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1. ABSTRACT 

 

 

Zinc oxide (ZnO) is a II–VI semiconductor whose wide direct bandgap (3.37 eV) and 

large exciton binding energy (60 meV) make it compelling for optoelectronic devices such as 

light emitting diodes, lasers, photodetectors, solar cells, and mechanical energy harvesting 

devices. One dimensional structures of ZnO (nanowires) have become significant due to their 

unique physical properties arising from quantum confinement, and they are ideal for studying 

transport mechanisms in one-dimensional systems. 

In this doctoral research work, ZnO nanowire (NW) arrays were synthesized on sapphire 

substrates through carbo-thermal reduction of ZnO powders, and the effects of growth 

parameters on the properties of ZnO NW arrays were studied by scanning and transmission 

electron microscopy, X-ray diffraction, photoluminescence and Raman spectroscopy. Based 

on the phonon mode selection rules in wurtzite ZnO, confocal Raman spectroscopy was used 

to assess the alignment of ZnO NWs in an array, thereby complementing X-ray diffraction. Al 

doped ZnO NW arrays were achieved by mixing Al powder into the ZnO and graphite source 

mixture, and the presence of Al was confirmed by Energy-dispersive X-ray spectroscopy. The 

incorporation of Al had the effects of lowering the electrical resistivity, slightly deteriorating 

crystal quality and suppressing defect related green emission. Two models of ZnO NW 
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growth were developed by establishing the relationship between NW length and diameter for 

undoped and Al doped ZnO NWs separately. The growth of undoped ZnO NWs followed the 

diffusion-induced model which was characterized by thin wires being longer than thick wires, 

while the growth of Al doped ZnO was controlled by Gibbs-Thomson effect which was 

characterized by thin wires being shorter than thin wires. Local electrode atom probe analysis 

of ZnO NWs was carried out to study the crystal stoichiometry and Al incorporation. 

Undoped ZnO NWs were found to be high purity with no detectable impurities. Possible Al 

incorporation related peaks were observed in the mass spectrum of Al doped ZnO NWs. 

Further work on Al doped ZnO LEAP analysis is needed to better understand the Al dopant. 
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   CHAPTER 1 

1. INTRODUCTION 

 

Zinc oxide (ZnO) has received great interest in the semiconductor material and device 

research community due to its wide direct band gap (3.37 eV) and large exciton binding 

energy (60 meV). The wide band gap makes it transparent to visible light so that ZnO has 

been explored for applications such as transparent conductive oxide, solar cells, and 

transparent thin film transistors. In addition, the large exciton binding energy paves the way 

for efficient room temperature exciton based and polariton/exciton interaction based lasers 

with low threshold currents. Other applications of ZnO include novel optoelectronic devices 

such as light source and detectors and chemical and bio-sensors [1-3]. Thermodynamically 

stable ZnO has a wurtzite crystal structure with lattice constant of a=3.25Å and c=5.21Å. 

Table 1-1 lists a few physical properties of ZnO. 

Early work on ZnO growth by chemical vapor deposition was reported in 1970 [4]. More 

recently, ZnO obtained renewed interest because of the discovery of its nanostructure 

fabrication methods. Among many of these, one dimensional structures, such as ZnO 

nanowires (NWs), have become significant due to their physical properties arising from 

quantum confinement, and they are ideal for studying transport mechanisms in 

one-dimensional systems, which are important not only understanding the fundamental 

phenomena in low dimensional systems, but also for developing new nanodevices with good 
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performance. 

 

Crsystal structure Wurtzite  

Space group  ����   

Lattice constant (Å) 

a=3.2496, c=5.2042 [5] 

a=3.2501, c=5.2071 [6] 

a=3.2498, c=5.2066 [7] 

Melting point  1975°C (decomposes) [8] 

Boiling point  1975°C (decomposes) [8] 

Thermal expansion coefficient αa=4.31×10-6 K-1, αc=2.49×10-6 K-1 (at 300K) [9] 

Thermal conductivity 0.5-1.5 Wcm-1K-1  (at 300K) [10] 

Phonon modes (cm-1) [11-15] 

A1(TO) 380, 379, 378 

E1(TO) 409, 410, 407, 413, 409.5  

A1(LO) 574, 576, 579 

E1(LO) 587, 591, 583, 588  

E2(low) 102, 101, 98, 99  

E2(high) 438, 437, 444, 437.5 

Table 1-1. Physical properties of ZnO. 

 

ZnO NWs have been successfully synthesized by various techniques such as thermal 

chemical vapor deposition (CVD), metal organic chemical vapor deposition (MOCVD) and 

solution growths, with reported extensively wide range of structural, optical and electrical 
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properties [16-18]. CVD through the carbo-thermal reduction of ZnO powder is one of the 

simplest growth methods to implement and that can yield high quality ZnO NWs, but it is 

relatively difficult to control the resulting wire properties using this technique [19]. Low 

pressure CVD is advantageous in minimizing parasitic reactions in the gas phase, and allows 

a wider growth parameter space when trying to incorporate dopants from precursor sources 

(e.g. Al metal powder) with different vapor pressures than ZnO powder in order to control the 

resulting electrical properties. However, the effects of pressure, source material and dopant 

on the CVD growth of NWs are more complex than just simplifying the gas dynamics. 

Although various morphology, crystallinity and optical properties have been reported at 

different growth pressures [20-22], the growth mechanisms of ZnO NWs under different 

pressures remain unclear and the growth parameters are interrelated. 

It is always confusing to describe the growth process as vapor-liquid-solid (VLS) or 

vapor-solid (VS) especially when different catalysts of transition metals or ZnO seeds are 

used during growth. There exist two mechanisms of semiconductor NWs by CVD: 

Gibbs-Thomson effect and diffusion induced growth [23, 24]. The diffusion induced growth 

mechanism was developed for VLS growth of semiconductor NWs and successfully modeled 

ZnO NWs growth when metal catalyst was used [25-27]. The growth mechanism of ZnO 

NWs without metal catalyst through VS process remains unclear, as it may be self-catalyzed 

process (by Zn or ZnOx liquid). On the other hand, the mechanism of Gibbs-Thomson effect 

was widely applied to explain the growth of many semiconductor NWs [28-30]. However, 

not much work has been done for ZnO NW growth following the Gibbs-Thomson effect. 

Furthermore, for device applications, such as solar cells, gas sensors, field effect 
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transistors, UV lasers, it is necessary to control the characteristics of the nanowires, including 

their electrical properties and surface defect states which are believed to be associated with 

deep-level luminescence emission and which can be reduced by Al doping [31-40]. However, 

it has often been difficult to determine the Al content and carry out electrical measurement on 

individual Al-doped ZnO NWs and the mechanism of Al dopants suppressing green emission 

is not clear yet. 

One of the best application of ZnO NW array is for semiconductor polymer hybrid solar 

cells. It was proved that ZnO NWs could be sensitized by CdSe quantum dots, InP/ZnS 

quantum dots and organic dyes which harvest solar energy [41-44]. In this approach, n-type 

of ZnO NW array was used as the scaffold and electron conducting material for the solar cell 

while polymers such as P3HT and PEDOT were used for p-type material. Good alignment 

and increase of conductivity by doping of ZnO NW array are essential in improving the 

efficiency performance of solar cell devices. 

In this doctoral dissertation, Chapter 2 describes the experiment process of CVD by 

carbo-thermal reduction of ZnO and the method of substrate preparation to fabricate 

well-aligned ZnO NWs. The characterization techniques used to investigate samples includes 

SEM, EDS, TEM, Raman, XRD, PL, FIB and LEAP. 

In Chapter 3, the effect of source material with different ZnO : C ratio on the structural 

and optical properties of as-grown undoped ZnO NWs is discussed. The growth of the Al 

doped ZnO NWs and their electrical and optical properties are also discussed in Chapter 3. 

Specially, it is shown that pressure of growth and and Al doping have strong effect on the 

photoluminescence of ZnO NWs. 
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Chapter 4 discusses the growth mechanism of undoped ZnO NWs by diffusion induce 

model and Al doped ZnO NWs by Gibbs-Thomson effect. Relationship between length and 

diameter of the NWs was modeled based on the two mechanisms. 

Chapter 5 discusses atom probe tomography study of ZnO NWs. The incorporation of Al 

in ZnO NWs was investigated by comparison with undoped ZnO NWs. 

Chapter 6 concludes the dissertation and provides the direction for future work.  
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CHAPTER 2 

2. EXPERIMENTAL 

 

2.1 Thermal CVD Growth 

Chemical vapor deposition (CVD) is a chemical process that is used to fabricate high 

quality semiconductor materials. In this process, chemicals in the vapor form are brought to 

the surface of the substrate by a carrying gas and react or decompose into the desired solid 

material by chemical reactions. The chemical vapors can be generated by different source 

materials including solids, liquids or gases through reactions or physical evaporation. The 

properties of the as-fabricated materials are influenced by the parameters used including 

temperature, pressure and flux of source vapors. 

In this doctoral research work, the CVD system was set up with a three zone tube furnace 

which allowed separate temperature control for each zone. A quartz tube was used as the 

chamber of growth and a quartz boat for solid source material and a sample holder were 

designed for this chamber. The schematic diagram is shown in Figure 2-1. ZnO (Fisher 

Scientific, 99.5%) and graphite (Fisher Scientific, Grade #38) mixture was used as the source 

materials. For the Al doping experiment, Al powder (Alfa Aesar, 99.5%) was added into the 

mixture of source materials. Argon (Airgas, UHP 99.999%) and oxygen/argon mixture 

(Airgas, 19.95% oxygen in balance Argon) were used as carrying gas and source of oxygen, 

respectively. The total flow of gas was kept at 30 sccm while the flow of oxygen varied from 
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0.2 sccm to 0.8 sccm. The ZnO NWs were grown on (0001) sapphire substrate. The growth 

temperature was kept at 900 °C with a ramp of 20 °C/min, which is the lowest temperature 

that carbothermal reduction of ZnO could happen, while the deposition time varied from 15 

min to 30 min. The pressure was controlled from 0.016 atm to 1atm depending on the design 

of experiment. 

 

 

Figure 2-1. Schematic diagram of the three zone tube furnace with quartz tube and the location of 

source material and substrate. 

 

In order to grow well-aligned ZnO NWs, a wet chemistry process was adapted to coat the 

substrate with ZnO seed by decomposition of zinc acetate (Zn(Ac)2) nano-crystals. [16] In 

our seeding process, the substrate was wetted by a drop of 5 mmol/L zinc acetate (Acros 

Organics, zinc acetate dehydrate, 98%) solution in ethanol (Mallinckrodt Chemicals, 

94%-96%). This procedure was repeated 10 times before the substrate was baked in the air at 

350 °C for 20 minutes. This seeding process might be repeated to ensure that the substrate is 

well coated. After growth, the sample was cooled down naturally, taken out from the 

chamber and characterized using variety of techniques. 

Source SubstrateCarrier gasAr/O2

ZnO(s), C(s) → Zn(g), CO(g), CO2(g)

Zn(g), O2(g), CO(g) → ZnO(s)
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2.2 Scanning Electron Microscopy 

Scanning electron microscopy (SEM) is a characterization technique that produces 

images of a sample by scanning it with a focused beam of electrons. The electron beam is 

generally scanned in a raster scan pattern, and the beam's position is synchronized with the 

detected signal to produce an image. Figure 2-2 shows a schematic diagram of a scanning 

electron microscope. The electron beam is generated by an electron source which can be 

tungsten filament, LaB6 filament or field emission gun, collimated and focused down through 

a column consisting of multiple electromagnetic lenses. The sample is mounted on the stage 

that is able to translate in all three directions, rotate and tilt. The column and the sample 

chamber are usually under vacuum to minimize the perturbation of gas molecules on the 

electron beam. 

 

 

Figure 2-2. Schematic diagram of SEM operation.  

Electron source

Anode

Electromagnetic lenses

Sample

Secondary
electron detector
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When the electrons interact with the sample, various signals including secondary 

electrons, backscattered electrons, x-ray and Auger electrons are produced which contain 

information about the sample's surface topography and composition. The most common 

mode of detection is by secondary electrons emitted by atoms excited by the electron beam. 

