were examined by x-ray 

(a) 
(b)
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photoelectron spectroscopys (XPS) after the samples were first sputtered for 90 s to 

remove the surface containment by Ar ion. Current-voltages (I-V) characteristics 

curve of the samples was measured by applying dc voltage to the device using a 

HP-4156 and each datum was averaged by measuring ten times. The electrical 

properties of the nitrogen-implanted ZnO films were investigated by van der Pauw 

method room temperature Hall measurements with nonsintered indium contacts and 

magnetic field of 0.315 T. 

The precise electrical transport was measured by homemade transport system in 

Dr. Siegmar Roth’s laboratory in Max-Planck Institute (Stuttgart, Germany). The 

main components of this system are a desktop computer equipped with a GPIB card 

and controlled by Labview software (written by Dr. Dirk Obergfell), two Keithely 

2400 and one Keithely 230 (voltage source), and a preamplifier. The current is 

measured using the high sensitivity, low noise current preamplifier. The output 

voltage is amplified by a conversion factor µ and then read by Keithely 2000 (voltage 

meter). A RC low-pass filter with a time constant around 0.5 sec is added between 

gate and voltage source to prevent abrupt potential changes and allow consecutive 

potential modulation on the one-dimensional nanostructure. The voltage adder is 

designed to adjust the offset voltage from the preamplifier. 
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Chapter 3 

 

Defects engineering on zinc oxide thin films 

 

3.1  Introduction 

 

It is well known that the ultraviolet (UV) emission of ZnO is attributed to 

exciton-related activities, but for the visible emissions, various mechanisms have been 

proposed including the involvement of zinc interstitials,[79,80] oxygen 

interstitials,[81,82] zinc vacancies[83,84] and oxygen vacancies.[85,86] In addition, it 

is known that the sintered ZnO is a nonstoichiometric oxide at room temperature, 

exhibiting an n-type electrical conductivity due to an excess of the zinc. The zinc 

excess gives origin to intrinsic donors in ZnO, which can be assigned either to the 

zinc interstitials (Frenkel defect) [87] or to the oxygen vacancies (Schottky defect) 

[88]. These two types of point defects have similar electrical properties, being 

difficult to distinguish between them. However, both point defects exhibit different 

defect reactions under different annealing temperature and atmosphere. Recently, it 

has been revealed that the dominant point defect may vary with the annealing 

temperatures [89]. During different annealing conditions, the crystalline 

characteristics of ZnO films would be changed to exhibit various point defects that 

would affect the luminescent properties. 

 

3.2  Defects transition in high-orientated ZnO thin films 
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To understand the relation between intrinsic defects and crystallization in ZnO thin 

films system, we used different manufacturing conditions to figure the defects 

mechanism out.  

Figure 3.1 shows the x-ray diffraction patterns of ZnO films sputtered at the 

OMR of 0%, 5%, 20%, 50% and 72%, and then annealed at 850˚C in N2 and O2. 

atmospheres. Only a sharp (002) diffraction peak at 2θ ~34.4˚ can be detected for both 

atmospheres. It indicates that a well-defined and oriented ZnO film has been obtained. 

However, with an increase of the OMR ratio, the intensity of ZnO (002) diffraction 

peak was reduced. This reveals that the crystallinity of the ZnO films would be 

hindered at a high oxygen pressure. As shown in Figure 3.1, although the film 

crystallinity is not sensitive to the annealing atmosphere, the values (0.22˚, 0.18˚, 

0.25˚, 0.28˚ and 0.5˚) of full-width at half maximum (FWHM) for ZnO (002) 

diffraction peak change with the OMR ratios of 0%, 5%, 20%, 50% and 72%, 

respectively. The best sputtered ZnO film appears at the OMR of 5% that is probably 

related to the relative ratio of Zn to ZnO as reported by Fujimura et al.[90]  

Therefore, the optimum sputtering atmosphere with the OMR of 5% will be used in 

this work to study the effect of annealing temperature on the film crystallinity unless 

otherwise noted. 

 

 

 

 

 

 

Figure 3.1: XRD patterns of ZnO films as function of OMR conditions after 
annealing at 850˚C in (a) nitrogen and (b) oxygen atmospheres. 
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Figure 3.2: XRD patterns of ZnO films sputtered at OMR 5% and annealed at 
different temperatures in (a) nitrogen and (b) oxygen atmospheres. 

 

Figure 3.2 illustrates that the intensity of the (002) diffraction peak varies with 

annealing temperature. When the sputtered ZnO films are annealed below 850˚C, it 

was found that (002) peak intensity increases with annealing temperature up to 850˚C 

in both N2 and O2 atmospheres because of the enhanced film crystallite and grain size. 

Above that (850˚C), it decreases. The smallest FWHM value in the ZnO films can be 

obtained at 850˚C.  This indicates that although a higher annealing temperature can 

improve the crystallization of the as-grown ZnO films, as the annealing temperature 

exceeds 850˚C, especially above 1000˚C, the crystallinity of ZnO films may be 

deteriorated by either crystalline lattice defects [91] or thermal microstrain due to 

structure distortion. Therefore, the surface structure and grain morphology in ZnO 

films will be further modified as illustrated in Figure 3.3, where pill-like structure 

was formed. The formation of the pill-like structure may be related to the surface free 

energy and crystalline lattice defects because a large number of zinc element will be 

vaporized from the ZnO films at such a high annealing temperature. Therefore, in this 

condition, more point defects would be produced in the ZnO films. For the wide-gap 

semiconductors, PL emission is one of the most important properties of ZnO. Figure 
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3.4 shows the room-temperature PL spectra of the as-grown ZnO films sputtered at 

various OMR conditions. The peak intensity of the deep-level emission around ~600 

nm changes with the OMR ratio and the weakest one appears at the OMR of 20%. It 

can be considered that some of point defects such as oxygen vacancies and zinc 

interstitials are compensated each other at a certain oxygen pressure. Furthermore, as 

one can see, along with the decrease in deep-level emission peaks, the peak intensity 

of the UV emission at ~382 nm increases. 

 

 

Figure 3.3: SEM surface morphology of OMR5%-treated ZnO films annealed 
various conditions: (a) 500˚C in N2, (b) 850˚C in N2, (c) 1000˚C in N2, (d) 500˚C in 
O2, (e) 850˚C in O2, (f) 1000˚C in O2. 
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Figure 3.4: Room temperature PL spectra of the as-grown ZnO films at various OMR 
conditions. 

 

Figure 3.5 shows the room-temperature PL spectra of the ZnO films sputtered at 

various OMR ratios and then annealed at 850˚C in N2 and O2 atmospheres. A strong 

PL emission peak corresponding to UV emission, in contrast to that of the as-grown 

films, appears around 378-382 nm that should be a near band edge emission of ZnO 

films due to an exciton-related activity.[92] As shown in Figure 3.5(a) for the films 

annealed in N2 atmosphere, a very stronger UV peak and a relatively low deep-level 

emission (528 nm) shows up at the OMR of 5%. However, in this condition (annealed 

in N2 atmosphere), as the ZnO film was sputtered at the OMR of 20%, the UV 

emission peak becomes weak and a broader deep-level emission appears around 533 

nm as compared to that sputtered at other OMR ratios. On the other hand, as the 

sputtered ZnO films were annealed in O2 atmosphere, Figure 3.5(b) shows that the 

UV peak not only becomes sharper at the OMR of 5% but also the deep-level 

emission at ~533 nm is almost barely detected at the OMR of 20%. This phenomenon 
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reveals that the deep-level emission can be reduced by controlling the OMR ratio and 

annealing conditions. It is well known that ZnO films can display three major PL 

peaks, a UV (near-band-edge) emission peak, a green emission peak and a red 

emission peak. The green and red emissions are generally associated with zinc 

interstitials and oxygen vacancies in ZnO lattice. Several authors have reported that 

the green luminescence corresponds to a transition from Zn• to Zn•• [89] but Riehl et 

al. attributed the green luminescence center to the oxygen vacancies (Vo••) [93]. 

However, in our work, it was found that the dominant defect varies with the annealing 

conditions. As annealed in nitrogen atmosphere, a deep-level emission peak around 

2.06 eV was observed for both as-grown and 500˚C-annealed ZnO films as illustrated 

in the insert of Figure 3.6. With increasing annealing temperature, at 850˚C, the 

deep-level emission peak shifts to 2.35 eV, and then again decreases to 2.26 eV at 

1000oC. It indicates that the dominant point defects can be controlled by changing the 

annealing temperature. The temperature dependence of the predominant defect in ZnO 

films can be further elucidated as follows. 

It is well known that the deep-level emission is influenced by the formation of 

point defects. In the case of ZnO, several reports suggested that the deep-level 

emission results from point defects such as the Vo••, Zni
••, and VZn

". For the as-grown 

ZnO films deposited by rf magnetron sputtering, the chemical component of ZnO 

films is usually nonstoichiometric with oxygen insufficient and Zn interstitials. 

However, in our case, the predominant point defects in the as-grown ZnO films is 

considered as the oxygen vacancies because the films were sputtered at the OMR of 

5% (the chamber ambient is close to pure argon) and the energy level of 2.05 eV 

corresponds to the transition of oxygen vacancies[89]. For the samples annealed 

below 500˚C, a very weak emission was observed that was the same as the as-grown 

films because the structure characterization of ZnO film annealed below 500˚C is very 
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similar to that of the as-grown one. Therefore, in this condition, the predominant point 

defects are still oxygen vacancies. However, with an increase of annealing 

temperature, some lattice and surface defects can be removed and the ZnO film may 

be rearranged into more perfect structure, indicating that the role of predominant point 

defects may be different.  

 

 

 

 

 

 

 

 

 
Figure 3.5: Room temperature PL spectra of ZnO films treated at different OMR 
conditions and annealed 850˚C in (a) N2 and (b) O2 atmospheres. 

 

 

 

 

 

 

 

 

 

Figure 3.6: Defect transition of annealed ZnO films at various temperatures in N2 
atmosphere. 
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As the as-grown ZnO film was annealed at a high temperature in N2 atmosphere, 

the nitrogen gas may be ionized as reported by Garces et al. and the nitrogen acceptor 

can be effectively formed in ZnO film by thermal annealing in N2 atmosphere at 

temperatures range of 600-900oC[94]. If the nitrogen gas could be ionized and filled 

into the ZnO structure, the number of oxygen vacancies would be reduced. 

Furthermore, according to defect chemistry, the zinc interstitials come from the 

Frenkel reaction in the Zn sublattice, while the oxygen vacancy comes from the 

Schottky reaction and it is difficult to distinguish them experimentally. However, it 

was reported that the Frenkel defects predominate at lower temperatures during 

annealing treatment of ZnO and the Schottky defects becomes increasingly important 

at higher temperatures [95]. In other words, for the as-grown ZnO film prepared with 

an OMR of 5% and annealed at 850˚C in N2 atmosphere, the zinc interstitials tend to 

form and become the predominant point defects. As evidenced from Figure 3.6, the 

deep-level emission at ~528 nm corresponds to 2.35 eV that is primarily characteristic 

of the dominance of zinc interstitials. However, when the films were annealed at a 

higher annealing temperature such as 1000˚C, a broader emission band appears 

around 560 nm and the deep-level emission peak shifts from 2.35 eV to 2.26 eV in 

comparison with that at 850oC. The role of dominant point defects becomes a little 

complication because a higher annealing temperature would induce the structure 

change and produce different types of point defects. According to the energy level, the 

dominant defect in the ZnO films is probable either oxygen vacancies or zinc 

interstitials depending on the competition with each other. To exactly determine the 

possible route of defects transition, the defect concentration in ZnO films can be 

calculated by comparing the relative PL intensity ratio of the UV emission to the 

deep-level emission. The PL intensity ratio changes with both OMR ratio and 

annealing temperatures. As illustrated in Figure 3.7(a) for the ZnO films annealed in 
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N2 atmosphere, a maximum relative PL intensity ratio appears at 850˚C for the films 

sputtered at the OMR of 5%. The value of the relative PL ratio is more than 60, much 

larger than that obtained by MOCVD and MBE (~10) [96]. However, the relative PL 

value in other conditions is all below 15 except for the sample sputtered at the OMR 

of 0% and annealed at 850˚C. In contrast, the relative PL intensity ratio can be 

markedly enhanced by annealing in O2 atmosphere as shown in Figure 3.7(b) because 

the formed oxygen vacancies in the ZnO films sputtered at a lower OMR can be 

further compensated in the oxygen annealing. Furthermore, the oxygen ions can 

combine with the zinc interstitials to form ZnO and thus, the deep-level emission can 

be depressed.  Therefore, the defect concentration can be reduced and a sharp UV 

emission along with invisible deep-level peaks can be obtained for the films sputtered 

at the OMR of 5% and annealed at 850˚C in O2 atmosphere.  The relative PL 

intensity ratio of the UV emission to the deep-level emission can be improved up to 

98, indicating that a high-quality ZnO film with lower defect concentration can be 

obtained in this work through the control of annealing treatment. 

