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Abstract 

Aluminium nitride (AlN) has attracted particular research enthusiasm for their promising 

application as short wavelength light emission devices and high power transistors. AlN 

has the largest band gap of ~6.0 eV among all the group III nitrides, and has excellent 

thermal, mechanical and chemical stability, and low electron affinity. It is a promising 

candidate for deep-ultraviolet (DUV) light emitting devices. DUV light sources have 

attracted considerable attention because of their potential uses in environmental 

protection equipment, nano-fabrication technology, high-density optical data storage, 

water and air purification, and sterilization.  

 

Semiconductor nanowires have been demonstrated significant potential as fundamental 

building blocks for nanoelectronics and nanophotonic devices. As compared to AlN 

epilayers, one-dimensional (1D) AlN nanostructures have the following appealing 

features: They can be single-crystalline, relatively defect-free, having atomically 

smooth surfaces and able to accommodate large lattice mismatch. In this work, we 

investigate the synthesis and characterization of AlN nanowires and pay particular 

attention in preparing Mg-doped AlN nanowires (AlNNWs). Mg is a potential p-type 

dopant for AlN. It is predicted that Mg could also be doped into AlN to make it 

ferromagnetic.  

 

AlNNWs and zigzag AlNNWs were synthesized by chemical vapor deposition. 

Randomly aligned nanowires and zigzag nanowires with single-crystalline structure 

were synthesized on sapphire substrates at 1450 
o
C and 1350 

o
C respectively under the 
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flow of nitrogen (N2) gas. It is found that when the substrate was located at a low 

temperature zone, it was relatively easier to dope Mg into the nanowires and the growth 

of zigzag nanowires was imitated. The structural, magnetic and optical properties of the 

nanowires and zigzag nanowires were characterized by X-ray diffraction (XRD), Raman 

spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), vibrating sample magnetometer (VSM) cathodoluminescence (CL) and 

photoluminescence (PL).  

 

The high resolution transmission electron microscopy (HR-TEM) and the selected area 

electron diffraction (SAED) revealed that the nanowires were single crystalline, with the 

lattice spacing matched wurtzite hexagonal AlN (h-AlN). The growth axis of the 

nanowires was identified to be the hexagonal a-axis along the [100] direction. As 

detected by the energy-dispersive X-ray spectroscopy (EDX), the nanowires contained 

no Mg dopant. The diameter and length of the nanowires were ranging from 20 nm to 

100 nm and 10 µm to 50 µm, respectively. Two vibration modes A1 (TO) and E2 (high) 

located at 612 and 656 cm
-1 

respectively were observed from the Raman spectrum, 

which fitted well with the stress-free bulk AlN crystal. Room temperature CL showed a 

strong and broad emission peaked at around 3.50 eV. Room temperature PL spectrum 

also showed a similar emission peak at around 3.51 eV when the samples were excited 

by a quadrupled Ti-sapphire femtosecond laser (195 nm). The emission was attributed to 

oxygen substituting the nitrogen vacancy (ON). 

 

The HR-TEM images and the SAED patterns revealed that the zigzag nanowires were 

also single crystalline, with the lattice spacing matched wurtzite h-AlN. The growth axis 

http://en.wikipedia.org/wiki/X-ray_photoelectron_spectroscopy
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of the zigzag nanowires was identified to be the hexagonal c-axis along the [001] 

direction. About 5 at.% of Mg was estimated in the zigzag nanowire. The diameter and 

length of the nanowires were ranging from 50 nm to 100 nm and 10 µm to 50 µm, 

respectively. Slight redshift of the two vibration modes A1 (TO) and E2 (high) located at 

616 and 660 cm
-1 

respectively were observed from the Raman spectrum, which could be 

attributed by the incorporation of Mg. It is noted that ferromagnetic properties can be 

obtained only from the zigzag nanowires. The spontaneous saturated magnetization and 

coercivity measured in the magnetization versus magnetic field (M-H) loop of the 

zigzag nanowires were estimated to be ~50 μemu/cm
2
 and 3 kOe respectively when the 

field was applied perpendicular to the sample. Both room temperature CL and PL 

spectrum showed a strong and broad defect-related emission at around 3.47 eV.  