The number of secondary electrons is a function of the angle between the surface and the 

beam. On a flat surface, the plume of secondary electrons is mostly contained by the sample, 

but on a tilted surface, the plume is partially exposed and more electrons are emitted. By 

scanning the sample and detecting the resulting secondary electrons, an image displaying the 

tilt of the surface is created. By using SEM, the morphology of the ZnO NW sample with the 

accurate measurement of wire length, diameter and density can be obtained. The models of 

SEM equipment used in this work were Philips XL 30 and JEOL 7000F. 

 

2.3 Transmission Electron Microscopy 

Transmission electron microscopy (TEM) is a microscopy technique that produces high 

resolution images by electron beam transmitted through an ultra-thin specimen, interacting 

with the specimen as it passes through. Similar to SEM, a typical TEM contains the electron 

source and electromagnetic lenses as shown in Figure 2-3. However, the image is formed 

from the interaction of the electrons transmitted through the specimen instead of secondary or 

backscattered electrons. The image is magnified and focused onto an imaging device, such as 

a fluorescent screen, a photographic film, or to be detected by CCD camera. 
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Figure 2-3. Schematic diagram of TEM operation.  

 

TEM is capable of imaging at a significantly high resolution due to the small de Broglie 

wavelength of electrons. At smaller magnifications TEM image contrast is from absorption of 

electrons in the material by the thickness and composition of the material. At higher 

magnifications complex wave interactions modulate the intensity of the image, producing 

detail crystal structure down to atomic level. 

 

In addition, transmission electron microscope has the function of transmission electron 

microscopy (STEM) mode which turns TEM into a high resolution SEM. In STEM mode, the 

electrons diffracted at high angle are collected for imaging which generates a high-angle 

annular dark-field (HAADF) image. Since the ability of atoms to diffract electrons depends 

on their number of protons, the intensity contrast of HAADF STEM image generally tells the 

mass of the atoms in the sample with high resolution. In this work, TEM was used to acquire 

Electron source

Anode

Condenser lenses

Image plane

Objective lens

Sample
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high resolution images, lattice fringe and diffraction pattern of ZnO NWs. The model was 

FEI F20. 

 

2.4 Energy-Dispersive X-ray Spectroscopy 

Energy-dispersive X-ray spectroscopy (EDS) is a technique that determines the type and 

concentration of each element in the sample by collecting the information of characteristic 

X-ray of atoms generated by high energy of electron beam. To do so, the SEM/TEM 

equipment is always integrated with an EDS function. When an atom is excited by high 

energy electrons, one of the different electron relaxation processes generates characteristic 

X-ray with the energy associated with the type of element. The intensity of the characteristic 

X-ray is proportional to the number or concentration of atoms in the sample. Therefore, the 

type of the elements can be determined by the energy levels of each characteristic X-ray and 

the concentration of elements is calculated by the intensity. EDS was used to measure the 

doping concentration and possible impurities in ZnO. 

 

2.5 Raman Spectroscopy 

Raman spectroscopy is a technique that investigates the low-frequency vibrational and 

rotational modes in a sample. As shown in Figure 2-4, when a sample is excited to a virtual 

energy state by a monochromatic light, it relaxes back to lower energy levels through both 

elastic scattering (Rayleigh scattering) and inelastic scattering (Raman scattering). The 
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inelastic optical scattering will give rise to photons that are shifted from the incident photon 

energy by characteristic amount of energy corresponding to those low frequency modes. The 

inelastic scattering that has lower energy than the incident laser is the Stokes Raman 

scattering and it is more intense than the Anti-Stokes Raman scattering which has higher 

energy than laser energy. Thus, Stokes Raman scattering is always selected for spectroscopy. 

In ZnO, Raman spectroscopy was used to determine the crystal phonon modes and assess the 

degree of strain and presence of defects. 

 

 

Figure 2-4. Energy levels in a system and possible transitions when excited.  

 

This was done by using a confocal setup (as shown in Figure 2-5) in which the sample 

was illuminated with a single mode laser beam (532 nm) focused with a microscope. The 

scattered signal is collected confocally with the same microscope objective and analyzed 

through the monochromator. Wavelengths close to the laser line due to elastic Rayleigh 

scattering are filtered out by edge filter while the rest of signal is dispersed by gratings and 

collected by a detector.  
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Figure 2-5. Schematic diagram of confocal measurement setup. 

 

2.6 X-ray Diffraction 

X-ray diffraction (XRD) is a technique that is used to determining the type of crystal and 

its orientation based on Bragg’s Law:  

 

 2	
�� �� � � �� (1) 

 

where dhkl is the spacing between crystal planes that have index of h, k and l, θ is the angle 

between the incident X-ray, n is an integer (1, 2, 3…) and λ is the wavelength of the X-ray as 

shown in Figure 2-6.  
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Figure 2-6. X-ray diffraction by crystal planes follows the Bragg’s Law.  

 

During XRD measurement, the sample is mounted on a goniometer and irradiated by a 

monochromatic X-ray. The goniometer allows the sample to be positioned accurately within 

the X-ray beam and rotated. The diffracted signal is detected while the corresponding rotation 

angle is recorded as well so that the dhkl spacing can be determined by Bragg’s Law and the 

information of crystal is obtained. In this work, XRD was used to verify the wurtzite ZnO 

crystal and determine the crystal orientation with respect to the substrate and the equipment 

used was Philips X'pert MRD. 

 

2.7 Photoluminescence 

Photoluminescence (PL) is an optical characteristic technique that probes the radiative 

recombination of photon excited carriers. These carriers are excited by an incident laser. PL 

is a powerful tool to assess the presence of defects associated energy levels. As shown in 

Figure 2-7, when a sample is excited by photons which have higher energy than its bandgap, 
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the electron is excited from the valence band to the conduction band from which process the 

electron-hole pairs are generated. After that, the electron will recombine with the hole by 

emitting another photon which has the energy related to the energy levels in the material. 

There are two different ways of PL measurement. One is to use a monochromatic excitation 

and collect the signal in a broad range of wavelength. This is the typical method of measuring 

PL spectrum. The other method uses tunable excitation and collects the signal for single 

wavelength or certain range of wavelength which is called PL excitation (PLE) method. PLE 

is a method that can study the emission property and detailed charge transfer and 

recombination process for desired transitions in the material. 

 

 

Figure 2-7. Interband photoluminescence of semiconductors.  

 

In this work, same setup as Raman spectroscopy (Figure 2-5) with a different laser 

excitation at 266 nm was used to collect the PL spectra of ZnO NW samples. The near band 

edge emission and defect related energy level in ZnO were investigated by PL. 
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2.8 Focused Ion Beam 

Focused Ion Beam (FIB) is similar to SEM except that the electron source is replaced 

with an ion source (usually gallium ions). Sometimes the FIB system is also integrated with a 

SEM system in order to be able to image the sample with two different beams. The schematic 

diagram of FIB is shown in Figure 2-8. Since the Ga ions have larger atomic mass than 

electrons an ion beam is able to etch away material or cause chemicals to decompose. When 

the Ga ion beam is focused on the sample, the atoms on the sample surface are etched away 

and leave empty space on the sample. This function is used to modify the micro structure of 

the sample and prepare TEM and LEAP samples. If a flow of chemicals is sent by the Gas 

Injection System (GIS) onto the same spot as the focal point of Ga ions, certain chemical (e.g. 

platinum, tungsten and gold) will be deposited on the sample by decomposition. 

 

In this work, an FEI Quanta 3D Dual Beam FIB was used to prepare TEM and atom 

probe samples and make electrical contacts for single ZnO nanowire by platinum deposition 

to measure the electrical properties. 
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Figure 2-8. Schematic diagram of FIB operation 

 

2.9 Local Electrode Atom Probe 

Local electrode atom probe (LEAP) is a technique for nanoscale characterization of 

semiconductors, offering the unique ability to identify and map the positions of individual 

atoms from a specimen with 3D atomic resolution. As shown in Figure 2-9, LEAP is 

generally carried out on a needle like sample with diameter of ~100 nm that is cryogenically 

cooled and biased under vacuum with a high voltage to maintain the tip below ion field 

emission. Voltage and/or laser pulses can be used to supply additional energy in the form of 

heat to overcome the ionization energy and thus induce ionization and field evaporation of 

atoms from the surface of the specimen near its tip. Using a position-sensitive detector 

coupled with a mass spectrometer, it is possible to gain knowledge of the mass-to-charge 

ratio of the ions emitted from the sample—and thus their chemical nature after 

analysis—along with their original 3D position in space. The data recorded can be 

subsequently used for 3D tomographic reconstruction that incorporates chemical 
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identification of species.  

In this work, an IMAGO 3000X Si Local Electrode Atom Probe was used to determine 

not only the concentration of each element but also doping and impurities distribution in ZnO 

NWs.  

 

 

Figure 2-9. Schematic diagram of LEAP operation 
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CHAPTER 3 

3. GROWTH OF ZNO NANOWIRES 

 

3.1 CVD Growth of Undoped ZnO NWs 

The CVD growth of ZnO NWs by carbothermal reduction used zinc oxide (ZnO) and 

graphite (C) as the source material. The effect of ZnO : C ratio in the source material on the 

ZnO NWs was studied to achieve optimum growth parameters. In order to synthesis well 

aligned ZnO NW arrays, the seeding process and growth time were optimized as well. 

3.1.1 Effect of ZnO:C Ratio 

A series of ZnO NW samples with different ZnO : C molar ratios in the source material 

were synthesized. The ratio used was 9:1, 7:3, 5:5, 4:6, 3:7, 2:8 and 1:9, while the total 

weight of source material and other growth parameters were kept the same. The growth was 

conducted under 1 atm at 900 °C. The total flow of gas was 30 sccm with 0.2 sccm oxygen as 

the oxidizer of Zn vapor. The grow time was maintained at 30 min. 

Figure 3-1 shows the SEM pictures of the NWs. Long and high density ZnO NWs were 

grown when more ZnO was used in the source material (from 9:1 to 5:5). The NWs grew 

shorter with lower density if less ZnO was used (from 4:6 to 1:9). From 9:1 to 1:9 ZnO : C 

molar ratio, the length of the NWs became longer before it start to drop at the ratio of 5:5 

while the density of the NWs behaved the same. Thus, the ZnO NWs grown with 5:5 molar 
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ratio appeared to be optimum with the longest and highest density of wires. 

 

 

Figure 3-1. SEM images of ZnO NW samples grown with the ZnO : C mixture having the molar ratios 

shown on the pictures. 

 

This phenomenon could be explained by the different ZnO NW growth rate when the 

composition of the source material was changed. The thermal CVD growth process was 

expressed of ZnO from ZnO and graphite follows these chemical reactions [45] along with 

the calculated Gibbs free energy at 900 °C. 

 

ZnO(s) + C(s) → Zn(g) + CO(g) ∆Gr (t=900℃) ≈ 0 kJ/mol (I) 

CO(g) + ZnO(s) → CO2(g) + Zn(g) ∆Gr (t=900℃) ≈ 45 kJ/mol (II) 

Zn(g) + CO(g) → ZnO(s) + C(s) ∆Gr (t=900℃) ≈ 0 kJ/mol (III) 

2Zn(g) + O2(g) → 2ZnO(s) ∆Gr (t=900℃) ≈ -450 kJ/mol (IV) 

 

Reaction (I) and (II) show the zinc vapor generation process in the source region. Since 
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both ZnO and graphite are solid, the reaction rate does not depend on the concentration 

according to thermal dynamics, which means that the molar ratio of ZnO : C plays a less 

important role than the total amount of ZnO in the source and the surface area of source 

powder. As shown in Figure 3-1, long and high density ZnO NWs were produced using a 

high ZnO : C ratio. Thus, with the same amount of powder, higher ZnO : C ratio has more 

ZnO to provide gaseous zinc for growth. In addition at 900 °C, the Gibbs free energy of 

Reaction (I) is near 0 kJ/mol while that of Reaction (II) is about 45kJ/mol. This implies that 

Reaction (I) is occurs preferentially at this temperature of 900 °C and the actual molar ratio of 

chemical reaction of ZnO and graphite is close 1:1, and the generation of ZnO vapor is 

limited by the source material with lower molar ratio. That can explain why the longest and 

highest density of wires was achieved when the source material with 5:5 molar ratio was used. 