 

 

 

 

 

 

 

 

Figure 3.7: Relative PL intensity ratio of the UV emission to the deep-level emission 
for the ZnO films treated with various OMR conditions and annealed at different 
temperatures in (a) N2 and (b) O2 atmospheres. 
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3.3  Point defects controlled by buffer layers in ZnO thin 

films system 

 

Recently, many studies have been focused on ZnO films deposited on silicon substrate 

because of the development for large-scale electronic integration device. However, a 

large lattice mismatch between Si and ZnO will affect the physical characteristics and 

emission properties of the ZnO films. Therefore, it is important to understand the 

substrate, especial interface microstructure, effect on defect transition and 

photoluminescence properties of ZnO films. Figure 3.8 shows the X-ray diffraction 

patterns of ZnO films sputtered at Si, SiO2/Si, and Si3N4/Si, and then annealed at 

850˚C in O2 atmosphere. Only a sharp diffraction peak of (002) at 2θ = 34.5˚ can be 

detected for all the films, indicating that well-defined and oriented ZnO films have 

been obtained. However, the peak intensity of ZnO film grown on SiO2/Si substrate is 

much weaker compared with that on Si3N4/Si substrate. This reveals that the 

amorphous SiO2 buffer layer has a strong negative affect on the crystalline 

characteristics of the ZnO films.  

 

 

 

 

 

 

 

Figure 3.8: X-ray diffraction patterns and FWHM (inset) of ZnO films sputtered at Si, 
SiO2/Si, and Si3N4/Si after annealing at 850˚C in oxygen atmospheres. 
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The values of full width at half maximum (FWHM) are 0.18˚, 0.16˚, and 0.33˚ for 

the ZnO films grown on Si, Si3N4/Si, and SiO2/Si substrates, respectively. In addition, 

it was observed that the ZnO films annealed at 850˚C in nitrogen (N2) exhibit a 

similar trend to that annealed in O2 atmosphere but the corresponding values (0.20˚, 

0.19˚, and 0.45˚) of FWHM are larger in N2 atmosphere. It implies that O2-annealing 

presents a positive effect on crystalline characteristics of ZnO films than 

N2-annealing.  

Figure 3.9 shows the bright-field transmission electron microscopy (TEM) 

images of the ZnO films deposited on various substrates and then annealed at 850 oC 

in O2 atmosphere. The cross-sectional microstructure of all the ZnO films can be 

clearly divided into two regions: crystalline (columnar shape) and inter-layer 

(flat-belt). The columnar structure was grown along c-axis orientation but the 

inter-layer forms a disorder structure that may play a crucial important role in 

reducing the stress due to lattice mismatch between ZnO and Si substrate. Both ZnO 

films deposited on Si and Si3N4/Si substrates present similar cross-sectional 

microstructure as one can see Figure 3.9(a). However, as the ZnO film was deposited 

on SiO2/Si substrate, a large variation appears on the microstructure as shown in 

Figure 3.9(b). A thicker disordered ZnO inter-layer with rougher interface was 

identified for ZnO film grown on SiO2/Si compared to that on Si3N4/Si and Si. The 

formation of the thicker disordered ZnO inter-layer in ZnO/SiO2/Si structure was 

believed to be strongly dependent on the crystal characteristics of SiO2-buffered layer. 

Some researches reported that as the SiO2 film was annealed at a high temperature 

(exceeding 700˚C), many defects such as oxygen vacancies are easily produced and it 

becomes the non-stoichiometric composition [97,98]. As illustrated in Figure 3.9(c), 

more oxygen vacancies are induced in the ZnO film deposited on SiO2-buffered layer. 

Furthermore, it was well known that the diffusivity of the oxygen vacancies is faster 
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than other defects in ceramic oxides. Therefore, in this condition, a thicker ZnO 

inter-layer was formed on SiO2-buffered layer compared to Si3N4-buffered layer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Cross-sectional transmission electron microscopy images of the ZnO 
grown on (a) Si3N4/Si, (b) SiO2/Si substrates after annealing at 850˚C in oxygen 
atmospheres. (c) Atomic ratio of zinc and oxygen at different depths form the surface 
of the ZnO film on Si with various buffer-layer. 
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X-ray photoelectron spectroscopy (XPS) was further used to investigate the 

depth-profile of element composition from columnar ZnO shape through disordered 

ZnO inter-layer. As shown in Figure 3.9(c), it was found that the relative Zn/O ratio 

obviously increases around the inter-layer ZnO region in all the cases, implying that 

the ZnO inter-layer (disordered layer) is non-stoichiometric and contains more oxygen 

vacancies (Vo••). Moreover, it was found that the defect concentration of oxygen 

vacancy in ZnO/SiO2/Si films was apparently more than that in ZnO/Si3N4/Si films as 

confirmed by XPS analysis O 1s peak at 531.25 ± 0.2 eV. In addition, a higher Vo•• 

concentration was also detected in ZnO/SiO2/Si films than that in ZnO/Si that could 

be due to the diffusion of more extra-defects (oxygen vacancies) from the SiO2 

buffered-layer into ZnO films during later thermal annealing. In contrast to SiO2/Si 

and Si substrates, the diffusion of oxygen vacancies from Si3N4/Si into ZnO were 

almost undetected. 

Figure 3.10 illustrates the room-temperature PL spectra of ZnO films deposited 

on various substrates and then annealed at 850 oC in O2 atmosphere. From the spectra, 

it is noticed that the peak intensity of the UV emission depends markedly on the used 

substrates. The ZnO films deposited on Si substrate show a sharp free exciton peak 

around 379 nm and a broad peak in the visible region between 550 and 650 nm. The 

PL emission peak corresponding to the UV emission appears around 377-379 nm 

(3.29-3.27 eV) that should be a near band edge emission of ZnO films due to an 

exciton-related activity [92]. Concerning the visible emission, it should result from 

deep-level emission which is generally associated with zinc interstitials and oxygen 

vacancies in ZnO lattice. However, it was found that the PL spectra of ZnO deposited 

on SiO2/Si substrate are apparently different from others. The PL spectra present two 

UV emissions peaked at 377 nm (3.29 eV) and 394 nm (3.15 eV). The former one is 

the normally observed UV peak and the latter one is very similar to the one (401 nm) 
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reported by Jeong et. al. in low-temperature PL spectra of ZnO films grown on p-type 

Si under oxygen-rich conditions. According to the observation of Jeong et. al., the 

emission band was assigned to the electron transition from the bottom of the 

conduction band to the zinc vacancies level [99]. However, in our case, it may suggest 

that the UV emission peak at 394 nm (3.15 eV) results from the variation in 

microstructure and is assigned to the transition form oxygen vacancy (Vo
•) level to 

valence band, positioned approximately 0.20 eV below the conduction band edge 

[100]. In addition to the UV emission, the visible emission is also changed. The 

spectra corresponding to visible emission region also exhibit two broad peaks around 

495 (~2.50 eV) and 605 nm (~2.05 eV). It implies that there may be two different 

defect transitions occurring at the same time. According to the defect model proposed 

by Lima,[89] the green luminescence (~2.5 eV) corresponds to a transition from Zn• 

to Zn•• and the red luminescence (~2.0 eV) is attributed to the oxygen vacancies 

(Vo••). It was believed that the variation of PL spectra in ZnO/SiO2/Si was influenced 

by the change of crystal characteristics (thicker ZnO inter-layer and rough interface 

between columnar ZnO and ZnO inter-layer) and defect concentration 

(non-stoichiometric). According to the investigation of Zhao et. al. for asymmetric 

double GaAs/AlGaAs quantum well, it was reported that the peak splitting in the PL 

spectra may result from two transitions probably due to the geometric fluctuations 

(layer-thickness fluctuation) [101]. Therefore, a thicker ZnO inter-layer could 

effectively relieve the stress to assist the crystal growth but the disordered ZnO 

inter-layer may induce many defects to change the PL spectra. In contrast, 

ZnO/Si3N4/Si structure does not exhibit those double emission peaks. In other words, 

only a strongly sharp UV peak centered at 377 nm (3.29 eV) was detected. It was 

believed that the ZnO film grown on Si3N4/Si substrate has improved stoichiometry 

with little oxygen vacancies and Zn interstitials concentration as shown in Figure 
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3.9(c) because the PL emission characteristics of ZnO films are strongly dependent on 

both the film stoichiometry and the crystal quality of the film. Especially, as the buffer 

layer (SiO2) becomes thicker in ZnO/SiO2/Si structure, the physical and optical 

properties of ZnO films will become poor because a thicker SiO2 layer will induce 

more “extra-defects” during annealing process. In contrast, in ZnO/Si3N4/Si structure, 

a thicker buffer layer (Si3N4) will prevent the formation and diffusion of extra defects 

and thus, the film stoichiometry of ZnO will be improved. Therefore, ZnO films 

grown on Si3N4/Si substrate would present better physical and optical properties than 

that on other substrates. 

Low-temperature PL measurement was performed for the more detailed 

investigation of the emission characteristics. As shown in Figure 3.11, the obtained 

PL spectra were measured at 10 oK from the same samples as shown in Figure 3.10. 

The ZnO films grown on Si3N4/Si substrate still show the strongest exciton-related 

emission peak at 374 nm (~3.32 eV) along with blue shift. On the other hand, for the 

ZnO film grown on SiO2/Si, the PL peak centered at 394 nm becomes weak and more 

broadening (as compared with Figure 3.10) but the deep-level emission remains 

unchanged. In general, the lattice distance would be slightly compressed in low 

temperature environment and the local defect transition may be thermally quenched as 

evidenced from the variation in the emission peak at 394 nm. The double peaks in the 

ultraviolet region coexist in the whole temperature between 10 and 300 oK but show 

different intensity. This indicates that there are thermal transfer effects. It seems that 

the local defect transition may be thermally quenched at low temperature and a large 

amount of oxygen vacancies to induce defects transfer form oxygen vacancies (Vo
•) 

level to valence band was confined due to microstructure fluctuations. Further 

investigations for the temperature dependence on PL are in progress and the results 

will be reported in the near future. Moreover, although all the specimens were n-type 
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ZnO films, it was found that the carrier concentration of ZnO/Si3N4/Si sample is very 

close to intrinsic ZnO (~1.40×1014 cm-3) and can be increased by post-treatment. 

Thus, it may offer alternative route to develop p-type ZnO films on Si3N4/Si. 

 

 

 

 

 

 

 

 

 

Figure 3.10: Room temperature PL spectra of the ZnO films deposited on various 
substrates after annealing at 850˚C in oxygen and nitrogen (inset) atmospheres. 

 

 

 

 

 

 

 

 

 

 
Figure 3.11: Low-temperature PL spectra measured at 10 K for the ZnO films grown 
at various substrates after annealing at 850˚C in oxygen atmospheres. 
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3.4  Summary 

 

ZnO films have been grown on Si (001) substrates by radio-frequency magnetron 

sputtering. It was found the all ZnO films have strongly preferred-orientation (c-axis). 

Both defects of zinc interstitials and oxygen vacancies are intrinsic and hard to be 

removed during film growth. However, in this study, it has been demonstrated that it 

is possible to control the UV and deep-level emissions in the sputtered ZnO films by 

changing annealing temperatures and using different gas atmospheres. Therefore, a 

sharp UV emission with invisible deep-level peaks can be attained for the ZnO film 

sputtered at an OMR of 5 % and annealed at 850˚C in O2 atmosphere. Moreover, we 

have also shown that the emission characteristics of ZnO films grown on Si by 

radio-frequency magnetron sputtering are strongly influenced by the buffer layer. 