 

A heterojunction light emitting device (LED) based on AlNNWs and p-type silicon 

carbide (p-SiC) had been demonstrated. When an applied voltage greater than 8 V was 

applied to the LED, a broad band emission peaked at 417 nm could be observed. The 

peak deconvolution by Gaussian curve fitting revealed four emission peaks centered at 

~400, ~420, ~468, and ~525 nm. These emission peaks were attributed to the nitrogen 

vacancies (VN) and ON trap-levels of the nanowires.  
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Chapter 1 Introduction 

1.1 Background 

Aluminum nitride (AlN) is an important member of the group III nitrides, with the 

highest bandgap of about 6.0 eV. The common crystal structure of AlN is a wurtzite 

hexagonal structure (h-AlN), which consists of two interpenetrating hexagonal 

closely-packed sublattices, each with one type of atom either Al or N. AlN exhibits 

excellent thermal conductivity, good electrical resistance, low dielectric loss, high 

piezoelectric response and thermal expansion coefficient matching silicon,
1
 giving it 

strong potential for deep ultraviolet optoelectronic applications.  

 

To date, different active devices have been based on low bandgap semiconductor 

materials, such as silicon and indium phosphide. Wide bandgap materials, such as 

gallium nitride (GaN), is also one of the attractive candidates for short wavelength 

optoelectronic devices and high-power and high-temperature electronics.
2
 Compared to 

GaN, AlN has a wider band-gap that makes it a promising material for optoelectronic 

applications in deep UV range. Due to this reason, many researches on fabricating AlN 

based devices are ongoing. Recently, different AlN-based devices have been 

demonstrated using AlN thin films. For examples, ~210 nm deep ultraviolet p-n junction 

diode;
3
 ~202 nm deep UV photodetector;

4
 and combustible gas sensor have been 

demonstrated by various research groups.
5
  

 

Although AlN has a lot of potential in the development of optoelectronic devices as 

mentioned above, it is essential to obtain device quality materials. Thus, it is desirable to 
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obtain conductive n and p-type AlN. However, it is very difficult to enhance the 

conductivity of AlN due to the large activation energy of dopants and the simultaneous 

generation of compensating centers and defects during the crystal growth.
6
 Recently, 

many reports have successfully illustrated n and p-type doping of AlN thin films, such as 

Si-doped AlN films
7,8

 and Mg-doped AlN films respectively.
6
  

 

Apart from semiconductor thin films, semiconductor nanowires have demonstrated 

significant potential as fundamental building blocks for nanoelectronics and 

nanophotonic devices. Many reports have illustrated the superior and unique properties 

of semiconductor nanowires that outrun the traditional thin film technologies.
9
 Some of 

the appealing features of nanowires are that they can be single-crystalline,
10

 relatively 

defect-free,
11

 having high surface to volume ratio, having atomically smooth surfaces 

and able to accommodate large lattice mismatch with substrate.
12

 These special features 

allow the development of novel devices, such as single nanowire field-effect transistor 

(FET) with faster processing speed,
13

 and nanosensor with higher sensitive.
14

 In that 

case, the abilities to synthesize single crystalline nanowires with precisely controlled 

and tunable chemical composition, size, structure and morphology and to dope them 

with both p and n-type dopants have opened up opportunities for assembling almost any 

kind of functional nanosystems ranging from photonics and electronics to biological 

sensors.
15

  

 

Nanophotonoics devices such as light-emitting diodes (LEDs),
16

 waveguides, 

electrically driven single nanowire lasers,
17

 and photodetector,
18

 have all been 

successfully demonstrated in low bandgap semiconducting nanowires. There are no 
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reports on AlN nanowires (AlNNWs) based optoelectronic devices up till now because 

the doping of AlNNWs is scarce despite the successful demonstration of high-crystal 

quality AlNNWs. Therefore, it is of significant technological interest to study the 

doping of AlNNWs.  