When either ZnO or graphite content was reduced, the growth became either ZnO or graphite 

limited and shorter and less dense wires were resulted. 

After the vapors were transported from the source to the substrate region, Reaction (III) 

and (IV) show the growth of ZnO crystals. In this work, since O2 was introduced to assist the 

growth, Reaction (IV) is the major reaction due to its large negative Gibbs free energy. 

PL of ZnO NW was studied for optical properties. As shown in Figure 3-2, there are 

three major processes of electron hole pairs recombination in ZnO after being excited by laser. 

One of them is the non-radiative recombination, and the other two are radiative 

recombination processes which can be observed when measuring PL spectrum. The near 

band edge (NBE) emission from ZnO occurs in the UV range (380 nm) is dominated by 

excitonic recombination and LO phonon replicas [46]. If there are defects in the ZnO crystal, 
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the excited electrons relax from the conduction band to the defect related energy level and 

recombine with holes in the valence band. This leads to luminescence emission with longer 

wavelength than NBE most often is the green range (500 nm), which is usually associated 

with the defects of oxygen vacancies (VO) [47-50].  

 

 

Figure 3-2. Recombination processes of electron hole pairs in ZnO. 

 

Figure 3-3(a) shows the PL spectra of the samples grown with different molar ratio in the 

source material which exhibits the narrower peak around 380 nm corresponding to the near 

band edge emission, and the broader peak in the visible range. The inset diagram shows a 

blue shift when less ZnO was used in the source material during the growth. From the SEM 

images in Figure 3-1, it is shown that less ZnO in the source material results in short and 

thick NWs. Thus, the blue shift the near band edge emission might be due to the reduction in 

the level of band bending caused by small surface to volume ratio for large diameter ZnO 

NWs [51]. 
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Figure 3-3. PL study of ZnO NWs samples grown with different ZnO : C molar ratios. (a) normalized PL 

spectra of samples grown with molar ration of 9:1, 7:3, 5:5, 3:7 and 1:9. Inset diagram showing the 

blue peak shift of the near band edge emission for low ZnO : C ratio; (b) the intensity ratio of the green 

emission to the near band edge emission as a function of molar ratio. 

 

The other peak in the PL spectrum in the visible region is associated to defects in ZnO. 

Figure 3-3(b) shows the increasing trend of the intensity ratio of defects related peak to near 

band edge emission (IGE/INBE) versus ZnO portion in the source material. It is obvious that 

with an increase of the ZnO content, the ZnO NWs have more defects. Due to the increased 

amount of Zn vapor evaporated from the source material when more ZnO was used in source 

material, oxygen becomes more limited which led to more oxygen vacancies in the lattice and 

resulted in an increase of the defect related green emission in PL spectrum.  

However, it is important to mention that the origin of the green emission has remained 

controversial for decades. It was suggested that the green emission could be related to 

extrinsic dopants such as carbon[52] and Cu[53, 54]. For the carbon defects, it was predicted 

by first principle calculations with the hybrid density functional that CO-VO and CO-ZnI 

defect complexes are the origin of green emission in ZnO which still needs to be confirmed 
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by experimental results. On the other hand, Cu defects are believed to be responsible for 

green emission in ZnO with characteristic fine structure and the zero-phonon line at 2.859 eV, 

which is clearly related to an internal transition in the CuZn acceptor whose ground state is  

close to the conduction band. Other extrinsic defects such as Li may cause yellow 

luminescence at 2.2 eV which results from transitions including a shallow donor and the Li 

acceptor [55]. However, Energy-dispersive X-ray spectroscopy (EDS) of source material 

ZnO and as grown ZnO nanowires was performed and compared and it did not reveal any 

detectable foreign impurities as shown in Figure 3-4(a) and (b). 

 

 

Figure 3-4. Elemental analysis of ZnO shows no extrinsic impurities in ZnO: (a) EDS spectrum of 

ZnO in source material; (b) EDS spectrum of as-grown ZnO nanowires; (c) LEAP spectrum of 

as-grown ZnO nanowires. 
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In order to study the possible trace amount of impurities which is beyond the detection 

limit of EDS measurement, atom probe tomography was used to analyze the element 

concentration of ZnO nanowire, too. As shown in Figure 3-4(c), the mass to charge ratio 

spectrum of ZnO nanowires only shows Zn, O and related Zn and O compound with no other 

elements. The peak of H is from the measurement background of the LEAP vacuum chamber. 

Also, the previous discussion proved that Reaction (IV) dominates the formation of ZnO 

NWs because of the favorable Gibbs free energy. Therefore, the origin of green emission in 

the ZnO NWs can be excluded from foreign impurities. 

On the other hand, the green emission has been reportedly attributed to intrinsic defects 

such as Zn interstitials (ZnI) [56, 57], Zn vacancies (VZn) [58] and oxygen vacancies (VO) [49, 

59-61]. Figure 3-5 shows the possible thermodynamic transition levels for native defects in 

ZnO obtained from first principles calculations with their atomic geometry [62, 63]. The 

transition of oxygen vacancies (VO) fits best with the green emission around 500 nm (2.48 

eV). This is consistent with our experiment results because the oxygen limited environment 

in our CVD system and the high temperature during cooling down would likely lead to 

oxygen vacancies. 
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Figure 3-5. Native Defects in ZnO: (a) thermodynamic transition levels for native defects in ZnO; 

(b)-(e) atomic geometry of native defects.  

 

In addition, the green emission only occurs when the excitation photon energy is larger 

than the bandgap as shown in Figure 3-2 and Figure 3-6. This is because the ground state of 

the neutral VO is a diamagnetic singlet state. Absorption of a photon transfers the system into 

a singlet excited state before it relaxes non-radiatively into the emissive, paramagnetic state. 

This is consistent to our PL excitation measurement as shown in Figure 3-7. 
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Figure 3-6. PL spectrum of undoped ZnO excited with 325 nm line of HeCd laser (5k). The inset 

shows a recombination model for the green emission peaked at 2.45eV. (Courtesy of F. Leiter [64]).  
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Figure 3-7. PL excitation result of ZnO NWs showing no green emission when the excitation 

wavelength is larger than 385 nm. 

 

Raman scattering is a good material characterization technique to probe the vibrational 

properties of materials with fast speed and high resolution. The vibrational modes in ZnO 

were studied early in the 1960s.[12] In the case of wurtize ZnO structure with ����  symmetry, 

there are 6 optical modes namely A1+E1+2B1+2E2, while the other 2 modes are acoustic, 

namely A1 and E1. B1 (low) and B1 (high) modes are normally silent. A1, E1 and E2 modes are 
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Raman active, and A1 and E1 are also infrared active. 

Figure 3-8(a) shows the Raman spectra of the ZnO NWs grown with different ZnO : C 

molar ratio source material. The two most intensive peaks are E2(high) around 437 cm-1 and 

A1 multi-phonon process around 328 cm-1. In Figure 3-8(b) and (c), the peak position of both 

E2(high) and A1 multi-phonon are shifted to larger relative cm-1 when less ZnO was used in 

the source material. For A1 mode, it shifts from 328 cm-1 to 333 cm-1 while for E2(high) mode, 

it shifts from 437 cm-1 to 441 cm-1. This shift of Raman peaks can be ascribed to the stress in 

the ZnO NWs.[65] 

The pressure dependence of Raman shift was reported in the literature. It was observed 

that the frequency shifts in the E2(high), A1(TO), E1(TO), and E1(LO) modes increased with 

pressure monotonically with a relationship between the stress and peak shift was described 

as:[66] 

 

 ∆������� � 4.4�� !"� (2) 

 

where ∆ω is the peak shift compared to no stress condition and σ is the stress. The two most 

intensive peaks, which are E2(high) around 437 cm-1 and the A1 multi-phonon around 328 

cm-1 in our result showed consistency to the previous study and indicates that the ZnO NWs 

are under stress due to the significant lattice mismatch of 18.4% [67, 68] (wurzite ZnO a = 

3.25 Å, c = 5.2 Å) with (0001) sapphire substrate (a = 4.785 Å, c = 12.991Å) when the ZnO : 

C molar ratio decreases. As shown in Figure 3-9, the peak position of E2(high) mode shifts to 

a larger value when less ZnO was used in source material as well as the FWHM. The increase 

in FWHM results from the wide distribution of ZnO under different stress. By comparing the 
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PL data of Figure 3-3(b) and Raman shift of Figure 3-9, it was found that more defects in 

ZnO help to release the stress due to lattice mismatch when more ZnO was used in the source 

material which gave the same Raman spectrum of ZnO NWs and bulk samples.  

  

Figure 3-8. Raman spectra of the ZnO NWs samples growth with different ZnO : C molar ratio. (a) 

Full Raman spectra show the two most intensive peaks of E2(high) and the second order of A1; (b) 

Raman peak shift of the E2(high) mode. (c) Raman peak shift of the A1 mode.  

  

Figure 3-9. Peak position and FWHM of E2(high) Raman mode in ZnO NWs grown from source 

material with different ZnO : C molar ratio. Lines are guides to the eye. 
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Therefore, based on the study of ZnO : C molar ratio , an optimum source material with a 

ratio between 1:1 and 1:2 was chosen for the rest of this work in order to keep the balance 

between the optical and structural properties. 

 

3.1.2 Effect of Seeding Process on Alignment 

In order to synthesis well-aligned ZnO NW arrays, the seeding process and growth time 

were optimized after the optimum ZnO : C ratio in the source material was achieved.  

A series of ZnO NW samples with different seeding procedures and growth time were 

grown while other growth parameters were kept the same. The SEM images are shown in 

Figure 3-10. It was found that the seeding procedure was effective in improving the 

alignment of ZnO NWs. By applying the seeding procedure, nano-scale ZnO crystals were 

uniformly coated on the substrate which served as the seed of ZnO growth. Repeating the 

seeding procedure made the wires more aligned by a more uniform distribution of seeds. Also, 

decreasing of the growth time helped to improve the overall alignment. A possible 

explanation is that longer growth generally leads to longer wires which are tend to bent, while 

short wires are more able to remain straight. However, SEM is a qualitative method to 

determine the alignment of ZnO NWs by looking at the morphology. This work developed a 

Raman spectroscopy method as a quantitative technique to assess alignment. 
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Figure 3-10. SEM images of the ZnO NWs grown with different seeding procedures and growth time. 

The principle of this approach is the polarization dependence of vibrational modes in 

ZnO. All of the vibrational modes in ZnO along with their configuration of measurement are 

listed in Table 3-1. The configuration notation refers to the propagation and polarization of 

incident laser as well as the scattered signal and X, Y and Z refer to the crystal coordinate axes. 

For example, for the active configuration of E2 being Z(Y,X)#̅, the first letter Z is the 

propagation direction of the excitation laser according to the crystal, and the second letter Y is 

the polarization direction of the excitation laser. Similarly, the third letter X is the polarization 

direction of the collected scattered signal and the last letter #̅ is the propagation direction of 

the scattered signal. The bar on the letter indicates the opposite direction compared to the 

incident laser. 

 

Mode 

A
1
(TO), 
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Configuration X(Y,Y)%& X(Z,Z)%& X(Z,Y)%& X(Y,Z)Y X(Y,Y)Z Z(Y,X)#̅ Z(Y,Y)#̅ 

Table 3-1. Vibrational modes of ZnO and their active configurations. 
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Figure 3-11(a) shows how the ZnO NW array samples are typically measured while 

Figure 3-11(b) is another configuration of measurement by rotating the sample by 90°. The 

notation of XY and YZ are used because X and Y direction are not distinguishable in Figure 

3-11(a) and the same for Y and Z direction in Figure 3-11(b). 

 

 

Figure 3-11. Two typical configuration of our Raman measurement (a) Z(XY,XY)	#̅; (b) X(YZ,YZ)	%&. 