Although all the ZnO films have strongly c-axis orientation and present similar 

columnar-like crystal structure, the PL results in this study apparently reveal that the 

buffer layer plays a crucial role in the crystal quality and film stoichiometry of the 

disordered ZnO inter-layer. If the ZnO film was grown on Si3N4/Si, a very strong UV 

along with invisible deep-level emission was detected because the Si3N4 can 

effectively improve film stoichiometry and reduce the defect formation of oxygen 

vacancies and Zn interstitials compared to SiO2 on Si. Moreover, the carrier 

concentration of the ZnO/Si3N4/Si sample is very close to that of intrinsic ZnO 

(~1.40×1014 cm-3) and can be increased by post-treatment.  
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Chapter 4 

 

Doped ZnO thin films by ion implantation 

 

4.1  Introduction 

 

To develop ZnO-based optoelectronic devices, it is necessary to grow high-quality 

both p- and n-type ZnO thin films. The n-type ZnO is easily available even without 

any doping, while it has been recognized that it is very difficult to obtain p-type ZnO 

because ZnO is a natural n-type semiconductor and the acceptors may have a natural 

tendency to pair with native defects or background impurities to form electrically 

inactive complexes although high densities of holes could be achieved with nitrogen 

as the dopant along with other techniques. Furthermore, the presence of native defects, 

such as zinc interstitials and oxygen vacancies, causes a deviation from stoichiometry 

[102]. In order to overcome this problem, recently, several research groups proposed 

many methods to obtain p-type ZnO films [103-105]. Generally, choosing group V 

element to be a dopant material is a common agreement. 

 

4.2  Phosphorous-implanted in ZnO thin films 

 

So far, there have been several research groups proposed the formation of p-type ZnO 

by various dopants and doping method [103,106]. However, no detailed studies were 

made to investigate the effect of group V-dopants on the structural change and 

photoluminescence properties of ZnO films. Figure 4.1 shows the XRD patterns of 
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the phosphorous-implanted (fluence of 5× 1012, 1× 1014, and 5× 1015 cm-2) and 

non-implanted ZnO thin films annealed at 850˚C in nitrogen atmospheres. With an 

increase of phosphorus concentration, the (002)-peak intensity decreased obviously 

and a weak diffraction peak was observed at the fluence of 5×1015 cm-2 for the 

phosphorous-implanted ZnO films annealed at 850oC in nitrogen. Similar behavior 

was also observed in the case of oxygen atmosphere. It was believed that the 

phenomenon is strongly dependent on the solubility limit of the implanted phosphorus 

in ZnO films. In addition, the (002) diffraction peak of the ZnO films was shifted 

towards the direction of smaller 2θ angle with the increase of fluence from 5×1012 to 

5×1015 cm-2. According to Bragg Law, the shift toward smaller 2θ direction indicates 

an increase of the lattice constant that was considered due to the incorporation of the 

phosphorus into ZnO matrix to form antisite PZn or phosphide (PO4
-) compound.  

Figure 4.2 shows the depth profile of phosphorus-implanted ZnO films with various 

fluences. As it can be seen, the secondary ion counts of phosphorus abruptly increase 

near the side of Si substrate regions. It was believed due to the original implanted 

phosphorus and incomplete diffusion in annealing process. This concentration 

corresponds to the solubility [106] of phosphorus in ZnO film that is determined as 

2.5×1017, 1.5×1018, and 8.5×1019 ions/cm3 for the fluence of 5×1012, 1×1014, and 

5×1015 ions/cm2, respectively. 

 
 
 
 
 

Figure 4.1: XRD patterns of ZnO 
films implanted with different 
phosphorus fluences and annealed at 
850˚C in nitrogen. 
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Figure 4.2: SIMS depth profile of ZnO films implanted with different phosphorus 
fluences after annealed at 850˚C in nitrogen atmospheres. 

 

 

 

 

 

 

 

 

 
Figure 4.3: SEM images of ZnO films doped with phosphorus at fluences of (a) 
5×1012 and (b) 5×1015 ions/cm2 and then annealed at 850˚C in nitrogen atmosphere. 
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Figure 4.3 shows the SEM images of ZnO films doped with phosphorus and then 

annealed at 850˚C in nitrogen atmosphere. As shown in Figure 4.3(a), both ZnO films 

with non-implanted and implanted with 5× 1012 ions/cm2 exhibit similar surface 

morphology (r.m.s: ~2.5 nm). Above that concentration, i.e., 5×1015 ions/cm2, Figure 

4.3(b) illustrates that several ridge regions are formed in ZnO films (r.m.s.:~5.4 nm). 

It was postulated that the formation of the glass-like ridge structure may be related to 

the excess doping of phosphorus. In order to investigate the phosphorus doping effect 

on the crystalline of ZnO films, TEM analysis were performed. As shown in Figure 

4.4 for ZnO films annealed at 850˚C in nitrogen atmosphere, it was found that the 

cross-sectional microstructure was clearly divided into two regions: crystalline 

(columnar shape) and interlayer (flat-belt) structure. The interlayer could be 

considered as a buffer layer to reduce the stress due to lattice mismatch between ZnO 

and Si. However, for ZnO films with 1×1014 ions/cm2 implanted, several small 

clusters were observed in the ZnO interlayer in Figure 4.4(b) as marked with arrows. 

According to energy-dispersive spectrometry (EDS) measurement, those clusters were 

primarily composed of phosphorus, zinc and oxygen elements that may be related to 

the formation of glass-like ridge structure. Figure 4.5 shows the room-temperature PL 

spectra of non-implanted and phosphorus-implanted ZnO films annealed at 850˚C in 

nitrogen atmosphere The PL behavior for deep-level emission of ZnO films implanted 

with various fluences of phosphorus is also illustrated in the inset of Figure 4.5 for 

comparison. The inset is the deep-level emission of ZnO films implanted with various 

fluences. It was observed that the peak intensity of the UV emission varies with the 

concentration of fluence. A very stronger UV peak (378 nm) and a relatively low 

deep-level emission (545 nm) were obtained for the non-implanted sample. However, 

as the ZnO films were implanted with different phosphorus fluences and annealed in 

nitrogen atmosphere, the UV emission peak of the ZnO films becomes weaker and 
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presents slightly red shift as compared to the non-implanted one. This PL result along 

with the XRD analysis and surface morphology implies that there should be a 

solubility limit for phosphorus incorporated into ZnO films. If the implanted 

concentration is close to the solubility limit, both crystal structure and NBE emission 

would be strongly influenced and become poor. 

 

 

 

 

 

 

 
Figure 4.4: Cross-sectional TEM images of ZnO films annealed at 850˚C in nitrogen 
atmospheres. (a) without phosphorus-implanted, (b) with phosphorus-implanted 
(fluence: 1×1014 ions/cm2). 
 

 
Figure 4.5: Dependence of fluences conditions on room temperature PL spectra for 
the phosphorus-implanted ZnO films annealed at 850˚C in nitrogen atmospheres. The 
inset is the deep-level emission of ZnO films implanted with various fluences of 
phosphorus. 
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On the other hand, as the phosphorus-implanted ZnO films were annealed in O2 

atmosphere (not shown here), the UV peak intensity was remarkably decreased 

compared to that annealed in N2 atmosphere. In addition, with increasing 

phosphorus-implanted concentration up to 1 × 1014 fluence, a weaker UV peak 

accompanied with a stronger deep-level emission around 545 nm was detected in O2 

atmosphere than that in N2 atmosphere. It implies that more defects were probably 

induced in ZnO film annealed in oxygen atmosphere than that annealed in nitrogen 

atmosphere. Therefore, according to above discussion, it was believed that the 

property deterioration in the phosphorus-implanted ZnO films is correlated closely 

with the formation of defects and some glassy phase (MPO4
-) as evidenced from 

Figure 4.4(b) of TEM. In addition, the resistivity and carrier type of non-implanted 

and phosphorus-implanted ZnO films were further investigated by Hall measurement. 

The non-implanted ZnO film has the 52 Ωcm and exhibits n-type (-1.65×1016 cm-3) 

characteristics. However, with phosphorus-implanted fluence of 5×1012 ions/cm-2, the 

resistivity of phosphorus-doping ZnO films increases up to 256Ωcm but the carrier 

concentration approaches to 1.65×1015 cm-3. Thus, the conversion of carrier type was 

never observed that is probably attributed to the formation of phosphide even though 

the phosphorus element was successfully incorporated into ZnO films. 

 

4.3  Characterization of p-type ZnO films 

 

Recently, several thin-film growers have demonstrated that nitrogen doping was an 

effective method to realize p-type ZnO films because N has the smallest ionization 

energy in group V-dopants and similar radii to that of oxygen atoms. In this session, 

we used nitrogen-implanted and Si3N4 buffer layer to fabricate p-type ZnO thin films. 
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Figure 4.6 shows the XRD pattern of nitrogen-implanted ZnO thin films on Si and 

Si3N4/Si, and then annealed at 850oC in N2 atmosphere. Only a sharp diffraction peak 

of (002) at 2θ = 34.5˚ can be detected for all the ZnO films, indicating that these ZnO 

films were highly c-axis oriented. However, as increasing the nitrogen-implanted 

concentration form 5×1012 to 5×1015 cm-2, the intensity of the (002) XRD peak in 

ZnO films grown on Si substrate decreases as shown in inset of Figure 4.6. In 

contrast, when the ZnO films were grown on Si3N4/Si substrates, it was found that 

(002) diffraction peak becomes stronger with the increase of the implanted nitrogen 

ions from 5×1012 to 1×1014 cm-2 (Figure 4.6). This reveals that the occupation of the 

implanted nitrogen ions on oxygen vacancies can improve the crystallinity of ZnO 

films on Si3N4/Si can be improved. However, above that, the peak intensity was 

rapidly decreased, implying that more implanted nitrogen ions probably induces extra 

defects and this would lead to the lattice distortion.  

 

 

 

 

 

 

 

 

 

 
Figure 4.6: XRD of ZnO films sputtered at Si (inset), and Si3N4/Si substrates with or 
without nitrogen-implanted various doses. 
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The electrical conduction type of nitrogen-implanted ZnO films as a function of 

doping doses is shown in Figure 4.7. The nitrogen-implanted ZnO films on Si 

substrate show n-type conduction independent of the implanted nitrogen ions 

concentration. In sharp contrast, the nitrogen-implanted ZnO films on Si3N4/Si 

substrate exhibit p-type conduction and the carrier concentration increases up to 

7.3×1017 cm-3 with an increase of nitrogen-implanted concentration from 5×1012 to 

1×1014 cm-2. According to our previous study, as the ZnO films were deposited on the 

Si3N4/Si structure, x-ray photoelectron spectroscopy analysis demonstrates that a 

lower oxygen vacancies concentration and thinner interface layer was detected for 

ZnO on Si3N4/Si structure compared to that on Si [107]. Furthermore, the film 

stoichiometry was improved because of the reduction in oxygen vacancies, indicating 

the ratio of Zn:O was decreased [108]. In this condition, the concentration of active 

acceptors may exceed the donor concentration so that the conduction type was 

changed from n to p type. The dependence of conduction type on the implanted 

nitrogen ions concentration in ZnO films in Figure 4.7 suggests the 

nitrogen-implanted process can product more holelike carries to transform original 

conduction (compensate the native carriers). However, a further increase in the 

implanted dose of the nitrogen ions up to 5×1015 cm-2 leads to a decrease in hole 

concentration of p-ZnO and the conduction type of ZnO films would approach the 

intrinsic conductor. 

Resistivity and Hall mobility as a function of implanted nitrogen ions doses 

were measured and are shown in Figure 4.8 for p-type conduction ZnO films. As 

increasing nitrogen ions doses from 5×1012 to 1×1014 cm-2, both hole concentration 

and Hall mobility increase, but the resistivity decreases. The p-type ZnO films grown 

on Si3N4/Si show a hole concentration of 7.3×1017 cm-3, a mobility of 6.02 cm2/Vs, 

and a low resisitivity of 10.3 Ω cm. Above that (1 × 1014 cm-2), both hole 
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concentration and Hall mobility decreases, but an increase in resistivity was observed. 

The initial increase in the hole concentration is due to a decrease in oxygen vacancy 

as the implanted nitrogen ions doses increase. The decrease in hole concentration after 

the maximum value is caused by the formation of more defects due to excess nitrogen 

ions that can compensate for a hole carrier which may correspond to the degradation 

of the crystal quality in p-type ZnO films as supported by the decrease in the peak 

intensity of (002) XRD peak in Figure 4.6 for the nitrogen-implanted ZnO film with 

the dose of 5×1015 cm-2. 

 

 

 

 

 

 

 

Figure 4.7: Electrical conduction type of nitrogen-implanted ZnO films as a function 
of various doses. 
 
 
 
 
 
 
 
 
 
 
Figure 4.8: Variation of resistivity and Hall mobility as a function of different 
nitrogen-implanted doses. 
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Recently, many research groups announced that p-type ZnO were fabricated by 

doping group-V elements and proposed a reasonable explanation for the mechanism 

of atom substitution in crystal structure, such as NO. However, almost no evidence 

was presented for the behavior of atom occupation in p-type ZnO fine structure. 

Therefore, in order to further understand the local structure of p-type ZnO films, the 

extended x-ray absorption fine structure was investigated. Figure 4.9 shows the 

pseudoradial distribution functions obtained from the k3-weighted Fourier transforms 

at Zn K edge for the nonimplanted and nitrogen-implanted ZnO films on a Si3N4/Si 

structure, where pure ZnO powder was used as standards for comparison. The first 

peak in the Fourier transforms corresponds to the nearest-neighbor distance around 

zinc atoms. The peak position of zinc to oxygen for both bulk powder standards (ZnO: 

99.999%) and nonimplanted ZnO thin films is equal to 0.1945 nm. For the ZnO film 

implanted with 1×1014 cm-2 N+ dose, the Zn-O bond length in ZnO/Si3N4/Si is very 

similar to that of nonimplanted ZnO films and bulk powder standards. However, for 

the second nearest-neighbor distance around Zn2+, it was found that the Zn-Zn bond 

length for nonimplanted ZnO films is shorter than that of nitrogen-implanted ZnO 

films. It could be due to the existence of oxygen vacancies in the ZnO lattice matrix 

that causes the secondary nearest-neighbor distance to become shorter.  In 

comparison with bulk powder standards (0.327 nm), a little larger Zn-Zn bond length 

(3.28Å) was also detected for N+ -implanted ZnO films. These observations suggest 

that the implantation of nitrogen ions into ZnO films could affect the local structure of 

ZnO film, such as bond distance, but a limited range of 1×1014 cm-2 nitrogen ions 

dose can effectively improve the crystal quality of ZnO films.  

Figure 4.10 illustrates the room-temperature PL spectrum of ZnO films 

implanted with various nitrogen ions doses on Si3N4/Si substrates. UV emission with 

peaks at 3.31, 3.28, 3.29, and 3.30 eV is dominantly observed for the ZnO films 
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implanted with 0, 5×1012, 1×1014, and 5×1015 cm-2 nitrogen ions dose, respectively. 

According to the spectrum, it is noticed that the peak intensity of the UV emission 

depends markedly on the nitrogen-implanted dose. The ZnO film implanted with a 

1×1014 cm-2 nitrogen ions dose not only shows a stronger peak intensity but also has 

a narrower full width at half maximum of 95 meV than that (110 meV) of 

nonimplanted ZnO films. Furthermore, the relative intensity ratio of UV emission (IUV) 

to that of deep-level emission (IDLE) are measured about 13(nonimplanted sample), 

55-56 (implanted with 5×1012-1×1014 cm-2 nitrogen ions dose), and 25(implanted 

with 5×1015 cm-2 nitrogen ions dose), at room temperature, respectively. This high 

ratio implies that the nitrogen-implanted ZnO film is of high optical quality.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.9: Fourier transforms at Zn K-edge for the ZnO powder standards, 
non-implanted, and nitrogen-implanted ZnO/Si3N4/Si samples. 

 

4.4  Summary 

 

Phosphorus-implanted in ZnO films tends to react with zinc and oxygen elements to 

form the clusters and this would induce defects as revealed from PL spectra. 

Moreover, both the crystalline quality and optical property will be deteriorated due to 
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the formation of phosphide compounds. Therefore, in this condition, high resistive but 

not p-type ZnO film is obtained by phosphorus doping.  

However, in another study, we have fabricated the reproducible p-type ZnO films 

grown on Si3N4/Si by rf magnetron sputtering, implanted with 5×1012-1×1014 cm-2 

nitrogen ions dose and then annealed at 850 oC in N2 ambient. The EXAFS analysis 

reveals the local structural variation of the p-type ZnO films due to the substitution of 

nitrogen ions for oxygen ions in p-type ZnO films. The hole concentration, carrier 

mobility, and resistivity of p-type ZnO films were 5.0×1016-7.3×1017 cm-3, 2.51-6.02 

cm-2Vs, and 10.11-15.3 Ωcm, respectively. PL spectra of the nitrogen-implanted 

ZnO/Si3N4/Si showed a sharp UV emission and invisible deep-level transition at 

room-temperature measurement. The high value of IUV/IDLE in nitrogen-implanted 

ZnO/Si3N4/Si also shows better optical quality relative to nonimplanted and 

nitrogen-implanted into ZnO/Si samples. These results suggest that 

nitrogen-implanted ZnO films deposited on a Si buffer with Si3N4 show electrical and 

optical behaviors that make them excellent candidates for a good p-type layer for 

ZnO-based optoelectronic device on a Si-based substrate. 
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Figure 4.10: Room-temperature PL spectra of non-implanted and nitrogen-implanted 
ZnO/Si3N4/Si samples. 
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Chapter 5 

 

Physical characteristics of ZnO nanorods via soft 

chemical process 
 

5.1  Introduction 

 

The ZnO nanorods have been thought to be the most suitable for ultraviolet (UV) 

laser device because of its large exciton binding energy of 60 meV compared to that 

(26 meV) of GaN at room temperature. Furthermore, many reports in the related 

literature have demonstrated that directionally grown ZnO nanorods can effectively 

decrease the threshold power to achieve the UV lasing emission at room-temperature. 

Strong efforts have been made to fabricate one-dimensional ZnO, including thermal 

decomposition[109], hydrothermal synthesis[110], vapor phase transport[111], and 

metal-organic chemical vapor deposition (MOCVD) [112]. Recently, many 

wet-chemical approaches have been used for large oriented arrays of ZnO nanorods 

on polycrystalline (or single-crystalline) substrates from aqueous solutions [113,114]. 

However, it is worth noting that without suitable treatment on the substrates, highly 

oriented ZnO nanorods grown on a Si wafer has been rarely achieved. 

 

5.2  ZnO nanorods array on organic substrate 

 

Recently, many research groups used ZnO nanoparticles as seeds to grow the 

large-scale and well-oriented ZnO nanorods on Si substrates via low temperature 
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process [115]. However, it is potentially more important to synthesize 1D nanoscale 

materials on organic substrates for the applications of flexible display and 

photoelectronic devices. Therefore, we wanted to investigate the nucleation and 

growth behavior of ZnO nanorods on organic substrates in aqueous solutions. Figure 

5.1(a) shows the surface images of large-scale arrayed ZnO nanorods grown on 

polystyrene (PS)/polycarbonate (PC) substrates. It was found that the ZnO nanorods 

have a well-defined hexagonal plane with a homogeneous diameter of approximately 

~60 nm due to uniform growth rate. The cross-sectional SEM image in Figure 5.1(b) 

shows that the ZnO nanorods are directionally and densely grown over the entire PS 

surface of the substrates. Furthermore, it was noted that the well-aligned ZnO 

nanorods (Figure 5.1(c)) can be developed after the removal of the PS beads from the 

specimen fabricated using the same conditions as Figure 5.1(b). It implies that the PS 

layer can supply the appropriate environment to increase the nucleation sites for ZnO 

nanorods. 

 

 

 

 

 

 

 

 

Figure 5.1: SEM images of large arrays of oriented ZnO nanorods grown on 
polystyrene (PS)/polycarbonate (PC) substrates for 8 h. (a) Low magnification, 
face-on view. (b) Cross-sectional SEM image of ZnO nanorods grown on PS/PC 
substrates. (c) SEM image of ZnO nanorods grown on PS/PC substrates after 
removing the PS beads. 
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Figure 5.2: SEM images of ZnO nanorods grown on PS/PC substrates as a function 
of reaction time at 75oC. (a)1 h, and (b) 5 h. (c) High-resolution TEM image of ZnO 
nanorods grown on organic substrates. (d) High-resolution TEM image of the 
interface region between ZnO nanorods and ultra-thin ZnO monolayer/ PC. 

 

To understand how the well-aligned ZnO nanorods were developed on the 

organic substrates, the sample was subjected to grow at 75oC in a variety of time. The 

first initial stage (t < 0.5 h) can be considered as the induction time, during which an 

ultra-thin monolayer was slowly generated under the PS beads in the solution. It is 

difficult to observe the ultra-thin monolayer by SEM, but this layer can be justified to 

be ZnO by chemical analysis such as x-ray photon spectroscopy after removing the 

PS beads. Later, in the second stage, the ZnO nanorods start to nucleate from the 

concave regions of PS layers as evidenced from Figure 5.2(a). It was believed that 

the promotion of heterogeneous nucleation on the concave regions is ascribed to the 

high affinity of the ZnO nuclei to the ZnO layer under PS beads. To investigate the 
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nucleation behavior of the aligned ZnO nanorods, HRTEM was used to study the 

interface between ZnO nanorods and ZnO monolayer (~5 nm thicker) shown in 

Figure 5.2(d )after removing the PS beads. It was observed that the well-aligned ZnO 

nanorods are preferentially nucleated from the concave region in ZnO monolayer. 

Recently, it was also reported that the aligned ZnO nanorods can be grown on the Si 

substrates with ZnO nanoparticles or crystalline films as buffered layers [115]. After 

nucleation, in the third period, a preferential growth along longitudinal direction 

(c-axis) for the oriented ZnO nanorods was expected because the growth in width (or 

lateral) direction is suppressed due to the size of concave shape in PS layers as shown 

in Figure 5.2(b). The high resolution TEM image of the well-aligned ZnO nanorods 

in Figure 5.2(c) demonstrates that <001> direction is the preferred growth direction 

for the well-aligned ZnO nanorods grown on PS/PC substrates. It indicates that the 

lattice fringes are perpendicular to the longitude direction of the ZnO nanorods, and 

the singular fringe spacing is about 0.51nm, which is nearly consistent with the c-axis 

parameter in hexagonal ZnO structure (c= 0.521nm in Wurtzite ZnO). A detail 

investigation for the growth behavior of ZnO nanorods grown on inorganic substrates 

(Si) with ZnO coated can be referred to our previous study [116]. This demonstrates 

that the well-aligned ZnO nanorods can be grown at a lower temperature from 

aqueous solutions on both organic and inorganic substrates.  
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Figure 5.3: (a) Face-on view SEM image of well-aligned ZnO nanorods grown on 
PS/PC substrates for long-term growth (24 h). A <001> zone-axis TEM bright-field 
(BF) image of the coalescent ZnO nanorods (its scale bar is 100 nm in the inset), and 
(b) a corresponding diffraction pattern for the inset of Fig. 3a. (c) Cross-sectional 
TEM (BF) and (d) dark-field (DF) images of the coalescent ZnO nanorods. (e) A high 
magnification BF TEM image of (c), showing the interface (marked with dash line) of 
the coalescent couple ZnO nanorods. 

 

 

 



 

 77

After long-term growth, i.e., 24h, the SEM surface image of ZnO nanorods in 

Figure 5.3(a) reveals that the ZnO nanorods have started on coalescence process with 

other adjacent nanorods. As compared with Figure 5.1(a), the ZnO rods become 

much thicker (more than 0.5 µm) in diameter but no more grow longer (about 1.7 µm) 

in length. Therefore, in this condition, the growth rate of ZnO nanorods in the <001> 

orientation would obviously decrease. The TEM bright-field (BF) image (inset in 

Figure 5.3(a)) of the (cross-sectional) ZnO nanorods clearly demonstrates the merged 

grains with side crystal plane attached that can be further confirmed by the <001> 

zone-axis selected-area electron diffraction (SAED) pattern of ZnO nanorods in 

Figure 5.3(b). The split diffraction spots in the edge region (marked with arrows) of 

the SAED pattern suggest that the merged ZnO nanords are not perfectly aligned in 

both a and b directions. The TEM BF and dark-field (DF) images of the merged ZnO 

nanorods in Figure 5.3(c) and (d), respectively, clearly shows that more than two 

ZnO nanorods were aggregated in a coplanar manner using their side planes to form a 

larger ZnO nanorod. A magnified picture of Figure 5.3(c) was illustrated in Figure 

5.3(e) where the SAED patterns of single and coalescent nanorods are also shown in 

the left and right insets, respectively. This further explains the coalescence of ZnO 

nanorods with a slight misalignment between nanorods. Therefore, the growth 

behavior of the ZnO nanorods in the later long-term growth stage can be considered 

as a direct combination of a small number of individual nanorods that was similar to 

oriented attachment [117].  