 

Figure 3-12 shows the Raman typical spectra from well-aligned ZnO NWs measured 

under the two configurations of Figure 3-11. In the configuration of Z(XY,XY)#̅, the most 

intensive peak at 438 cm-1 was assigned to E2 (high) mode. A1 (LO) mode and A1 (TO) mode 

were observed at 577 cm-1 and 379 cm-1, respectively. Moreover, the optical phonon overtone 

with A1 symmetry was located at 333 cm-1, and E1 (LO) was located at 584 cm-1. However, in 

the configuration of X(YZ,YZ)%&, the A1 (LO) peak at 577 cm-1 was less intensive than that in 

the other configuration because A1 (LO) was only visible in the configuration of Z(Y,Y)#̅. The 

other two peaks at 418 cm-1 and 751 cm-1 came from the sapphire substrate. 
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Figure 3-12. Raman measurement of ZnO NWs sample with different configurations. Black line is the 

one with Z(XY,XY)	#̅ configuration and red line is the one with X(YZ,YZ)	%& configuration. 

 

In addition, due to polarization, in the configuration of X(YZ,YZ)%&, another peak at 644 

cm-1 was observed, which could be assigned to sapphire A1g mode that is not observable in 

the configuration of Z(XY,XY)#̅. This result shows that the intensity of A1 (LO) and E1 (LO) 

can be used as a measurement of the alignment of the NWs with respect to a fixed and 

polarized incident laser beam. 

Figure 3-13 shows the Raman spectra of ZnO NWs samples with different alignment. 

The corresponding SEM pictures are shown as insets. In the region between 550 cm-1 and 600 

cm-1 where two Raman modes A1(LO) at 577 cm-1 and E1(LO) at 584 cm-1 are located. Based 

on selection rules in Table 3-1, the A1(LO) mode is only active with the configuration of 

Z(Y,Y)#̅ which is one of the typical configurations when the NWs are well-aligned in the Z 
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direction as shown in Figure 3-11(a). 

 

 

Figure 3-13. Raman spectrum of the ZnO NWs samples with different alignment properties in Figure 

3-10. 

 

If the NWs are not aligned in the Z direction, A1(LO) will not be observable. On the 

other hand, E1(LO) mode has the active configuration of X(Y,Z)Y, which is out of the Z 

direction. Therefore, the intensity ratio of A1(LO) mode to E1(LO) mode quantitatively 

indicates the ratio of Z direction aligned ZnO NWs to not aligned ZnO NWs [69]. 

This result is confirmed by the XRD as shown in Figure 3-14 along with the 

corresponding SEM images. For the well-aligned ZnO NW sample, only the (0002) ZnO 

XRD peak of was visible besides the (0006) peak of sapphire substrate, which means that c 

(Z) direction of ZnO NWs was aligned to c axis of sapphire. However, for the not aligned 

ZnO NWs sample, one extra peak corresponding to (10-11) diffraction of ZnO was obtained 

which suggests the Z direction of some ZnO NWs were not aligned with the c axis of 
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sapphire substrate. 

 

  

Figure 3-14. XRD result of the well aligned ZnO NWs (sample in Figure 3-10(e)) and not aligned ZnO 

NWs (sample in Figure 3-10(a)). 

 

3.2 Doping of ZnO NWs by Al 

After the growth parameters were optimized for undoped ZnO NW array. The goal was 

to modify the properties of ZnO NWs by Al doping and investigate the effect of Al on the 

electrical and optical properties. 

3.2.1 CVD Growth of Al Doped ZnO NWs 

Al-doped ZnO NWs were grown at low pressure (0.13 atm) so as to ensure sufficient 

generation and transport of the Al dopant in the gas phase. Indeed, at 900°C, in addition to 

the chemical reaction in the source material shown in Reaction (I) and (II), the evaporation 

process for Al occurs according to: 
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Al(s) → Al(g) ∆Gr (T=900°C) = 170 kJ/mol  (V) 

 

This shows that, compared to Zn, Al is more difficult to evaporate into the gas phase due 

to its higher Gibbs free energy of 170 kJ/mol. Low pressure is therefore preferred for Al to 

evaporate efficiently and get transported to the sample. 

 

 

Figure 3-15. SEM images of Al doped ZnO NWs grown at the pressure of 0.13 atm with different amount 

of Al power in the source material : (a) 0.5 g. (b) 1.0 g. (c) 1.5 g. 

 

The SEM images of the Al-doped NWs grown with different amount of Al powder in the 

source material are shown in Figure 3-15, with other parameters kept the same as those for 

the growth of undoped ZnO NWs, i.e. pressure, temperature, ZnO:C amount, gas flows, and 

duration. The weight of Al used for the three samples were 0.5 g, 1.0 g and 1.5 g respectively, 

with the ZnO:C mixture fixed at 1.5 g and the O2 gas flow constant. A comparison of Figure 

3-15(a) and Figure 3-15(b) reveals that the wires became shorter and larger in diameter when 

more Al was added into source material. As even more Al is put in the source material, the 

wires became so short that only a thin film with pyramidal structured surface was obtained as 

shown in Figure 3-15(c). The effect of Al is thus an apparent reduction of the NW growth 
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rate and can be explained by considering the Ellingham diagrams and free energy of 

formation for Al2O3 vs. ZnO (Figure 3-16). 
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Figure 3-16. Ellingham diagram of ZnO and Al2O3 shows the temperature dependence of Gibbs free 

energy. 

 

These show that Al would much preferentially bind with oxygen throughout a wide range 

of temperatures, thus leading to consumption of a significant portion of the oxygen in the 

chamber. Compared to the oxygen rich growth of undoped ZnO NWs, the addition of Al in 

the growth process leads to an oxygen-limited regime, and thus the experimentally observed 

reduced growth rate. Furthermore, at the growing crystal surface, in addition to the chemical 

reaction shown in Reaction (III) and (IV), the formation of Al-doped ZnO at the substrate is 

also subject to: 

 

Al(g) + 3/4O2(g) → 1/2Al2O3(s) ∆Gr (T=900°C) = -1507 kJ/mol  (VI) 
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This shows that, as more Al is used, the oxidation of excess Al into AlOx in the crystal 

can potentially deteriorate the electrical properties of ZnO NWs by introducing defects. 

 

3.2.2 Electrical and Optical Characteristics of Al Doped ZnO NWs 

It is difficult to electrically measure the resistivity of individual NW. The following 

preparation method were utilized in order to determine the electrical properties of individual 

ZnO NWs, and based on the longitudinal transport of charge carriers, as opposed to a 

conventional in-plane measurement ensemble of NWs and measured more or less 

perpendicularly to the NW axis. 

The undoped or Al-doped ZnO NWs were first dispersed in an alcohol solution and drop 

coated on a glass slide over which two metal contact pads had been prior realized by 

photolithography with a 50 µm open channel between them. After coating with NWs, the 

open circuit between the two metal contact pads of each sample was verified before 

proceeding in order to ensure that the NWs did not already create any conduction path.  

Platinum leads (500 nm wide by 500 nm thick) were then deposited by focused ion beam 

between the ends of a selected individual NW to the metal contact pads. The inset in Figure 

3-17 shows a typical SEM image of the resulting NW with Pt leads attached, along with a 

schematic diagram of the configuration. This approach has the advantage of avoiding 

chemical processing associated with lithography to achieve metal contacts onto individual 

NWs. 
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Figure 3-17. Typical I-V curve for individually contacted ZnO NWs. The inset shows the SEM image of 

the NW contacted by two Pt bars along with a schematic diagram. 

 

Figure 3-17 also shows a typical current-voltage characteristics obtained for all NWs.  

The linear characteristics confirms the ohmic nature of the realized Pt contacts to the ZnO, as 

also reported by Inumpudi et al. [70]. The resistivity of the NW was determined from the 

resistance R thus measured, the length L and diameter of the NW (measured by SEM), and by 

considering the wire to have an approximately circular cross section S: 

 

 ' � (	 )* (3) 

 

It should be noted that, in doing so, a crude assumption was made that contact resistance 

was negligible compared to NW resistance and therefore that the values obtained are for Al 

doping comparison purposes under our specific experimental contact fabrication techniques. 

Table 3-2 lists the resulting resistivities for undoped and Al-doped ZnO NWs, as a function 

of the amount of Al introduced in the source material, along with the measured Al atomic 
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concentration in the NWs (0-1.8 at%) as determined by EDS. 

 

Weight of Al in source 

material (g) 
Al at% in the NW Resistivity ρ (Ω·cm) 

0 0 0.032 

0.5 ~1.2% 0.017 

1.0 ~1.8% 0.003 

1.5 - 0.066* 

Table 3-2. Al atomic concentration as determined by EDS and the corresponding resistivity of Al-doped 

ZnO NWs grown with different amount of Al in the source material.*Thin film sample determined by 

Hall measurement 

 

It was discovered that increase in the amount of Al in the source material leads to a 

reduction of the electrical resistivity concurrently with an increase in the Al content in the 

crystal, which is consistent with a higher doping by donor Al in ZnO. 

In order to determine whether the amount of Al introduced caused any distortion of the 

ZnO lattice, Raman spectroscopy was carried out. Figure 3-18 shows the Raman spectra of 

the Al-doped ZnO NWs with different Al concentrations along with the spectrum from 

undoped ZnO NWs grown under similar conditions. No obvious peak shift was observed for 

the main vibration modes of ZnO, including the E2 mode at 438 cm-1, A1(LO) mode at 577 

cm-1 and multiphonon process at 331 cm-1. However, the strength of these ZnO Raman modes 

was seen to decrease when more Al concentration is introduced, which can be attributed to 
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the effect of doping slightly distorting the ZnO crystal structure [71, 72]. However, the level 

of Al remained moderate enough to prevent significant disorder to the lattice. 

 

 

Figure 3-18. Raman spectra of undoped ZnO NWs and Al-doped ZnO NWs with 1.2 at% and 1.8 at% Al 

concentrations. The curves are vertically shifted for clarity. The inset shows zoomed-in spectra around 

the dominant peak E2 at 438 cm
-1 

in log scale. 

 

Indeed, Chen et al. [71] reported a Raman peak at 651 cm-1 for Al-doped ZnO, attributed 

to the B1 silent mode of ZnO which was activated by doping-induced disorder. In this work, 

the absence of a 651 cm-1 peak proved that the Al concentration in Al-doped ZnO NWs was 

still sufficiently low to prevent disorder, since Chen et al. reportedly only saw that peak when 

the Al concentration in ZnO was more than 2 at%. 

Figure 3-19 compares the PL spectra of undoped and Al-doped ZnO NWs with different 

Al concentrations. The intensity of the near band edge (NBE) emission around 380 nm 

increased, while the intensity of the green emission around 500 nm decreased, when the 
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concentration of Al increased. 

 

 

Figure 3-19. PL spectra of undoped (blue) and Al-doped ZnO NWs with 1.2 at% (black) and 1.8 at% 

(red) Al concentrations. The inset shows a normalized near band edge emission peak that is blue shifted 

with an increase of Al concentration. 

 

The Al dopants substituting for the Zn in the crystal therefore directly lead to a change in 

the relative intensity ratio between the NBE and green emission near 500 nm. The latter has 

generally been attributed to several possible defects in the crystal, with a majority being 

oxygen vacancies [49], but also zinc vacancies [58] and zinc interstitials [73], which all have 

an energy level within the bandgap that would lead to a radiative transition matching the 

green emission. 

Oxygen vacancies are the most probable defects as discussed before since the oxygen 

partial pressure was lower due to the use of low pressure growth and the introduction of Al 

vapor in the gas phase would further reduce the amount of oxygen available for ZnO growth. 
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It was speculated that when Al is incorporated in the ZnO lattice and substitute for Zn, the 

chemical environment of the oxygen vacancies changes from being surrounded by Zn atoms 

to having some Al present as nearest neighbors, which alters the energy state of these oxygen 

vacancies and makes them less thermodynamically favorable under the equilibrium 

conditions of our CVD growth, with an overall reduction in the green emission when the Al 

concentration is increased. This reduction of oxygen vacancy defect could be consistent with 

the concurrent increase in NBE emission intensity. 