Figure 5.4 illustrates the room-temperature photoluminescence (PL) spectra of 

the ZnO nanorods grown on PS/PC substrates. For ZnO nanorods grown with a short 

period of time, i.e. 0.5 h, only a weak PL peak around 378 nm is detected which can 

be connected to the ultraviolet (UV) emission of ZnO with a bandgap of 3.27 eV. As 

the ZnO nanorods were grown for 5 h (spectrum b), a strong PL emission at 380 nm, 
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corresponding to the 3.26 eV bandgap transition of ZnO, was detected. However, a 

broad yellow emission around 575 nm was also observed that is due to the deep levels. 

The value of the relative PL ratio (Ultraviolet (UV) emission (IUV) to that of deep 

level emission (IDLE)) is estimated to be about ~ 5.1. Generally, the UV emission peak 

of ZnO is generally attributed to an exciton-related activity [50,51], and the deep level 

emission may be due to the transitions of native defects such as oxygen vacancies and 

zinc interstitials [54,55]. It is well understood that PL spectra depend on the 

stoichiometry and the microstructure defects of the materials. As confirmed and 

reported in our previous results [117], the ZnO nanorods grown in the aqueous 

solution at a lower temperature may induce unstable surface status to trap impurities 

and further damage the optical properties. Especially for the ZnO nanorods with a 

long-term growth, i.e. 24 h, it was observed that the broad orange emission in 

spectrum c becomes stronger compared to that of ZnO nanorods grown for 5 h 

(spectrum b).  The relative PL ratio ((IUV) / (IDLE)) is reduced from 5.1 to 1.2. It is 

suggested that the native defects due to imperfect boundaries and misalignment 

between ZnO nanorods were increased for the merged ZnO nanorods. Therefore, it 

implies that both native defects and optical quality of ZnO nanorods grown on a 

flexible substrate could be controlled by changing growth conditions. 
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Figure 5.4: Room-temperature PL spectra of ZnO nanorods grown on PS/PC 
substrates for growth time at 0.5, 5, and 24 h. 

 

5.3  Post-annealing effects on ZnO nanorods 

 

It is well known that both physical characterization and optoelectronic properties are 

strongly influenced by the defect concentration of native defect in ZnO and this can 

be modified via thermal treatment under different atmospheres and annealing 

conditions [118]. Therefore, it is important to investigate the effect of post-annealing 

on the crystallinity and optical properties of ZnO nanorods. The variation of structural 

and optical properties of ZnO nanorods with thermal annealing conditions will be 

detailed discussed in this work. Figure 5.5 plots the room-temperature 

photoluminescence spectra of the ZnO nanorods annealed under various conditions. 

Only two emission peaks at 377nm (UV emission) and 595 nm (visible emission) 

were observed. It was found that UV emission intensities increase with annealing 

temperature, but the visible emission in post-annealed samples tends to disappear, 



 

 80

suggesting that the native defects or non-radiative recombination can be reduced by 

post-annealing treatment in O2 and N2 atmospheres as shown in Figure 5.5(a) and (b). 

However, the ZnO nanorods annealed in N2 show stronger visible emission peaks 

compared to that annealed in oxygen atmosphere because the oxygen vacancies 

become the predominant point defects in N2 atmosphere. In addition, a unique 

phenomenon was observed for the sample annealed in H2/N2 atmosphere, as presented 

in Figure 5.5(c). An optimal UV emission occurs at the 600oC. It was believed that 

H2/N2 treatment is able to passivate native defects or impurities that contribute to 

visible transition, because the hydrogen atoms can be situated in various lattice 

positions. However, when the sample was exposed to H2/N2 at 800oC, the UV 

emission almost disappeared. This marked change can be attributed to the fact that a 

high-temperature reduction environment of H2/N2 could damage the crystal structure 

of the ZnO nanorods by surface etching [119]. It was also observed that the peak 

position of the longer-wavelength visible emission band shifts with different 

treatments. The peak position of the visible (deep-level) emission is related to the 

predominant defects in the ZnO nanorods and both defects of zinc interstitials and 

oxygen vacancies are strongly modified by changing annealing temperature and using 

different atmospheres [120]. The relative PL ratios (IUV/IDLE) of the samples as a 

function of various atmospheres can be further summarized and presented in Figure 

5.6, revealing that the improvement in the optical quality of post-annealed ZnO 

nanorods is not only dominated by the annealing temperature but also the annealing 

atmosphere.  
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Figure 5.5: Room-temperature PL spectra of ZnO nanorods annealed at various 
temperatures in (a) O2, (b) N2 and (c) H2/N2 atmospheres. 
 

Figure 5.7(a) shows that the as-grown ZnO nanorods are perpendicular to the 

substrate with a uniform length of 900-950 nm. As annealed at 600oC in H2/N2 , the 

cross-sectional morphology of the annealed ZnO nanorods in Figure 5.7(b) is slightly 
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different from that of the as-grown ZnO nanorods. It was found that the diameter of 

the annealed ZnO nanorods was locally necked, as shown in the set of Figure 5.7(b). 

When the ZnO nanorods were annealed at 800˚C in H2/N2, the surface image in 

Figure 5.7(c) shows that all the ZnO nanorods were collapsed on the substrate, 

probably because of surface etching. These results may elucidate why the UV peak 

was rapidly and suddenly disappeared at 800˚C in Figure 5.5(c). In contrast, as the 

ZnO nanorods were annealed at 800oC in both O2 and N2 atmospheres, the 

morphology of the ZnO nanorods almost remain unchanged as compared to that of the 

as-grown ZnO nanorods (Figure 5.8(a) and (c)). At 1000oC in N2 and O2, the surface 

morphology of ZnO nanorods was changed from “rod-like” to irregular shape as 

shown in Figure 5.8(b) and (d), perhaps because of the melting and re-growth of the 

nanorods.  

 

 

 

 

 

 

 

 

 

 
Figure 5.6: IUV/IDEL of the annealed ZnO nanorods dependent on various annealing 
conditions. 
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Figure 5.7: SEM images of (a) the as-grown ZnO and annealed ZnO nanorods at (b) 
600 oC, (c) 800 oC in H2/N2. The inset in Figure 5.7(b) showing the ZnO nanorods 
become locally necking. 

 

HR-TEM was further used to study the ZnO nanorods annealed at 1000oC in N2 to 

elucidate the variation in the local structure. Figure 5.9(a) reveals that the ZnO 

nanorods were shortened to 300-400 nm, and became partially joined to their 

neighbors. The split diffraction spots in the central region of the SAED pattern 

suggest that the merged ZnO nanorods are not perfectly aligned in either the a (or b) 

and c directions, as presented in the inset of Figure 5.9(b). Moreover, HR-TEM 

images of the ZnO nanorods in Figure 5.9(c) demonstrate that partial amorphous was 

formed in the single-crystal ZnO nanorod. In addition, several lattice fringes (marked 

with arrows) appear in the edge of the ZnO nanorod in Figure 5.9(d). Furthermore, 
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according to X-ray photoelectron spectroscopy (XPS) analysis, the atomic ratio of O 

to Zn was approximately to 0.9 for the nanorods and the single of O2- ions in the 

oxygen-deficient regions were almost covered by the background signal, this 

indicating these amorphous regions appeared to contain some structural defects. The 

primary defect type in the region may be considered as oxygen vacancies as 

evidenced by PL spectra. 

 

 

 

 

Figure 5.8: SEM images of the annealed ZnO nanorods at (a) 800oC, (b) 1000oC in 
O2, and (c) 800oC, (d) 1000oC in N2. 
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Figure 5.9: (a) High-magnification SEM and (b) low-magnification TEM images of 
ZnO nanorods annealed at 1000oC in N2 ambient with a corresponding diffraction 
pattern in the inset. A high-resolution TEM image of (b), showing the selected area in 
the (c) neck and (d) top of the ZnO nanorod. 

 

5.4  Summary 

 

We have developed a low-temperature synthetic route to prepare well-aligned arrays 

of oriented ZnO nanorods in the diameter of ~60 nm on the organic substrates without 
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any extra buffered layer in aqueous solution. HRTEM analysis demonstrates that 

well-aligned ZnO nanorods are preferentially nucleated from the ZnO monolayer 

under the concave regions of PS layers. The optical quality of ZnO nanorods grown 

on a flexible substrate could be improved by controlling growth conditions. This 

simple approach shows great potential for optoelectronic devices because it can 

produce large-scale highly well-aligned ZnO nanorods on flexible organic substrates. 

In addition, photoluminescence spectra indicate that the optical quality of the 

ZnO nanorods can be changed and controlled by annealing the ZnO nanorods in 

various atmospheres at different temperatures. For the sample annealed in both O2 and 

N2 atmospheres, the room-temperature UV emission of the ZnO nanorods increases 

with the increase of temperature due to the reduction of structure defects. In contrast, 

in H2/N2 atmosphere, a stronger UV emission occurs at 600oC, above that the ZnO 

nanorods would be collapsed on the substrate and their optical property would be 

deteriorated by H2 etching process during a higher temperature annealing treatment. 

The above-mentioned results may suggest that the crystallinity and optical properties 

of the ZnO nanorods can be improved by post-annealing treatment. 
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Chapter 6 

 

Plasma treatment on ZnO nanorods 
 

6.1  Introduction 

 

Although ZnO was reported to be the most potential material to realize the next 

generation in UV semiconductor laser, most of the ZnO crystal is an n-type because it 

contains significant concentrations of shallow donors and native defects (Zn 

interstitials, O vacancies). Therefore, the control of defect states becomes an 

important issue for improvement of emission efficiency. However, unfortunately, 

most 1D nanomaterials (nanowires or nanorods) have been paraded as “perfect-like” 

or “defects-free” nanocrystals so that there are rarely efficient methods to fabricate 

high-quality ZnO nano-scale nanostructures via doping the grown ZnO nanorods at 

lower temperatures because of no suitable diffusion paths except for in-situ growth of 

doped-ZnO via vapor-liquid-solid (VLS) process which usually takes place at high 

temperatures [121,122]. But, in our previous studies reveal that the single crystalline 

ZnO nanorods grown from aqueous solution contain many defects which can provide 

for the doping or incorporation of impurities into ZnO nanorods [123]. Therefore, in 

this chapter, the reaction between the plasma gas and ZnO nanorods will be discussed. 

 

6.2  High conductivity ZnO nanorods in hydrogen-plasma 

 

Numerous prior investigations have reported that hydrogen ions not only could be 
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more easily diffused into ZnO in the plasma-treated process and combine with other 

defects to form a shallow donor in ZnO, but also can increase the free electron 

concentration of ZnO to improve conductivity and strongly passivate the deep level 

emission to enhance the band edge luminescence. Therefore, in this work, a simple 

method by combining the aqueous solution process with hydrogen plasma treatment 

was proposed to develop high-quality well-aligned arrays of ZnO nanorods on organic 

substrates. Figure 6.1 shows the SEM images taken from several samples with highly 

uniform and densely packed arrays of ZnO nanorods grown on flexible four-inch PC 

substrate (Figure 6.1(a)). The ZnO nanorods in Figure 6.1(b) present a well-defined 

hexagonal shape with a homogeneous diameter of approximately ~70 nm. The 

cross-sectional SEM image in Figure 6.1(c) demonstrates that the highly oriented 

ZnO nanorods with a uniform length of 500-520 nm are perpendicularly grown to the 

PC substrate. Figure 6.1(d) shows the high resolution TEM (HRTEM) image of the 

well-aligned ZnO nanorods grown on PC substrates with the corresponding selected 

area electron diffraction pattern shown in the inset. The fringe spacing between two 

adjacent lattice planes is about 0.52 nm which is nearly consistent with the c-axis 

parameter in hexagonal ZnO structure (c = 0.521 nm in ZnO wurtzite structure), 

indicating that <001> is the preferred growth direction for the ZnO nanorods. In 

addition, some stacking faults are also observed (marked with arrows) and these 

stacking faults seem not to affect the crystal quality of ZnO nanorods because the 

selected-area electron diffraction pattern in the inset of Figure 6.1(d) reveals that the 

ZnO nanorods still exhibit single crystalline structure. 
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Figure 6.1: SEM images of large arrays of oriented ZnO nanorods grown on 
polycarbonate (PC) substrates for 8 h. (a) Photograph of the flexible PC grown with 
arrayed ZnO nanorods. (b) Low magnified top view image of ZnO nanorods. (c) 
Cross-sectional SEM image of ZnO nanorods grown on PC substrates. (d) 
High-resolution electron micrograph of ZnO nanorods with the SAED pattern shown 
in the inset. 

 

 

 

 

 

 

 

 
Figure 6.2: (a) PL spectra and (b) IUV/IDEL of ZnO nanorods with and without 
hydrogen plasma treatment at room temperature. The inset image of (b) shows the 
FESEM surface morphology of ZnO nanorods with hydrogen plasma treatment of t 
=900 sec. 
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Figure 6.2 illustrates the photoluminescence (PL) property of ZnO nanorods at 

room temperature. As shown in Figure 6.2(a), the PL spectrum of non-plasma ZnO 

nanorods presents a weak ultraviolet (UV) emission peak at 3.28 eV and a relatively 

strong deep-level emission peak at 2.10 eV. Similar phenomena are also reported in 

the related literature [109,110]. The UV emission peak of ZnO is generally attributed 

to the exciton-related activity, and the deep level emission may be due to the 

transitions of native defects such as oxygen vacancies and zinc interstitials [54,55]. In 

addition, the imperfect boundaries and stacking faults of ZnO nanorods would cause 

the unstable surface status to trap impurities and further damage the optical property, 

especially as the diameter of ZnO nanorods was down to nano-scale. It was believed 

that those induced defects are probably related to the fast growth of the ZnO nanorods 

in the aqueous solution. In contrast, with the hydrogen plasma treatment, all the ZnO 

nanorods show much better PL property than that of non-plasma sample and the deep 

level emission was almost covered by the background signal in all plasma-treated 

samples. It was believed that the native defects or impurities contributing to visible 

transition can be passivated by H2 plasma treatment, because the hydrogen atoms can 

be situated in various lattices positions and the most presumably stable position is the 

H configured at Zn-O bond center, which acts as a shallow donor.[ref-22] Similar 

observations for the passivation of hydrogen plasma treatment on the visible emission 

of ZnO are also reported [124]. Figure 6.2(b) illustrates the ratio of peak intensity of 

Ultraviolet (UV) emission (IUV) to that of deep level emission (IDLE). The value of the 

relative PL ratio increases with the increase of plasma treatment duration up to 300 

sec in all the samples and then becomes slightly decreased. A higher PL ratio implies 

that the plasma-treated ZnO nanorods exhibit higher optical quality. Moreover, it can 

be clearly observed that the crystal morphology of vertically well-aligned ZnO 

nanorods seems not to be affected by a lengthy plasma treatment even at 900 sec as 
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revealed by the SEM images in the set of Figure 6.2(b). 

 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: (a) Zn 2p spectra obtained from the ZnO nanorods with and without 
hydrogen plasma treatment. (b) Dependence of relative intensity ratio (O1s) of three 
fitted components centered at 530.15, 531.25, and 532.40 eV for the ZnO nanorods 
with and without hydrogen plasma treatment. 

 

Figure 6.3 shows the XPS core level spectra taken from the ZnO nanorods 

surface after the plasma treatment in H2. As compared with the non-plasma sample, 

Figure 6.3 (a) illustrates that the peak shift of 0.2-0.3 eV toward higher binding 

energies was observed in Zn 2p spectrum for H2 plasma-treated ZnO nanorods. This 

peak shift indicates the reduction of the surface band bending and this may be related 

to the doping or incorporation of H ions into ZnO nanorods [125]. Thus, the H2 

plasma treatment seems to partially recover or reduce surface defects, leading to the 

decrease of densities of surface states on ZnO nanorods. However, as the ZnO 

nanorods were treated with H2-plasma duration more than 300 sec, the Zn 2p peak is 

shifted toward a higher binding energy around 0.5-0.8 eV. This phenomenon reveals 

that the surface band bending of ZnO nanorods was slightly changed by H2 plasma 

treatment. Moreover, in comparison with non-plasma sample, the intensity of Zn 2p 

peak would decrease with the increase of the plasma duration. It might imply that 

local fine structure of ZnO nanorods could be changed and thus, more native defects 
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were induced to raise the intensity of deep level emission. However, this phenomenon 

was not observed in our study. Therefore, it can be inferred that hydrogen plasma 

treatment might passivate these defect centers to suppress the deep level emission. 

 In addition, the O1s peak presents different feature for the samples treated with 

various duration of hydrogen plasma as one can see in Figure 6.3 (b). The typical O1s 

peak can be consistently fitted by three nearly Gaussian, centered at 530.15, 531.25, 

and 532.40 eV, respectively. Generally, the high binding energy component located at 

532.40 is usually attributed to O-H bonds [126] which could be attributed to the 

absorbed hydrogen ions during the plasma treatment of ZnO nanorods. Furthermore, 

it can be observed that the peak intensity at high binding energy would increase as 

increasing plasma duration up to 300s and then it gets saturated. It indicates that 

hydrogen plasma treatment could efficiently modify the surface states of ZnO 

nanorods by absorbing the hydrogen ions to reduce the unstable dangling bonds on 

the surface region of ZnO nanorods. Figure 6.3(b) also shows the variation of the 

medium binding energy component of O1s peak (centered at 531.25 eV) with plasma 

duration. The peak is generally associated with O2- ions in oxygen deficient regions 

within the matrix of ZnO. It was observed that the peak intensity of this component 

does not obviously change with hydrogen plasma treatment. This indicates that the 

oxygen vacancies can not be reduced by H2-plasma treatment to improve the optical 

properties in ZnO nanorods. To further understand the importance of hydrogen plasma 

treatment on the passivation effects of ZnO nanorods, the H2-plasma samples were 

further annealed at various temperatures in nitrogen atmosphere. (Note: the 

post-annealed specimen were grown on Si substrate and then treated by hydrogen 

plasma at the same conditions as that grown on the flexible substrates.) It was found 

that the relative PL ratio would decrease drastically while the samples were annealed 

more than 400oC, as shown in Figure 6.4. Furthermore, the PL spectrum of the 
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post-annealed ZnO nanorods was almost restored to that of original ZnO nanorods 

(ZnO nanorods without H2 plasma treated). This implies that surface absorption and 

doping effects of hydrogen ions on ZnO nanorods can be recovered by thermal 

annealing process. Therefore, it can be concluded that both defect passivation and 

modification of surface state on hydrogen-plasma ZnO nanorods are responsible for 

the enhanced optical properties.  

 

 

 

 

 

 

 

 

Figure 6.4: IUV/IDEL of ZnO nanorods (grown on ZnO film/ Si substrate) with 
hydrogen-plasma for 300 sec and then annealed at 400, and 600oC (PA@400 and 
PA@600 oC). The corresponding PL spectra of ZnO nanorods were shown in the 
inset. 

 

 

 

 

 

 

 

 
Figure 6.5: Comparison of I-V curves for the ZnO nanorods with and without 
H2-plasma treated. 
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Figure 6.5 shows the I-V curve for a homojunction of n-type ZnO nanorods 

(treated by H2 plasma duration of 900 sec) on n-type ZnO films. The structure of In 

metal/ZnO nanorods/ZnO films/In metal/PC substrate was used for the I-V 

measurement of ZnO nanorods. It was found that the non-plasma ZnO nanorods 

present a higher resistivity about hundreds of MΩ, which is about 2 orders of 

magnitude larger than that reported in the literature for the naked single ZnO 

nanowire (above 3.5 MΩ). In contrast, when the ZnO nanorods undergo hydrogen 

plasma treatment over than 300 sec, the resistivity of ZnO nanorods decrease by 

typically 5-6 orders of magnitude. It suggests that hydrogen plasma can efficiently 

raise the free electron concentration and increase the conductivity of ZnO nanorods. 

The above results reveal that with the H2–plasma treatment on ZnO nanorods, both 

optical and electrical properties could be substantially improved and increased. This 

implies that incorporating hydrogen into ZnO nanorods not only passivates the native 

defects but also acts as a shallow donor to improve the conductivity. 

 

6.3  Rectifying behavior of ZnO nanorods by 

ammonia-plasma 

 

The ZnO nanorods present single crystalline structure and a well-defined hexagonal 

plane with a homogeneous diameter of approximately 60-70 nm. The cross-sectional 

scanning electron microcopy (SEM) image in Figure 6.6(a) shows that the highly 

oriented ZnO nanorods with a uniform length of 500-520 nm are perpendicularly 

grown to the substrate. In addition, it was found that by controlling the experimental 

conditions, highly arrayed ZnO nanorods or nanowires with different aspect ratios can 

be grown from the chemical aqueous solution [116]. A close observation on the 



 

 95

microstructure of the ZnO nanorods, as show in Figure 6.6(b), reveals that the surface 

morphology of ZnO nanorods shows a waved shape structure with 0.5 ~ 1 nm 

roughnesses. In addition, some stacking faults are also observed (marked with arrows). 

However, these small surface roughness and stacking faults seem not to affect the 

crystal quality of ZnO nanorods because the selected-area electron diffraction pattern 

in the inset of Figure 6.6(b) reveals that the ZnO nanorods still exhibit a single 

crystalline structure. Figure 6.6(b) clearly describes the perpendicular directional 

growth of the ZnO nanorods where the singular fringes spacing is about 0.51nm, 

which is nearly consistent with the c-axis parameter in hexagonal ZnO structure (c = 

0.521 nm in ZnO wurtzite structure), indicating that <001> is the preferred growth 

direction for the ZnO nanorods, in consistence with XRD patterns that shows a single 

strong ZnO (002) peak at 2θ =34.4o (not shown here). 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6: Cross-sectional scanning electron microcopy (SEM) micrograph of (a) 
ZnO nanorods/ZnO film/Si, (b) surface microstructure and stacking faults (marked 
with arrows) of ZnO nanorods. The inset image of (b) displays SAED pattern. 
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Figure 6.7(a) illustrates the photoluminescence (PL) property of ZnO nanorods 

at room temperature. The PL spectrum of non-plasma ZnO nanorods presents a weak 

ultraviolet (UV) emission peak at 3.28 eV and a relatively strong deep-level emission 

peak at 2.10 eV. The UV emission peak of ZnO is generally attributed to an 

exciton-related activity [1], and the deep level emission may be due to the transitions 

of native defects such as oxygen vacancies and zinc interstitials. In addition, the 

imperfect boundaries in ZnO nanorods would cause the unstable surface status to trap 

impurities and further damage the optical property, especially for the nano-scale ZnO 

nanorods. In contrast, it was found that the peak intensity of the UV emission 

increases with the plasma duration up to 90 sec but the deep level emission in all 

plasma-treated samples tends to disappear, indicating that the native defects or 

impurities, contributing to visible transition, can be much reduced by NH3 plasma 

treatment. As shown in Figure 6.7(b), a maximum relative PL ratio (peak intensity of 

ultraviolet emission (IUV) to that of deep level emission (IDLE)) shows up around 

90-120 sec, implying that the plasma-treated ZnO nanorods exhibit much better PL 

properties than that of non-plasma sample. The improvement in the optical properties 

of ZnO nanorods with the plasma treatment may be attributed to the reduction of the 

defect concentration due to the occupation of N ions on the defect sites, i.e., oxygen 

vacancies, which will be further elucidated later. However, a further increase in 

plasma duration such as 180 sec would result in the decrease in the relative PL ratio 

that is probably related to the plasma etching as revealed by the SEM image in Figure 

6.7(c) where the ZnO nanorods were deteriorated that is in contrast to the ZnO 

nanorods with the plasma-treated duration less than 90 sec, well-aligned ZnO 

nanorods with well-defined hexagonal plane remains unchanged with an average 

length of 500 nm, similar to that without NH3 plasma treatment.  

Figure 6.8 shows the relative intensity ratio of internal N (Ni) to surface N (Nf) 
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dependent on etching time for the ZnO nanorods with NH3 plasma treatment. No 

nitrogen signal was detected in the reference sample [see the inset of Figure 6.8(a)] 

but the N1s peak could be detected in plasma-treated ZnO nanorods from surface to 

internal region for the ZnO nanorods (duration at 90 sec). (Note: The N1s (~401 eV) 

internal signal was obtained by following the measurement steps. Firstly, ZnO 

nanorods were etched by Ar ion source and then the N1s signal of the etched ZnO 

nanorods can be detected. Next, both intensities of N1s signal (401 eV) for etched and 

non-etched nanorods were compared and considered as the internal and surface 

signals, respectively.) In addition, Figure 6.8 (b) illustrates the peak shift of 0.2-0.6 

eV toward higher binding energies in Zn 2p spectrum for NH3 plasma-treated ZnO 

nanorods as compared to that of the reference sample. This peak shift indicates the 

reduction of the surface band bending [125] and this may be related to the doping or 

incorporation of N ions into ZnO nanorods. The doped N atom could have the 

probability to occupy O sites to form the acceptor (NO) in ZnO nanorods. Thus, the 

NH3 plasma treatment seems to reduce the densities of the surface defects (Figure 

6.6(b)) on ZnO nanorods. However, it was also observed in the inset of Figure 6.8(b) 

that as the ZnO nanorods were NH3-plasma treated more than 180 sec, the Zn 2p peak 

is shifted toward a higher binding energy around 4-5 eV. This phenomenon implies 

that the surface band bending of the ZnO nanorods was strongly influenced by NH3 

plasma treatment and therefore, the structure morphology of ZnO nanorods would be 

probably changed as shown in Figure 6.7(c).   