Furthermore, the NBE emission exhibits a blue shift and linewidth narrowing when Al 

concentration is increased, as shown in the inset of Figure 3-19. The peak emission energy 

and full width at half maximum (FWHM) determined through a Gaussian fit the NBE peak 

are plotted versus the Al concentration in Figure 3-20. The peak emission energy shift 

between the undoped and the 1.2 at% Al-doped NWs was 10 meV, while it was 42 meV for 

the 1.8 at% Al-doped NWs. This peak shift can be explained by Burstein-Moss effect which 

indicated that the widening of the energy band in the degenerated semiconductor is due to the 

increase of Fermi level in the conduction band [74]. 
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Figure 3-20. The dependence of peak position and FWHM on Al concentration of the NBE emission 

peak. The values of peak position and FWHM were obtained through a Gaussian fit of the NBE 

emission peak. 

The relationship between blue shift and carrier concentration is described by the 

equation: 

 

 ∆+, � -.

8�∗ 13
3 �45

. 6⁄
 (4) 

 

where ∆Eg is the blue shift of the energy band, h is the Planck’s constant, m* is the electron 

effective mass in the conduction band and ne is the electron carrier concentration. By using 

Equation (4), it can be estimated that the carrier concentrations of the Al-doped ZnO NWs are  

6.3×1017 cm-3 and 5.5×1018 cm-3 for 1.2 at% Al and 1.8 at% Al concentration NWs, 

respectively. This increase in carrier density is roughly of the same order as the reduction in 

resistivity in Table 3-2. 
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3.3 Comparative Study of Effect of Pressure and Al Doping 

Al has effect on both morphology and optical properties of ZnO. In addition, Al doped 

ZnO NWs was achieved at low pressure. It is important to determine the effect of pressure 

and Al independently on the optical property of ZnO. 

 

To do so, experiment was designed to compare three low pressure grown samples with 

two higher pressure grown samples. Their SEM images are shown in Figure 3-21. The NW 

samples grown at high pressure (0.37 atm) are denoted by Hu and H0.87, while those grown at 

low pressure (0.13 atm) are denoted by Lu, L1.2 and L1.8. The undoped samples “u” are 

compared to samples with average Al concentrations of 0.87 at.%, 1.2 at.% and 1.8 at.% as 

measured by EDS. Information about these samples is summarized in Table 3-3. 

 

 

Figure 3-21. SEM images of the undoped and Al-doped ZnO nanowire samples. The insets show the 

corresponding cross-sectional SEM images. 

 

As shown in Figure 3-21, sample Hu contains a bimodal distribution of both thin and 
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thick NWs, but the average diameter is larger than the Lu NWs. The NWs grown at lower 

pressure shrink in diameter as more Al source material is added, but the NWs grown at higher 

pressure increase in diameter when Al source material is added.  By contrast, the lengths 

decrease as the Al content increases at a rate that depends on both Al content and growth 

pressure: the lower the pressure, the shorter the wires. 

 

Growth 

Pressure 

(atm) 

Sample 

name 

Al content 

in source 

mixture  

Nanowire Al 

concentration 

(at. %) 

Nanowire 

Diameter 

(nm) 

Nanowire 

Length 

(µm) 

 

Ig/Iuv 

 

      

0.37 

Hu 0 g 0 123 ± 15 9 ± 0.1 77 

H0.87 0.5 g 0.87 181 ± 15 7.9 ± 0.1 24 

        

     

0.13 

Lu 0 g 0 87 ± 15 13.8 ± 0.1 53 

L1.2 0.5 g 1.2 67 ± 15 7.1 ± 0.1 2.6 

L1.8 1 g 1.8 41 ± 15 3 ± 0.1 0.74 

Table 3-3. Structural and optical data for the Al:ZnO nanowires 

As discussed before, the generation of Zn vapor is ascribed to the carbothermal reaction 

of ZnO in Reaction (I) and (II). In the high growth temperature (900oC), oxygen poor, low 

pressure environment, more of the Zn vapors remain unoxidized.  As oxygen partial 

pressure increases, the Zn vapor can more efficiently oxidize to form ZnO [22]. However, the 

NWs Lu grown at lower pressure are longer (13.8 µm) than the NWs Hu grown at higher 

pressure (9.0 µm). This can be understood by considering the evaporation rate of the source 

precursor, which is proportional to (Pv –P) according to Langmuir evaporation equation [75],  



 

47 
 

where Pv is the vapor pressure and P is the ambient pressure. Therefore, more source 

precursor vapor is generated at lower pressure due to higher rate of evaporation, producing 

taller NWs. The desorption and re-evaporation rate of Zn vapor is also higher due to low 

partial pressure of oxygen, thereby limiting the growth in lateral direction at lower chamber 

pressure and explaining why the average diameter is smaller in Lu than in Hu NWs. This 

observation suggests that the Lu NWs will have many more oxygen vacancies than the Hu 

NWs. The greater length and smaller diameter of the Lu NWs are a consequence of this. 

The room temperature PL spectra of the undoped ZnO NW samples confirm these 

observations. Figure 3-22 reveals the PL spectra contain two emission bands, a UV emission 

band dominated by excitonic recombination and LO phonon replicas, and a green emission 

band associated with oxygen vacancies as discussed in section 3.1.1 before. The decay 

process of photogenerated excitons follows three primary mechanisms: radiative 

recombination to emit a UV photon, nonradiative decay (primarily at or near the surface 

traps), and energy transfer from the band edge to the defect states that activate the green 

emission [76-78]. The quantum efficiency for a given channel x (ηx) is related to the 

corresponding decay rate kx (x = uv, nr, g): 

 

  (5) 

 

It should be noted that kg is not the decay rate of the green emission but the rate at which 

photoexcited excitons activate the green emission. In other words, kg increases as the number 

of oxygen vacancies increases. 

ηx =
kx

kuv + knr + kg
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Figure 3-22. PL spectra of sample Hu, H0.87, Lu, L1.2 and L1.8: (a) Room temperature PL spectra of 

undoped and Al-doped ZnO nanowires excited at 350 nm by a xenon lamp followed by a 

monochromator. (b) The variation of the integrated UV emission band intensity with Al concentration. 

(c) The variation of the integrated green emission band intensity and ηg with Al concentration. 

 

The quantum efficiency of these samples is very low (kg < 2%, kuv <0.1%), indicating 

that knr >> kuv, kg, a consequence of surface recombination in NWs with a high 

surface-to-volume ratio [76, 78, 79]. The fact that the intensity of green emission is larger 

than that of the UV emission band in both undoped Hu and Lu samples suggest that there is a 

large number of oxygen vacancies in the undoped samples. Also, the Lu sample has the larger 
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green emission band than Hu sample and it confirms our previous discussion of Lu sample 

having more oxygen vacancies. 

From the SEM images it was discovered that the NWs of Lu sample have smaller 

diameters, so the high green emission may be attributed to the increase in the near surface 

trap density caused by increased surface to volume ratio [79]. According to Ref. 72, the ratio 

between the integrated intensity of UV (Iuv) and green (Ig) emission bands can be described 

as: 

 

 
Ig

Iuv

= C
2rt − t 2

(r − t)2  (6) 

 

where r is the radius of NW and t is the surface recombination layer thickness. C=2 and t=52 

nm was obtained after fitting the PL data for Lu and Hu samples. The coefficient C is greater 

than one because the green emission efficiency is greater than the UV emission efficiency. If 

the t value is compared with the diameter of the NWs of Lu and Hu, they are comparable to 

each other which suggest that the oxygen vacancies are distributed in the NW thoroughly. 

However, the model in Equation (6) cannot well apply to the PL behavior when r is the close 

to t, since it does not predict that the narrower Lu NWs will generate more UV emission than 

the larger Hu NWs. The shortcoming may be partially ascribed to the different growth 

conditions of the Hu and Lu samples, but it is still an evident that low pressure growth of ZnO 

NWs will create more oxygen vacancies and reduce the nonradiative decay. 

When Al is added into the source material, Al works as an n-type dopant since it is 

trivalent and Zn is divalent. The increase of electron concentration in Al doped ZnO has been 
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revealed as well as other reports [80-82]. Since Al is much more easier to be oxidized than Zn 

(more negative Gibbs free energy for Al2O3 than ZnO) and the associated bonding energy, 

which is larger for Al-O (511 ± 3 kJ/mol) than for Zn-O (159 ± 4 kJ/mol) [83], the relative 

ability of Al and Zn to incorporate into the growing Al:ZnO lattice is strongly affected, 

especially in an oxygen-poor atmosphere. In general, NWs grown at low pressure become 

thinner and shorter as Al percentage increases due to the ease of Al that consumes large 

amount of oxygen for growth as stated in section 3.2.1. 

Figure 3-22(b) and (c) plot Iuv and Ig as a function of Al concentration. Note the decrease 

in Ig with increasing Al concentration for samples grown at both pressures, confirming a 

recent report by Liu et al. on Al doped ZnO nanofibers [84]. Clearly the addition of Al 

reduces the number of oxygen vacancies as it slows the longitudinal growth rate of the NWs. 

Notice as well that Ig and NW lengths are more sensitive to Al concentration for the lower 

pressure samples than for the higher pressure samples. The Table indicates the decrease in 

growth rate is ~ 1/30 µm/min/x for the Hx NW lengths and ~ 6/30 µm/min/x for the Lx NW 

lengths, again correlated with the number of oxygen vacancies. Since NW diameter is 

determined by Zn desorption and re-evaporation and that oxygen vacancies are mostly 

derived from breaking the weaker Zn-O bonds, as the diameter of the Lx NWs decreases with 

increasing Al concentration, the number of oxygen vacancies and green emission also 

decreases. Although the average Hx NW diameter increases with increasing Al concentration, 

the number of oxygen vacancies and green emission decreases, albeit at a slower rate, 

because of reduced desorption and re-evaporation. 

The way ηg and Ig depend on Al concentration is similar (Figure 3-22c). To understand 
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this, the UV emission must be considered firstly. In contrast with the green emission, the UV 

emission intensity Iuv increases with increasing Al concentration. This is a natural 

consequence of the decreasing number of oxygen vacancies, causing kg to decrease and kuv to 

increase with increasing Al doping. The question is whether there is a simultaneous change in 

knr. If the increase in Iuv matches the decrease in Ig, then total emission and knr remain a 

constant, and all that is changing is the size of kg (i.e. the number of oxygen vacancies). This 

is precisely what happens from Lu to L1.2. However, from L1.2 to L1.8, the UV emission 

strength more than doubles while the integrated green emission intensity and kg drop by less 

than 35%. Similar behavior is observed from Hu to H0.87. 

Together, these observations indicate that as more Al is incorporated during Lx and Hx 

NW growth, knr decreases faster than kg, suggesting that nonradiative recombination is 

reduced even more than green emission with increasing Al doping. Note that this contradicts 

the predictions of Equation (5) that Ig should increase and Iuv decrease as NW diameter 

decreases. Since Al prevents the formation of oxygen vacancies, the contradiction must be 

ascribed to the role played by Al in decreasing kg and especially knr. It is unclear whether Al 

prevents the formation of nonradiative recombination centers or whether the increasing 

number of Al-contributed electrons in this n-type material may mitigate nonradiative 

recombination.  
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CHAPTER 4 

4.  FUNDAMENTAL STUDY OF GROWTH MECHANISM 

 

As shown previously, the morphology of ZnO nanowire samples depends on the growth 

conditions including pressure and dopant. In this chapter, the growth models of both undoped 

and Al doped ZnO NWs are going to be developed using the relationship between length and 

diameter and a quantitative method. 

There exist two reported basic growth models of semiconductor NWs that try to relate 

the length to the diameter of NWs grown in the gas phase, both of which established for a 

vapor-liquid-solid (VLS) growth process using a metal catalyst. The first model is governed 

by the Gibbs-Thomson effect and is characterized by an increase in length when the diameter 

of the NW increases. In this case, the adatoms contribute to the NW growth by directly 

attaching to the tip of the solid phase of the NW after diffusing through the liquid metal 

catalyst located at the tip and the incorporation of material in a crystal lattice at the 

liquid-solid metal-semiconductor interface is the rate-determining step [23]. In the second 

model, the NW growth is limited by the diffusion of adatoms and the resulting length of the 

wires is inversely proportional to the diameter. This is the diffusion induced model that 

describes the growth of NWs by contribution of adatoms through diffusion along the NW 

sidewalls and direct impingement [24]. In this work, two independent regimes of 

Gibbs-Thomson effect and diffusion induced model were found and how length and diameter 

relate to growth model was studied. 



 

53 
 

 

4.1 Diffusion Induced Model of Undoped ZnO NW Growth 

A series of ZnO NW samples were grown at different pressures (0.13 atm, 0.17 atm, 0.37 

atm and 1 atm), while other growth parameter were kept constant (growth temperature at 

900 °C, 1.5g precursor material, 0.2 sccm oxygen and 30 sccm total gas flows, and 15 min 

duration). Figure 4-1(a) and (b) shows the SEM images of the ZnO NWs grown with pressure 

set at 1.0 atm and 0.17 atm, respectively. The NWs grown at 1.0 atm are short with length 

about 1 µm and a large diameter, while the NWs grown at lower pressure are much longer 

and smaller in diameter. The inset image in Figure 4-1 (a) shows the hexagonal shaped tip of 

a single NW which suggests that as-grown ZnO NWs have wurtzite crystal structure and the 

growth direction is [0001]. Figure 4-1 (c) is the high resolution TEM image of the ZnO NWs 

grown at 0.17 atm. The lattice fringe along the growth direction was measured to be 5.2 Å 

which corresponds to the lattice constant c in wurtzite ZnO and further confirms the crystal 

structure and orientation of the ZnO NWs. At the very tip of the wires, two crystal facets 

were discovered. The angle of between the (0001) plane and the facets was 61° and 43°, 

respectively. These two planes are (10-11) and (10-12) plane of ZnO which indicates that the 

sidewall of the ZnO NWs is (10-10). The inset image of Figure 4-1(c) is the electron 

diffraction pattern corresponding to the HRTEM image. The (10-11), (10-12) and (10-10) 

planes are all found and labeled in the diffraction pattern. 
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Figure 4-1. SEM and HRTEM images of ZnO NWs. (a) SEM image of ZnO NWs grown at 1 atm. The 

SEM images were taken at a tilt angle of 20 degree. Inset image is the top view of single NW which has 

the hexagonal shape. (b) SEM image of ZnO NWs grown at 0.17 atm. (c) HRTEM image of ZnO NWs. 

Inset image is the corresponding diffraction pattern. 

 

The [0001] direction is the preferred growth direction of ZnO NWs because it minimizes 

the total surface energy of crystal planes [2]. At thermodynamic equilibrium, which is the 

condition under which thermal CVD occurs unlike MOCVD, the (10-10) and (11-20) 

surfaces of ZnO have low surface energies of 1.12-1.16 J/m2 and 1.06-2.05 J/m2 respectively, 

while the (0001) Zn plane has a surface energy of 2.00-2.25 J/m2 [85-87]. Therefore, [0001] 

becomes the fast growth direction in order to minimize the total surface energy and the planes 

in {10-10} family appear to be the sidewalls of ZnO NWs. In addition, the two facets 

discovered at the NW tip lead us to speculate that there is a progressive transformation of the 

sidewalls from (0001) to {10-1n} to {10-10} as the NWs grow in length. Similar sidewall 

evolution was also discovered in epitaxial grown GaN [88], and it was explained by the 
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lateral diffusion of species. The local V/III ratio determined the n value of {10-1n}: the 

higher V/III ratio is, the smaller n is. For the thermal CVD growth of our ZnO NWs, it is 

believed that the diffusion of Zn vapor may have the same effect which resulted in a sidewall 

evolution at the tip. 

Johansson et al. [24] modeled the mass transport in such semiconductor NW growth and 

determined the NW length growth rate by adding the adatom flux toward the top of the NW 

and the direct impingement rate on the tip, with the assumption that processes within the 

(liquid) metal particle and at the (liquid-solid) metal-semiconductor interface need not be 

considered. In other words, their model only considered mass transport on the substrate 

surface and along NW sidewalls while the metal catalyst is essentially reduced to a 

geometrically fixed hemispherical area that collects all adatoms. The initial density of these 

catalysts would determine the NW density. Although this model was established for a VLS 

growth process using a metal catalyst, some insight from it is still valid when trying to 

interpret our ZnO-seeded NW growth because the mass transport processes are similar in 

both cases. 

Dubrovskii et al. [89] provided a more quantitative relationship between length and 

radius: 

 

 ) � 2'8
	 9: (7) 

 

where L is the length of the NW, Rc is the characteristic scale at which the diffusion induced 

effects along the sidewalls becomes predominant, d is the diameter of the NW, V is the 
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deposition rate and t is the growth time. For the growth of ZnO NWs, another term which 

describes the direct impingement of adatoms on the tip needs to be added [27] and, when the 

growth time is fixed, the relationship between the length and the diameter of the wires 

becomes:[90] 

 

 ) � ;
	 < =	 (8) 

 

where A characterizes the growth rate due to the diffusion of the species along the sidewalls 

and B is the growth rate due to the direct impingement. Because our thermal CVD growth 

process is conducted under thermodynamic equilibrium and the tip of the ZnO NW is the flat 

thermodynamically preferred (0001) face, the crystal growth can be achieved from the supply 

of adatoms onto the tip surface by both diffusion along the sidewall and direct impingement, 

even in the absence of a metal to catalyze it. Therefore, a growth model using those in Refs. 

[24] and [89] as a starting basis can be reasonably developed, and the schematic diagram of 

the growth mechanism is described in Figure 4-2. 

 

  

Figure 4-2. Schematic diagram of the diffusion induce growth of undoped ZnO NWs. 
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Figure 4-3 shows the relationship between the length and the diameter of the ZnO NWs 

grown at different pressures. The solid curves are the fits of the length and diameter data to 

the expression (8) for each pressure. The ZnO NWs grown at lower pressure are generally 

longer and have smaller diameter, as shown in Figure 4-3(a). 

 

 

Figure 4-3. Relationship between the length and the diameter of the ZnO NWs grown under different 

pressures from 0.13 atm to 1 atm. (a) Length versus diamer (b) Fitting curves with Equation (8) for 

each pressure. 

 

The fitting parameters A and B are listed in Table 4-1 and both are shown to become 

larger when the pressure is lowered. This indicates that both the growth rate due to the 

diffusion along the sidewalls and direct impingement growth increases when pressure 

decreases, which is consistent with the understanding that a lower pressure helps generate 

more Zn vapor from the source material and therefore leads to an increase in the 

concentration gradient. Boundary layers over the substrate are also thinner at lower pressure, 
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which increases both of the growth rates by diffusion and direct impingement. However, the 

ratio of A to B remains roughly similar, as shown in Table 4-1, which means that the effect of 

pressure on the two growth rates is on the same order. The small variation of the value of A/B 

may be due to measurement statistics or the nanowire density variation. 

 

Pressure 

(atm) 

A 

(µm×nm) 

B 

(×1000) 

A/B 

(nm2) 

0.13 1358 59 23 

0.17 739 31 24 

0.37 269 12 22 

1 75 4 19 

Table 4-1. Fitting parameters of the relationship between length and diameter of the ZnO NWs grown at 

different pressures. 

 

The chemical reaction that generates Zn vapor from the solid source is described by 

Reaction (I). At 900 °C the Gibbs free energy is about 0, which indicates a thermodynamic 

equilibrium state with the Zn evaporation. Decreasing the pressure helps generate more Zn 

vapor by shifting the chemical reaction balance to the right, which results in the increased 

NW growth rate observed in Figure 4-3 and Table 4-1. However, the reduction in oxygen 

partial pressure by lowering the pressure could also have been achieved by reducing the 

oxygen gas flow rate [20], which affects the formation of ZnO over the substrate through 
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Reaction (IV). In the case of our undoped ZnO NWs, because the pressure used (and thus the 

oxygen partial pressure) was quite higher than those reported in the literature [20, 22], the 

growth was believed to be conducted under an oxygen rich regime and thus limited by the Zn 

evaporation. However, this process will be significantly affected with the introduction of 

aluminum. 

 

4.2 Gibbs-Thomson Effect Model of Al Doped ZnO NW Growth 

Al doped ZnO NWs were grown with different amounts of Al and oxygen flow rates, as 

summarized in Table 4-2, while other growth parameters were kept the same as undoped ZnO 

NWs except the extended duration of 30 mins. Figure 4-4 shows the morphology of the ZnO 

nanowires. 

 

Figure 4-4. SEM pictures of the Al doped ZnO NWs with different amount of source material and oxygen 

flow. (a) 1.0g Al and 0.6sccm oxygen; (b) 1.5g Al and 0.8sccm oxygen; (c) 1.5g Al and 0.6sccm oxygen; 

(d) 1.0g Al and 0.4sccm oxygen. 
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A comparison of samples A and D, as well as samples B and C, shows that a lower 

oxygen flow resulted in shorter wires, indicative of a lower growth rate. The same effect 

could be achieved by increasing the amount of Al in the source, while the oxygen flow is 

fixed, as seen from a comparison of samples A and C. This confirms that a major effect of 

having introducing Al is the consumption of oxygen from the gas phase before it has the 

ability to reach the substrate. 

More interestingly, a careful analysis of sample C reveals that the longer wires have a 

larger diameter than that of shorter wires, indicative of a Gibbs-Thomson growth regime. 

Figure 4-5 plots the lengths and corresponding diameters of nanowires for all four samples 

measured by SEM, showing clearly that thicker wires were longer, unlike the undoped ZnO 

nanowires reported earlier [25-27, 90] which followed a diffusion growth model as shown in 

Figure 4-3(a). This difference is attributed to the addition of Al in the source material in this 

study, which leads to a growth that is limited by oxygen, whereas the undoped ZnO nanowire 

growth was Zn limited. 

 

Figure 4-5. Relationship between length and diameter of the Al doped ZnO NWs. 
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This Gibbs-Thomson growth regime followed by the ZnO nanowires investigated here 

can be confirmed by first establishing a quantitative relationship between their length and 

diameter, based on the fundamentals of this growth process. In this regime, the growth of 

semiconductor nanowires can be described as a sequence of four consecutive steps, illustrated 

in Figure 4-6: (i) mass transport of adatoms in the gas phase, (ii) chemical adsorption reaction 

at the vapor-liquid interface, (iii) diffusion through the liquid phase and (iv) incorporation of 

the crystal lattice. 

 

Figure 4-6. Four main steps of semiconductor NW growth. 

 

Assuming that the latter is the rate limiting step, the nanowire growth rate at the 

liquid-solid interface can be written as [23]: 

 

 9 � )/: � ?�∆@AB�C (9) 

 

nanowire

(i)

(ii)

(iii)

(iv)
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where ∆µ is the effective chemical potential difference of the ZnO in the vapor and in the 

solid nanowire, b is the kinetic coefficient which depends on the activation energy of the 

chemical reaction of formation of ZnO (Reaction (III) or (IV)), n is the order of the chemical 

reaction and is empirically determined, L is the nanowire length, and t is the growth time. The 

Gibbs-Thomson effect models the variations of the chemical potential across a curved 

interface and, in the case of ZnO nanowires, the decrease of chemical potential is function of 

the wire diameter (d) through: 

 

 ∆@ � ∆@D − 4FG
	  (10) 

 

where ∆@D is the chemical potential difference at the planar limit (i.e. d→ ∞), F is the 

atomic volume, and  G is the free energy of the nanowire surface. This equation was 

originally derived Lord Kelvin's equation: 

 

 I�J�, J.� � ! − 2G(�LMNO
P(�QRSQT − (�LMNOU � 1

J�
+ 1

J.
� (11) 

 

where p(r) is the vapor pressure at a curved interface of radius r, P is the vapor pressure at 

flat interface (r→ ∞), α is the surface energy, ρliquid and ρvapor are the density of liquid and 

vapor respectively, r1 and r2 are radii of curvature along the principal sections of the curved 

interface. With the assumption of spherical particle and ideal gas law, Lord Kelvin's equation 

is simplified to: 
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 ln YI�J�! Z � 2GF
ABJ  (12) 

 

Equation (12) can be simply transformed into Equation (10) by the relationship between 

pressure and chemical potential. 