 

 

 

 

 



 

 98

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.7: (a) Room-temperature PL spectra and (b) PL ratio of IUV/IDEL for ZnO 
nanorods with and without NH3 plasma treatment. (c) The FESEM surface 
morphology of ZnO nanorods with NH3 plasma treatment of t =180 sec. 

 

Based on the above discussion, a mechanism for the formation of p-type ZnO 

nanorods under NH3-plasma treatment is tentatively proposed as follows. As we can 

see in Figure 6.6(b), imperfect boundaries (surface roughness) and many defects 

(stacking faults) were observed in the ZnO nanorods where N and H radicals (ions) 

can be easily doped into ZnO nanorods by thermal diffusion via the nature defect 

routes. In general, the H ions are more easily diffused into ZnO than N ions in the 

plasma-treated process and can combine with other defects to form a shallow donor in 

ZnO. However, according to the PL analysis, it was found that the luminescence 

properties were enhanced with the increase of plasma-treated duration up to 90 sec, 
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indicating that the incorporation of H into ZnO nanorods does not show negative 

influence on the optical properties of ZnO nanorods in such short plasma duration. In 

other words, the improvement in optical property of ZnO nanorods can be primarily 

attributed to the reduction in surface defects and defect concentration of ZnO 

nanorods due to the occupation of N ions on the defect sites [127]. However, a long 

NH3-Plasma treatment over 180 sec not only causes the plasma etching but also 

promotes the diffusion of H ions into the ZnO nanorods as well as increases the 

concentration of shallow donors to restrict the formation of p-type ZnO.  

 Figure 6.9 shows the I-V curve for a homojunction of p-type ZnO nanorods 

(treated by NH3 plasma duration of 90 sec) on n-type ZnO films. The graph in the 

inset of Figure 6.9 shows surface I-V characteristics using In and Au/In electrodes on 

both n- and p-type ZnO. For the linear dependences of I-V characteristics, the ohmic 

contacts are fairly confirmed. Rectification by p-n junction is clearly displayed. The 

threshold voltage appears at 1.5 V under forward bias and it is almost half of the band 

gap energy of ZnO. It was also found that the I-V curve presents a little leakage 

current in reverse bias and this could be due to incomplete contact between some 

nanorods and contact metal electrode. Further experiments are required to understand 

the possible origin of the rectifying behavior with such a smaller threshold voltage. 

Nevertheless, the I-V characteristics of nitrogen-doped ZnO nanorods supports that 

the current approach is a valuable one to fabricate ZnO nanorods for p-n junction 

device application. 
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Figure 6.8: (a) Dependence of relative intensity ratio of internal N (Ni) to surface N 
(Nf) on etching time for the ZnO nanorods with the inset showing the N1s spectra 
obtained from the ZnO nanorods with and without NH3 plasma treatment (t= 90 sec). 
(b) Zn 2p spectra obtained from the ZnO nanorods with and without NH3 plasma 
treatment. The inset shows the Zn 2p3/2 spectra of ZnO nanorods with NH3 plasma 
treatment of t=180 sec. 

 

6.4  Summary 

 

We have developed well-aligned arrays ZnO nanorods on four-inch PC organic 

substrates buffered with ZnO film by combining a simple chemical solution at low 

temperatures with H2 plasma treatment. The photoluminescence spectra indicate that 

the optical quality of the ZnO nanorods can be much improved by H2 plasma 

treatment as evidenced by the remarkable increase in the ultraviolet emission intensity.  

The I-V results suggest that n-type ZnO nanorods with a higher conductivity can be 

obtained by combining the chemical solution process with hydrogen plasma 

treatment. 

The XPS analysis shows that the nitrogen ions can be doped into ZnO nanorods 

through surface adsorption or defect routes under NH3 plasma treatment. The native 
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defects of the ZnO nanorods can be effectively reduced and the optical property can 

be much improved. Moreover, the electrical transport data reveal that p-type ZnO 

nanorods with a smaller threshold voltage of 1.5 V can be obtained by combining the 

chemical solution process with NH3 plasma treatment. 

 

 

 
Figure 6.9: I-V curves for a p-n homojunction formed by p-type ZnO nanorods 
grown on n-type ZnO films. Inset show the Ohmic contacts on n-type and p-type 
ZnO. 
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Chapter 7 

 

One dimensional ZnO and carbon nanotube (CNT) 

composite 

 

7.1  Introduction 

 

Semiconductor nanoparticles have been widely investigated from fundamental and 

applied research viewpoints, owing to their potential in photocatalysis, solar energy 

conversion, and optoelectronic applications [128-135]. The assembly of isotropic 

nanoparticles onto one-dimensional architecture represents an important step towards 

the integration of nanoparticles into nanodevices [136]. Particularly, nanoparticles can 

be assembled on 1D nanostructure of a different material to form novel and 

interesting composite nanomaterial system [137]. Single-walled carbon nanotubes 

(SWNTs), due to their excellent structural and electronic properties, is the one of the 

most potential 1D nanostructures in the past few years [138,139]. To achieve 

multifunctional nanodevices, many research groups have developed several methods 

to coat metal and semiconductor nanoparticles, such as Au, Ag, SnO2, TiO2, SiO2, and 

Al2O3, on carbon nanotubes (CNTs) [140-145]. Moreover, some of coated CNT 

composite system have been demonstrated that their original physical properties 

would be improved after coating specific nanoparticles [146,147]. Zinc oxide (ZnO), 

wide band-gap semiconductor (3.4 eV) with a large exciton binding energy (60 meV), 

has been extensively investigated because of its excellent performance in sensors and 

optoelectronics systems [15,72]. There are several methods to fabricate ZnO clusters 
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and nanoparticles on nanostructures [148,149]. To date, there are few reports on 

assembling the composite from CNTs and ZnO. Zhu et al [150]. and Ravindran et al 

[151]. have reported the coating of ZnO nanoparticles on multi-walled carbon 

nanotubes (MWCNTs) by sputtering and electrostatic coordination approach, 

respectively. However, form above results showed it is difficult to form a continuous 

layer on CNTs, even in MWCNTs. Hence, the coating behaviors and mechanisms on 

CNTs need to be further investigated.  

In this chapter, we will present the fabrication of ZnO-coated SWNTs either as 

buckypaper or as individual tubes at low temperature via ultrasound irradiation of 

oxidative SWNTs, zinc acetate, and triethanolamin in aqueous solution. The 

successful formation of ZnO layer on SWNTs has been confirmed using atomic force 

microscopy (AFM), scanning transmission electron microscopy (STEM), and electron 

transport measurement. Finally, we will show the photoconductivity properties of 

individual ZnO nanorod device to compare with composite materials. 

 

7.2  Synthesis and characterization of ZnO-SWNT 

composite 

 

SWNTs produced by Hipco method were obtained from Rice University. These 

nanotubes were sonicated in nitride acid (HNO3) for 10 min. This treatment is known 

to produce shortened nanotubes and to also create defects on side-walls, both of which 

are capable of being terminated by carboxyl and hydroxyl groups in the presence of 

oxidizing acid. The schematic representation for the fabrication of SWNTs and ZnO 

composite is shown in Figure 7.1. After oxidizing treatment, the SWNTs were 

dispersed into 20 mL aqueous solution; then the solution containing SWNTs was heat 
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to 95oC with intense ultrasonic waves. And then, 0.005 mol/L zinc acetate and 1.5 

mol/L triethanolamine (TEOH) were dropped smoothly into the SWNTs aqueous 

solution. In typical experiment, the system was continuously stirred with ultrasonic 

waves for 2 h at 95oC. The thickness of the coating can be adjusted by changing the 

reaction time and the concentration of zinc acetate. For the transport measurement, 

individual SWNT and SWNT@ZnO were positioned on top to bridge two noble metal 

electrodes (Au-Pd), which acts as the source and drain. The electrodes were deposited 

on top of a SiO2 layer on a silicon substrate, and the silicon was used as the gate. 

According to our pervious study, the average diameter of pristine SWNTs was 

about 1.2 nm. After coating process, the average height of SWNTs increased to 8 nm, 

which means there could be a ZnO layer about 7 nm thick on SWNTs. To confirm the 

ZnO layer was around on SWNTs, the chip was heated at 500 and 600oC in air for 30 

min. Generally, pristine SWNTs will be burned out and disappeared. In AFM image 

(Figure 7.2), it was found that the same area reveals linear features formed at the 

positions of SWNTs after the chip was burned. The insert image shows that surface 

morphology of coating SWNTs after 500oC heating in air. We have observed some 

crystalline structure at the same region of SWNTs, and we proposed this crystalline 

behavior is due to the higher heating temperature transfer amorphous ZnO layer to 

poly-crystalline ZnO.  
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Figure 7.1  The schematic representation for the fabrication of SWNTs and ZnO 
composite. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.2  AFM images of SWNT@ZnO. (a) Before heating, (b) heating at 500oC, 
(c) at 600oC in air 40 min, and (d) high magnification of (b). 
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The ZnO coating studies have been complemented by micro Raman spectroscopy 

on the individual SWNTs and bucky-paper after coating process, as shown in Figure 

7.3. The main features in the Raman spectra of SWNTs are the radial breathing mode 

(RBM) which is in the frequency range up to 200 cm-1, G-line around 1600 cm-1 from 

the tangential vibrations of the carbon atoms, and the D-line at 1280 cm-1. The 

intensity of the D-line is related to the amount of sp3 defects on carbon nanotubes. 

Therefore, we suggested that the intensity of D-line increased is due to SWNTs were 

treated with nitric acid to create surface function group. Moreover, we found the 

Raman spectrum of SWNT@ZnO shows slow decrease and slight shift in the RBM 

intensity in individual nanotubes. In addition, it was found all Raman signals shifted 

toward low frequency about 2-5 cm-1, in the Raman spectra of SWNT@ZnO 

bucky-paper materials, RBM peak especially (~5 cm-1). We proposed the signals 

decrease was related to possible scattering and these peaks shift was contributed by 

the chemical interaction between carbon atom and TEOH-Zn, respectively. In order to 

demonstrate our contention, we evaporated 20 nm silicon monoxides to cover the 

individual SWNTs on chip and than measured by Raman spectroscopy. A similar 

quenching of the Raman signals occurs if a thick layer covered around SWNTs. 

However, within this SWNTs-SiOx experiment, no shift in the Raman frequencies was 

observable. It means that only van der waal interaction between silicon monoxide and 

SWNTs, therefore, only scattering effect could be detected. 
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Figure 7.3  (a) Micro Raman spectroscopy on the individual SWNTs with and 
without ZnO coated. Laser spot was focused coated SWNTs as shown in AFM images 
(b) and (c). (d) Bucky-paper material was also measured by the same Raman system. 

 

Figure 7.4 shows a transmission electron microscopy (TEM) image of coated 

SWNTs. The image presents the coating of nanotubes with a thin layer of 

non-crystalline material. In order to confirm this thin non-crystalline layer, 

energy-dispersive x-ray measurements made on a VG501 scanning TEM was used to 

analyze the element composition. The EDS spectrum shown in Figure 7.4b was 

obtained with an electron beam spot size of 1.0 nm and the beam with this spot size is 

focused directly in the coated SWNTs to get the spectrum. The Zn, O, and a 

significant carbon peaks could be clearly obtained by long time detecting. 
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Figure 7.4  (a) and (b) show the low magnification TEM images of SWNT@ZnO. 
The high magnification TEM image with EDS elements mapping were shown in (c) 
and (d).  