 

The growth rate relationship in (9) can then be transformed into the following linear 

relationship between L1/n and 1/d by combining with Equation (10): 

 

 1)
:5

� C⁄
� ∆@DAB ?� C⁄ − 4FG

AB ?� C⁄ 1
	 � + − [ 1	 (13) 

 

which shows that longer wires have a larger diameter, and in which we introduced two 

constants +	�� ∆\]
�^ ?� C⁄ � and [	�� �_`

�^ ?� C⁄ �. The intercept E is directly related to the 

growth rate at the plane boundary limit (i.e. d→ ∞) and depends on the amount of source 

material supplied and the temperature. The slope F only depends on constants associated with 

the crystalline material being grown and the temperature, which means that it should be the 

same for all the nanowire growths in this study provided they all follow the same chemical 

reaction of formation of ZnO (Reaction (III) or (IV)). 

 

Figure 4-7(a) shows that a plot of L1/n as a function of 1/d from the data of Figure 4-5 for 

samples A, B, and C indeed results in a linear relationship and with the same slope. Linear 

fits to Equation (13) led to the same chemical reaction order n=2 and the fitting parameters E 

and F in Table 4-2. The three nanowire samples A, B, and C yielded a remarkably close value 
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for the slope F (=17.44-17.56 nm3/2/s1/2, within +/-0.3 % of one another), which confirms the 

robustness of both the model and fitting to quantitatively describe our ZnO nanowire growth 

process under the Gibbs-Thomson regime. 

 

Figure 4-7. Linear relationship between V
1/2

 and 1/d. (a) sample (a) through sample (c) shows the same 

slop of linear fit; (d) comparison between sample (d) and data acquired from Ref. [91]. 
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The data and fits in Figure 4-7(a) are parallel with different intercept values of E, due to 

the different amount of source material used. Indeed, by comparing samples A and C, it is 

discovered that increasing the amount of Al in the source slows the grow rate such that E 

decreases from 1.92 to 1.45 nm1/2/s1/2. But a comparison of samples C and B shows that such 

decrease can be compensated by sending more oxygen in the gas phase, with the resulting 

parameter E increasing back from 1.45 to 1.66 nm1/2/s1/2. The ability of estimate the 

parameter E therefore yields a quantitative measure of the extent to which Al consumes the 

oxygen in the chamber. 

 

Sample O2 

(sccm) 

Al 

(g) 

E (nm1/2/s1/2) 

� ∆@DAB ?� C⁄  

F (nm3/2/s1/2) 

� 4FG
AB ?� C⁄  

dc (nm) 

� [
+ 

b 

(nm/s) 

(a) 0.6 1.0 1.92 17.56 9.2 2.2 

(b) 0.8 1.5 1.45 17.50 12.1 2.2 

(c) 0.6 1.5 1.66 17.44 10.5 2.2 

(d) 0.4 1.0 0.94 6.11 6.5 0.3 

Ref. [91] - - 0.99 6.77 6.8 0.3 

Table 4-2. Fitting result of sample a, b, c and d with Equation (13) 

 

Extending the linear fit down to L=0, expression (13) leads to a critical diameter: 
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 	8 � [
+ �

4FG
∆@D  (14) 

 

which can be considered to be the diameter of the critical nucleus, i.e. the smallest diameter 

below which the nanowires would not grow. The values for dc for each sample are listed in 

Table 4-2. From this expression, it is discovered that dc is inversely proportional to the 

supersaturation at the plane boundary limit (defined as ∆@D /kT). This relationship can 

actually be used to estimate the value of supersaturation for a given set of growth conditions, 

which is not easy to obtain from any other manner. 

 

From the fit of the slope F and expression (13), the values of the kinetic coefficient b can 

be determined by first determining the values of the surface energy α and atomic volume Ω of 

ZnO, and the growth temperature T (900 °C). Since the (0001)Zn plane is reportedly the 

catalytically active surface in ZnO growth [92], we can use its value of surface energy for α 

(2 J/m2) [85-87]. The atomic volume Ω is approximately 0.0238 nm3 calculated from the 

wurtzite crystal structure of ZnO (using a=3.25 Å and c=5.2 Å). The kinetic coefficient b can 

then be calculated to be 2.20-2.23 nm/s for the growth of our ZnO nanowires from samples A, 

B, and C. 

Although the nanowire length-diameter data from samples A-C yielded parallel linear fits 

in Figure 4-7(a), the data from sample D exhibited a smaller slope F, as shown in Figure 

4-7(b). This difference was interpreted by the fact that sample D had a much lower oxygen 

flow rate than the other 3 samples and by taking into account the two competitive chemical 

reactions of formation (III) and (IV) through which Zn vapor oxidizes to form ZnO solid. At 
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900 °C, the Gibbs free energy of chemical reaction between Zn(g) vapor and CO(g) gas is 

about 0 kJ/mol while that of the oxidation of Zn(g) by O2 is -450 kJ/mol. Therefore, reaction 

(IV) is generally the dominant process for the growth of ZnO crystal, which is what occurred 

with samples A, B, and C. However, when the oxygen is significantly reduced, and/or Al is 

significantly added in the source material to consume any oxygen supplied, the growth will 

rapidly become oxygen deficient. For sample D, the flow rate of oxygen was so low that there 

was likely no oxygen left to assist the growth of ZnO under reaction (III) and therefore 

reaction (IV) became dominant, which would explain the change in slope. This can be 

confirmed by taking into the kinetics of reaction: the activation energy of reaction (III) is 

about 224 kJ/mol [93] while that of reaction (IV) is only 70 kJ/mol [94]. Therefore, the 

kinetic coefficient b (and thus F) is expected to be smaller for sample D than that of other 3 

samples, which is what we obtained experimentally from the data in Figure 4(b) and is listed 

in Table 4-2: b=0.27 nm/s for D while it was ~2.2 nm/s for samples A-C. 

The dominance of reaction of formation (III) during sample D growth can be further 

confirmed by considering the only other length-diameter data available in the literature for 

ZnO nanowires grown under a Gibbs-Thomson regime. These were reported by Fan et al. 

who grew undoped ZnO nanowires at 850 °C through the carbo-thermal of ZnO powder but 

without oxygen gas supply [91]. The data are plotted as open symbols in Figure 4-7(b) and 

closely match those from our sample D, and a linear fit first yielded values of E=1.04 

nm1/2/s1/2 and F=7.08 nm3/2/s1/2. However, before comparing with the data here, these values 

need to be corrected to take into account the 50 °C growth temperature difference between 

their and our experiments. After doing so, we obtain E=0.99 nm1/2/s1/2 and F=6.77 nm3/2/s1/2, 
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as listed in Table 4-2. This value for F and its corresponding kinetic coefficient b=0.33 nm/s 

are very close to those obtained for our sample D, which provides further evidence that 

reaction of formation (III) was dominant in the growth of nanowires in our sample D, 

whereas (IV) was dominant for samples A-C. 

Although synthesized under the same fundamental Gibbs-Thomson growth process, there 

is one difference between the nanowires in Ref. [91] and those studied here: the former were 

grown using a gold metal catalyst while the latter were self-catalyzed. In our experiments, we 

believe that a Zn droplet (melting point 419.5 °C) and/or a low melting point Zn sub-oxide 

(ZnOx) was present and acted as the necessary catalyst to induce Gibbs-Thomson growth 

regime [95, 96], which is facilitated under oxygen-deficient conditions created by adding Al 

in the source [19, 97]. The growth mechanism can then be described in the following manner 

and illustrated in Figure 4-8(a). The substrate surface is pre-coated with nano-crystalline ZnO 

serving as the initial seeds that condenses the incoming Zn vapor (other surface imperfections 

can lead to the same effect). When Zn vapor reaches the seeds, it is not immediately oxidized 

into ZnO crystal due to the oxygen-deficient ambient. Instead, a liquid droplet consisting of 

ZnOx sub-oxide forms on the seed and serves as the catalyst that initiates the VLS process. 

The nanowires grow in the longitudinal direction through the supersaturation and 

incorporation of source material, as described in Figure 4-6. After growth, when the 

nanowires are taken out of the chamber, the zinc sub-oxides liquid droplet is oxidized into 

ZnO by exposure to ambient air. 
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Figure 4-8. Schematic diagram of growth process of ZnO NWs by (a) Gibbs-Thomson effect mechanism; 

(b) diffusion induce mechanism. 

 

To ascertain the presence of such a Zn and/or ZnOx catalyst during the synthesis process 

studied here, we carried out HRTEM imaging of nanowire tips grown in the Gibbs-Thomson 

regime with Al, as shown in Figure 4-9(c). The nanowires clearly exhibited a sharp-like 

rounded tip structure. This sharper tip feature is reminiscent of the presence of a liquid metal 

at the top, which thus supports our proposed self-catalyzed VLS mechanism [97]. Imaging of 

the top of the tip revealed an internal region, fully and axially embedded into the nanowire 

cylinder, which was more defective and surrounded both above and below by ZnO exhibiting 

clear and uniform lattice fringes with lattice spacing c=5.2 Å, as shown and boxed in Figure 

4-9 (a). It is believed that this internal defective region is where the crystalline ZnO nanowire 

grown via VLS (bottom) meets the outer shell ZnO that result from the oxidation of the liquid 

catalyst droplet. 
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Figure 4-9. TEM images of ZnO NWs: (a) HRTEM image of the interface between NW and liquid 

droplet of Al doped ZnO NW; (b) Tip of undoped ZnO NWs grown by diffusion induced mechanism; (c) 

Tip of Al doped ZnO NWs grown by the mechanism of Gibbs-Thomson effect. 

 

This is contrast with our earlier ZnO nanowires that were grown under the diffusion 

model based mechanism, without Al, when oxygen was sufficient and the growth thus limited 

by Zn [90]. For those nanowires, the typical tip structure exhibited a flat structure shown in 

Figure 4-9(b), which corresponds to the (0001) surface of ZnO that is energetically preferred 

under thermodynamic equilibrium. The growth mechanism is illustrated in Figure 4-8(b). As 

soon as the Zn vapor diffuses to the ZnO seed on the substrate surface, it oxidizes 

immediately to form ZnO crystal due to the sufficient supply of oxygen and a wide (0001) 

surface quickly forms unhindered by the presence of a liquid Zn or ZnOx metal droplet. The 

longitudinal growth of ZnO continues as more source material both diffuses to the tip of 
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nanowire along the side walls of the nanowire and impinges on the top surface. This process 

is thus closer to a pure vapor-solid process in which a liquid catalyst is not needed [98-101]. 
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CHAPTER 5 

5. LEAP of ZNO NANOWIRES 

In this chapter, atom probe tomography is used to investigate the element distribution in 

ZnO NWs, especially to study the presence and effect of Al dopants in ZnO NWs while 

comparing with undoped ZnO NW. 

 

5.1 Specimen Preparation and LEAP Experimental 

The ZnO nanowire samples for LEAP were prepared in the following manner (Figure 

5-1(a)). First, the ZnO nanowires were sonicated in an ethanol solvent solution and 

transferred onto the copper based TEM grid by drop coating. A FIB nano-manipulator 

consisting of a sub-micron size needle-like tungsten probe controlled by three axis motors 

inside FIB chamber was then used. A small ZnO nanowire on the TEM grid was picked up by 

the nano-manipulator due to the electrostatic force and transferred to a half cut TEM grid 

with copper post. This process was monitored by SEM to prevent any damage of the 

nanowire from ion beam. Once the nanowire is aligned and contacted to the copper post, 

platinum deposition was performed by ion beam with the Gas Injection System so that the 

ZnO nanowire was strongly attached and electrically contacted to the copper post which is 

critical for LEAP measurement. The nano-manipulator was then easily detached from the 

nanowire. Figure 5-1(b) shows the SEM image of the ZnO NW mounted on copper post by 

this method. 
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Figure 5-1. LEAP sample preparation process by FIB: (a) Schematic diagram of procedures; (b) SEM 

images of the ZnO NW mounted on copper post. 

After the NW was mounted on the copper post, it was loaded into LEAP chamber which 

was evacuated to a vacuum of 10-10-10-11 Torr and cooled down to a temperature in the range 

of 40-60 K. LEAP experiment was carried out at voltage of 3-5 kV using a laser pulse of 0.3 

nJ with pulse frequency of 200kHz. 

 

5.2 LEAP Result for Undoped ZnO NWs 

Figure 5-2(a) shows the mass to charge ratio spectrum of undoped ZnO NW. The 

observed peaks could be easily identified as corresponding to O+, Zn+, and Zn2+, while a few 

molecular species could also be seen. These peaks are consistent with reports from laser 

ablation experiments on ZnO [102]. For the molecular species, a series of peaks were 
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observed for Zn2O
2+ and ZnO+ locating at mass-to-charge ratio of 73 and 80 respectively. 

 

 

Figure 5-2. Mass-to-charge ratio spectra of ZnO NWs: (a) undoped ZnO NW; (b) Al doped ZnO NW. 

 

Identification of the peaks could be achieved by considering the natural abundance 

distribution of Zn isotope with five different atomic masses (64Zn, 66Zn, 67Zn, 68Zn, 70Zn) 

while O only has one dominant isotope 16O at 99.76%. The ratio of the peak intensities within 

the two series of molecular peaks matched the natural abundance distribution of Zn isotopes 

(64Zn:66Zn:67Zn:68Zn:70Zn=49:28:4:18:1). One exception was the series of peaks starting at 

mass-to-charge ratio of 32 (Zn2+), for which the ratio did not match the ratio of natural 

abundance distribution. The reason for this is that O2
+ contributed to the peak at 

mass-to-charge ratio of 32 as well so that it is much more intense than any other peaks in the 

series. If this peak was deconvoluted into the sum of two peaks of 64Zn2+ and 16O2+ by 
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considering the peaks of other isotopes of Zn, a bulk atomic composition of Zn:O = 1:1.04 

was obtained, which was close to the 1:1 ratio of ZnO. 

 

5.2 LEAP Result for Al Doped ZnO NWs 

The success rate of Al doped ZnO NW atom probe measurement was much lower than 

undoped ZnO NWs. The failure of atom probe measurement is believed to be caused by bad 

contact between NW and copper post. This makes the NW easy to detach from the copper 

post because of the high applied voltage and it leads to early failure of measurement. More 

importantly, since the sample is excited by a high power laser pulse during measurement, a 

poor contact causes heat to accumulate at the NW. Therefore, there is a higher possibility for 

the NW to be damaged by arcing and melting. As discussed before, Al doped ZnO NWs were 

generally shorter and thinner than undoped ones due to the slow growth rate by Al consuming 

most of the oxygen. The limitation was at the stage of sample preparation by FIB because Ga 

ion beam causes damage to the thin and short NW more adversely than longer wires. Also, Al 

doped ZnO NWs were difficult to handle with nano-manipulator because of the small size, 

and that limited our sample preparation process too. 

Figure 5-2 (b) shows the mass-to-charge ratio spectrum of an Al doped ZnO NW. Peaks 

from ZnO (O+, Zn+, Zn2+, Zn2O
2+ and ZnO+) were all observed in the spectrum and they 

behaved the same as those in undoped ZnO which suggested that the dominant composition 

was ZnO. There are two extra peaks at mass-to-charge ratio of 28 and 44 in the spectrum of 

ZnO NW which are due to introduction of Al during growth. The possible molecule ion of 
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mass-to-charge ratio of 28 and 44 could be AlH+ and AlOH+ respectively, with H atom 

resulting from the background of measurement. More experiments are needed to determine 

whether these are effectively associated with Al doping. 

Figure 5-3(a) shows another successful atom probe measurement of Al doped ZnO NW. 

A few Cu related peaks were observed in the mass-to-charge ratio spectrum which resulted 

from the copper post used as the holder. A possible Al related peak was also observed at 

mass-to charge ratio of 27 shown in Figure 5-3(b). However, the total counts for this 

measurement was not sufficient to confirm the presence of Al and to resolve its spatial 

distribution. Further research is needed to study the incorporation of Al by atom probe 

tomography. However, these results demonstrate that progress is being made in the right 

direction in developing LEAP of Al doped ZnO NWs 

  

Figure 5-3. Mass-to-charge ratio spectra of Al doped ZnO NWs: (a) full spectrum; (b) peak at 

mass-to-charge ratio of 27 shows possible Al presence.  



 

77 
 

 
 
 
 

CHAPTER 6 

6. CONCLUSION 

 

6.1 Conclusion 

In summary, ZnO NW arrays were synthesized on sapphire (0001) substrate through 

carbo-thermal reduction of ZnO powders by adapting a metal catalyst free process of seeding 

formed from Zn(Ac)2 decomposition in air. The effect of varying growth parameters on the 

physical and optical properties of ZnO NW arrays was studied. It was found that the molar 

ratio of ZnO to graphite in the source material affects not only the morphology but also the 

number of defects in the ZnO crystal. Photoluminescence (PL) showed that more defects 

(mainly oxygen vacancies) were created by using large ZnO : C ratio due to the 

corresponding large amount of Zn vapor generated from source material and increased 

growth rate. Raman spectroscopy showed that those defects helped release the strain in the 

crystal caused by the lattice mismatch between ZnO and sapphire. Based on the phonon mode 

(A1(LO) and E1(LO)) selection rules in wurtzite ZnO, confocal Raman spectroscopy was 

shown to be a useful tool to quantitatively assess the alignment of ZnO NWs in an array, 

thereby complimenting X-ray diffraction. 

Al doped ZnO NW arrays were achieved by mixing Al powder into the ZnO and graphite 

source mixture. Since Al is harder to evaporate but easier to oxidize than Zn, low growth 

pressure was needed to ensure the sufficient incorporation of Al. Energy-dispersive X-ray 
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spectroscopy (EDS) of single NW confirmed the presence of Al in ZnO to be up to 1.8%. It 

was found that Al doped ZnO NWs had lower resistivity than undoped ZnO NWs, as 

expected. However, too high concentration of Al led to an increase in the resistivity because 

the Al atoms started to deteriorate the crystal quality, which was confirmed by Raman 

spectroscopy. PL studies showed the Al doping helped increase the near band edge emission 

and decrease the defect related green emission in the ZnO NWs. As more Al was incorporated, 

the UV emission increased at a rate faster than the decreasing in the green emission, which 

indicates that Al has effect of the additionally reducing nonradiative recombination rate, 

perhaps by increasing the number of electrons and/or by decreasing the number of 

nonradiative traps. 

Based on the study of the growth of undoped and Al doped ZnO NWs, two growth 

models were developed by establishing the relationship between NW length and diameter. 

For the undoped ZnO NWs, a series of samples grown at different pressures were 

investigated and it was found that thin wires grew longer than thick wires which was a 

characteristic of diffusion-induced growth. Fitting the experimental data to the growth model 

developed, two parameters corresponding to the growth rate by diffusion along the side wall 

(A) and direct impingement (B) were extracted. At lower pressure, both parameters have 

shown to increase due to the increased amount of Zn vapor generated from the source where 

their ratio remains nearly constant. 

When Al was added into the source mixture, the overall growth rate decreased because of 

the ease with which Al oxidized and consumed most of oxygen presented. Thus, the growth 

of Al doped ZnO nanowires became oxygen limited which led to a self-catalyzed VLS 
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process. A second growth model, based on the Gibbs-Thomson effect, was then developed for 

Al doped ZnO NWs which was characterized by thick wires growing longer than thin wires. 

By fitting the length and diameter data with the developed model, a few physical parameters 

were extracted including the growth rate at plane boundary limit (E), kinetic coefficient (b) 

and critical diameter (dc). The self-catalyzed growth process was confirmed by HRTEM 

imaging of the nanowires tips which showed Al doped ZnO NWs were sharper tipping than 

undoped wires. A defective region at the tip of the Al doped ZnO NW was found and believed 

to be the interface between the crystalline ZnO NW and the Zn metal droplet that acted as the 

catalyst during growth. In addition, under extremely oxygen deficient conditions, the 

Gibbs-Thomson growth of ZnO NWs shifted from gas phase reaction between Zn (g) and O2 

(g) to a reaction between Zn (g) and CO (g) which was quantitatively confirmed by a smaller 

kinetic coefficient b extracted from experimental data and consistent with the lower 

activation energy of the reaction.  

LEAP specimen preparation and analysis of ZnO NW was pursued for undoped ZnO 

NWs. Experimental data showed only ZnO related peaks in the mass-to-charge ratio 

spectrum which confirmed the high quality of ZnO NWs with no detectable impurities. 

However, the success rate for Al doped ZnO NWs was low due to the early failure during 

measurement and difficulty in sample preparation resulting from the small size of Al doped 

ZnO NWs. Based on the data obtained, a few peaks were observed in the mass spectra of Al 

doped ZnO NWs, which might be caused by the Al introduced during growth. Further 

research on the LEAP of Al doped ZnO NWs is needed to confirm this is the case and to 

resolve the spatial distribution of Al dopants in ZnO. 
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6.2 Future Work 

6.2.1 Study of the Green Emission in ZnO 

 As discussed in Chapter 3, it was believed that the oxygen vacancies are the most likely 

origin of green emission in our ZnO NWs. The extrinsic impurities was excluded by EDS and 

LEAP compositional measurement which shows no detectable foreign elements. Besides the 

results shown in Chapter 3, annealing experiment of ZnO was carried out in vacuum to 

purposely create ZnO vacancies and PL spectrum was measured before and after annealing. 

As shown in Figure 6-1, the green emission in ZnO increased after annealing while the near 

band edge emission decreased. This result also confirmed that oxygen vacancies are the most 

probable origin of green emission.  

 

Figure 6-1. PL spectrum of ZnO before and after annealing. 

However, other defects in ZnO cannot be excluded and it still remains controversial in 
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the research community. Further work is needed to understand mechanism of green emission. 

Here, a comprehensive design of annealing experiment of ZnO is required to confirm our 

observation of oxygen vacancies. The annealing of ZnO will be carried out in both oxygen 

sufficient and deficient environment and the PL spectrum will be compared. Since it has been 

discovered that annealing ZnO in vacuum creates more oxygen vacancies so that the green 

emission increases in PL, annealing ZnO in oxygen rich conditions would potentially 

decreases the number oxygen vacancies resulting in less green emission. In this way, the 

origin of green emission can be confirmed in our study. 

The detailed charge transfer process of the green emission in ZnO remains interesting in 

this study as well. PLE result in Chapter 3 suggests that such green emission only occurs 

when the excitation energy is larger than the bandgap of ZnO and a probable mechanism of 

green emission was proposed based on the literature and our observation. However, in order 

to better understand the energy transitions corresponding to green emission, the green 

emission is needed to be investigated by other techniques, one of which is the time-resolved 

photoluminescence spectroscopy which studies the decay rate (or lifetime) of PL emissions in 

materials. By investigating the decay behavior of green emission and near band edge 

emission in ZnO (undoped and Al doped, annealed and not annealed), the detailed transfer 

processes and mechanisms would be obtained for a better understanding of PL behavior in 

ZnO. 

6.2.2 LEAP of Al Doped ZnO NWs 

 In Chapter 6, preliminary LEAP results of Al doped ZnO NWs was shown and the 



 

82 
 

challenges in LEAP experiment and sample preparation was discussed. To further investigate 

the presence and spatial distribution of Al dopants in ZnO NWs, some modification and 

improvement is required to increase the success rate of LEAP experiment. First, it is needed 

to increase the length and diameter of Al doped ZnO NWs for more efficient sample 

preparation. To do so, the growth time and oxygen flow need to be increased when Al is 

introduced in the source material. Second, better contact between the NW and copper post is 

required by more Pt deposition during welding. This could be achieved by decreasing the ion 

beam current but increasing the Pt deposition time to avoid the damage from ion beam. Third, 

the LEAP experiment parameters are needed to be optimized by measuring more undoped 

and Al doped ZnO NWs in order to build the relationship between the success running of 

LEAP experiment and parameters. In this way, Al doped ZnO NWs could be better studied by 

LEAP technique. 
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