 

 

7.3  Electrical transport in individual core-shell nanotube 

 

For the electrical transport measurement, the coating SWNTs were deposited on a 

degenerately doped silicon substrate with a thermally grown SiO2 layer. Afterward 

Au/Pd electrodes were applied in two probe configuration by standard e-beam 

lithography. In our transport studies on SWNTs@ZnO, we have measured many 

individual tubes with ultraviolet (UV) light on them at room temperature. Figure 7.5a 

presents a set of Isd-Vg curves obtained from a typical device made by pristine 

O 

Zn 
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SWNTs and these pristine SWNTs showed p-type FET characteristics. During the 

measurement of Isd, while we shined the UV light on the device, the current would 

slight decrease from 5x10-8 to 3x10-8 A. This phenomenon was called “photoinduced 

conductivity” and has been discussed by two research groups [152,153]. According to 

former articles, the photoinduced conductivity in the pristine SWNTs maybe due to (i) 

hot electrons attach to adsorbed molecules to induce desorption or (ii) contact 

electrodes were oxidized to change the barrier between electrode and SWNTs by UV 

light. In the (i) case, it should be difficult observed on metallic nanotubes because of 

large Isd current could not easy compensate by photoinduced effect. Additionally, if 

photoinduced conductivity was from contact electrodes oxidized, the device should be 

not reproducible because of electrodes were hard to recover as original one. However, 

we also could observe the similar transport characteristics on the coated SWNTs with 

UV light. For the coated SWNTs, firstly we have measured the Isd as the Vg changes 

from -5.0 to 5.0 V. As a result, some of the coated SWNTs exhibit distinct p-type 

characteristics and other tubes show metallic behavior. No matter ZnO coated on 

semiconductor or metallic SWNTs, we can easy observe the Isd current decrease 

drastically while shining the UV light on device. We suggest that current reduction 

behavior in coated nanotubes is a non-thermal process and is attributed by electronic 

compensation. As the UV excited the electron to conduction band, it will create some 

holes carrier at the ground state. At the same time, the electrons transported through 

the SWNTs will be compensated by the ground state hole carrier to reduce current. If 

we turned off the UV light, the e-h compensation behavior would disappear and than 

the current will increase again. 
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Figure 7.5 (a) Conductance vs gate voltage (Vg) of pristine SWNT recorded under a 
bias voltage of 1 V (scalar bar is 1 µm) and (b) SWNT@ZnO under a Vsd at 1500 mV 
in air and via UV exposure.  

 

 

7.4  Ultraviolet photoresponse of single ZnO nanorod 

 

ZnO nanorods were fabricated by soft chemical process and vapor-liquid-solid 

method from our lab and ITRI in Taiwan, respectively. The typical length of the 

resulting nanowires was 1 µm, with typical diameters in the range of 30–50 nm. 

Selected-area diffraction patterns showed the nanorods to be single crystal. They were 
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released from the substrate and then transferred to SiO2 coated metallic Si substrates. 

E-beam lithography was used to pattern sputtered Pd-Au electrodes contacting both 

ends of a single nanorod. The separation of the electrodes was 500 nm. Atomic force 

microscopy (AFM) of the completed device is shown in Figure 7.6. Au wires were 

bonded to the contact pad for current voltage (I–V) measurements performed at 25 oC 

in air. In some cases, the nanorods were illuminated with above band gap light mixed 

with 254 or 366 nm from Hg lamp. Figure 7.7 shows the I–V characteristics of the 

nanorod in the dark. The conductivity is nearly non-changed as applying voltage, even 

at high bias. It suggests that terrible ohmic contacts were formed between the nanorod 

and electrodes. However, in photoresponse measurement, the conductivity is greatly 

increased during the illumination. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7.6  AFM image of ZnO nanorod device 
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Figure 7.7  I–V characteristics of the ZnO nanorod in the dark. 

 

Figure 7.8 shows the photoresponse of the single ZnO nanorod at zero bias under 

pulsed illumination from UV regional wavelength Hg lamp. The photoresponse is 

much faster than that reported for ZnO nanowires grown by thermal evaporation and 

likely is due to the reduced influence of the surface states seen in that material. In the 

photoconduction in ZnO nanorods, holes produced by both the above-gap and 

below-gap light discharge the negatively charged oxygen ions on the surface of the 

nanorods, the photoexcited electrons are trapped at some centers, and the electrons 

escaped from the centers transit to electrodes. The time constant under consideration 

corresponds to the trapping time of the electrons. The recombination times in 

high-quality ZnO measured from time-resolved photoluminescence are short 

(pico-sec), while the photoresponse measures the electron-trapping time. There is also 

a direct correlation reported between the photoluminescence lifetime and the defect 

density in both bulk and epitaxial ZnO. In our nanorods, the electron-trapping times 

are on the order of tens of seconds and these trapping effects are only a small fraction 

of the total photoresponse recovery characteristic.  
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Figure 7.8  Photoresponse of the single ZnO nanorod at zero bias and Vsd=5V. 

 

7.5  Summary 

 

We have demonstrated a flexible method to coat SWNTs in solution. The results of 

Raman analysis presents the surface state in carbon nanotubes would be changed by 

react with TEO-Zn molecule. On transport measurements point to the electrons in 

SWNTs could be compensated by holes carrier attributed to ZnO layer with UV 

excitation. Furthermore, this continuous coating of one dimensional material supplies 

a future for multifunctional nanodevices. In addition to ZnO-SWNTs composite, the 

electrical transport property of individual ZnO nanorod presents the excellent 

photoresponse behavior. It has great potential for application in optical switch device. 
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Chapter 8 

 

Conclusions 
 

For this thesis, we studied the physical and electrical properties of ZnO material from 

thin films to one-dimensional nanostructure. Firstly, we have demonstrated the ZnO 

thin films have strongly preferred-orientation and with a sharp UV emission peak 

around 3.28 eV. Moreover, we have also shown that it is possible to control the UV 

and deep-level emissions in the sputtered ZnO films by changing annealing 

temperatures and using different gas atmospheres. In order to fabricate low defect 

concentration thin films, we used various buffer-layers to produce high quality ZnO 

films. As the previous study, we have also observed the a strong ultraviolet (UV) 

emission peak around 3.28 eV along with a weak deep-level emission from ZnO films 

on Si substrate annealed at 850°°C in O2 and N2 atmospheres. In contrast, the ZnO 

films deposited on SiO2/Si substrate show two double peaks in the room-temperature 

PL spectra, one double (374 nm and 394 nm) near to the UV peak and the other one 

(495 nm and 605 nm) located in the visible region. The peak at 394 nm (3.15 eV) in 

the ultraviolet region was assigned to the defect transition form oxygen vacancies (Vo
•) 

level to valence band due to the variation of the type and concentration of intrinsic 

defects in the local microstructure of ZnO/SiO2/Si. If the ZnO film was grown on 

Si3N4/Si, a very strong UV along with invisible deep-level emission was detected 

because the Si3N4 can effectively improve film stoichiometry and reduce the defect 

formation of oxygen vacancies and Zn interstitials compared to ZnO on SiO2/Si and 

Si. (Chapter 3) 

For formation p-type ZnO thin films, we used two elements to dope into ZnO 
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films with ion implantation technology. In the phosphorus implantation, it has been 

demonstrated that below solubility (1.5×1018 ions/cm3), the defect formation will be 

dominated by annealing atmosphere and more defects can be formed in oxygen 

ambient than in nitrogen atmosphere as revealed from PL spectra. However, excess 

phosphorus doping, above solubility (1.5×1018 ions/cm3), will induce the formation of 

the phosphide compounds in ZnO films and seriously deteriorate the crystallinity and 

optical property of the films. However, a high resistive but not p-type ZnO film is 

obtained by phosphorus doping. But in another case, we have successfully fabricated 

p-type ZnO films deposited on a Si3N4/Si substrate and with nitrogen-implantation. 

The Si3N4 buffer layer can effectively improve film stoichiometry and reduce the 

formation of oxygen vacancies compared to ZnO on Si. The electrical properties of 

the p-type ZnO films implanted with 5×1012-1×1014 cm-2 N+ dose show a hole 

concentration of 5.0×1016 – 7.3×1017 cm-3, hole mobility of 2.51-6.02 cm2/Vs, and 

resistivity of 10.11-15.3 Ωcm. The p-type ZnO films also showed an excellent 

crystallinity and a strong ultraviolet emission peak near 3.30 eV at room temperature. 

Moreover, as evidenced by extended x-ray absorption fine structure analysis, the local 

structure of the p-type ZnO films was changed due to the substitution of nitrogen ions 

for oxygen ions in p-type ZnO films. Our finding of p-type ZnO films grown on a 

Si3N4/Si substrate could provide a simple method to fabricate reproducible p-type 

ZnO films on silicon substrate for the development of large-scale optoelectronic 

integration device. (Chapter 4) 

Based on high quality ZnO thin films, we continued to investigate physical and 

chemical characteristics of one-dimensional ZnO nanostructure. We have developed a 

low-temperature synthetic route to prepare well-aligned arrays of oriented ZnO 

nanorods in the diameter of ~60 nm on the organic substrates without any extra 

buffered layer in aqueous solution. It was found that the ZnO nanorods are 
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preferentially nucleated from the ZnO monolayer under the concave regions of 

polystyrene (PS) layers and grown along <0001> direction in the initial growth stage. 

HRTEM analysis demonstrates that well-aligned ZnO nanorods are preferentially 

nucleated from the ZnO monolayer under the concave regions of PS layers. However, 

a long-term growth process leads to the formation of a larger ZnO crystal due to 

coplanar coalescence behavior of several individual ZnO nanorods. The room 

temperature photoluminescence measurement demonstrates that a stronger ultraviolet 

(UV) emission with a broad yellow emission around 575 nm was observed for the 

ZnO nanorods grown on organic substrates. This simple approach was demonstrated 

to shows great potential for optoelectronic devices because it can produce large-scale 

highly well-aligned ZnO nanorods on flexible organic substrates at lower 

temperatures. In the investigation of thermal annealing effects on ZnO nanorods, we 

concluded that optical properties of ZnO nanorods can be much improved by 

annealing at high temperatures in both atmospheres of N2 and O2. This improvement 

ascribed to the decrease in structure defects as compared to as-grown ZnO nanorods. 

However, for the ZnO nanorods annealed in H2/N2, a stronger UV emission occurs at 

600oC, above that the UV emission was rapidly disappeared that was attributed to the 

collapse of the ZnO nanorods due to H2 etching during a higher-temperature 

annealing in H2/N2. The crystallinity and optical properties of the ZnO nanorods can 

be controlled by post-annealing treatment. (Chapter 5) 

In order to improve the photoluminescence and electrical transport properties, we 

used plasma treatment to modify the surface state on ZnO nanorods. Photoelectronic 

characteristics are performed in well-aligned hydrogen-plasma ZnO nanorods grown 

on four-inch flexible organic substrates buffered with ZnO films. Enhancement of PL 

properties due to H2 plasma treatment by a factor of 60 times for relative intensity 

ratio (ultraviolet emission (IUV) to deep level emission (IDLE)) has been observed. 
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X-ray photoelectron spectroscopy (XPS) analysis reveals that the enhanced PL 

property is attributed to both defect passivation and modification on the surface region 

of ZnO nanorods due to the absorption of hydrogen ions. However, the 

photoluminescence spectra of H2 -plasma ZnO nanorods can be restored to original 

state of ZnO nanorods by thermal annealing process. The I-V measurements suggest 

that the n-type ZnO nanorods with H2 plasma treatment present a higher conductivity 

about 5-6 orders of magnitude than the non-plasma ZnO nanorods. In ammonia 

plasma treatment, x-ray photoelectron spectroscopy measurement demonstrates that 

the nitrogen-doped ZnO nanorods have been formed due to nitrogen diffusion through 

surface adsorption or defect routes. The photoluminescence spectra indicate that a 

strong UV emission peak around 3.31 eV with negligible deep level emission can be 

obtained for the nitrogen-doped ZnO nanorods compared to that of the untreated 

sample. The electrical transport measurements indicate that the p-type ZnO nanorods 

with a smaller threshold voltage of 1.5 V can be obtained. (Chapter 6) 

The results of Raman analysis reveals the surface state in carbon nanotubes would 

be changed by react with TEO-Zn molecule. Moreover, we also used HRTEM with 

EDS to demonstrate ZnO could really be coated on SWNTs. On transport 

measurements point to the electrons in SWNTs could be compensated by holes carrier 

attributed to ZnO layer with UV excitation. Furthermore, this continuous coating of 

one dimensional material supplies a future for multifunctional nanodevices. In 

addition to ZnO-SWNTs composite, the electrical transport property of individual 

ZnO nanorod presents the excellent photoresponse behavior. It has great potential for 

application in optical switch device. (Cahpter 7) 
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