 

1.2 Motivation  

Compact high-efficiency ultraviolet solid-state optoelectronic devices, such as LEDs 

and laser diodes (LDs) are of considerable technological interest as alternatives to large, 

toxic, low-efficiency gas lasers and mercury lamps. Microelectronic fabrication 

technologies and the environmental sciences both require light sources with shorter 

emission wavelengths: the former for improving resolution in photolithography and the 

latter for allowing sensors to detect minute hazardous particles. In addition, ultraviolet 

solid-state optoelectronic devices also draw attentions for potential applications in 

high-density optical data storage, biomedical research and water and air purification. 

AlN is one of the potential materials for deep ultraviolet LEDs and laser diodes but it is 

suffering from difficulties in controlling electrical conduction and large lattice mismatch 

with substrates in thin film technology.
3
  

 

It has been reported that the use of semiconductor nanowires can significantly enhance 

the performance of different optoelectronic devices such as transistors, solar cells, LEDs 

and so on.
19

 The utilization of more effective ultraviolet solid-state devices based on 

AlNNWs can further improve the device performance. Since the n and p-type doping in 

AlNNWs have not been demonstrated, it is essential to investigate the n and p-type 

doping in AlNNWs so as to increase the carrier concentration and mobility, which makes 
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it possible for optoelectronic applications.
20

 Although there are different dopants that 

can successfully dope into AlNNWs such as Si, Fe, Cu, Mn and Co,
21-24

 no reports so far 

can show the n and p-type conduction in AlNNWs.  

 

This project aims at fabricating single-crystalline Mg-doped AlNNWs. The nanowires 

have been grown on different substrates such as sapphire, silicon carbide (SiC) and 

alumina. It is known that Mg is a potential p-type dopant in AlN.
25

 Therefore, the 

structural and optical properties of the doped nanowires as a function of growth 

parameters have been investigated systematically in order to determine the role of the 

Mg inside the AlN. Mg-doped AlNNWs with different surface morphologies, growth 

times and growth temperatures were synthesized. These parameters are correlated with 

their optical properties so that the optimized growth conditions for the nanowires can be 

obtained. In order to demonstrate that AlNNWs are competent to optoelectronic 

applications, an AlNNWs-based LED has been synthesized to illustrate the possibility of 

fabricating AlNNWs-based optoelectronic devices.  

 

1.3 Overview 

The objective of this project is to fabricate Mg-doped AlNNWs under different conditions 

so as to study the correlation between the growth conditions and optical and structural 

properties. By understanding their optical properties, the fabrication of Mg-doped 

AlNNWs based optoelectronic devices such as LED would be possible.  
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In chapter 1, the background and advantages of AlN are introduced. Some problems of 

applying AlN in optoelectronic devices are discussed. The objective of this project 

together with the motivation is also included. 

 

In chapter 2, brief information of the AlNNWs is introduced. The unique structural, 

chemical, optical, electrical and magnetic properties of AlNNWs are described. Also, the 

growth methods of AlNNWs have been included in this chapter. 

 

In chapter 3, the experimental details are described, including the techniques for the 

optical and structural characterizations, such as X-ray diffraction (XRD), Raman 

spectroscopy, scanning electron microscopy (SEM), transmitting microscopy (TEM), 

vibrating sample magnetometer (VSM), cathodoluminescence (CL) and 

photoluminescence (PL). The experimental setup and procedures for the growth of 

AlNNWs are described. 

 

In chapter 4, the structural properties of AlNNWs and zigzag AlNNWs as a function of 

growth conditions are studied. The effects of Mg dopant on the magnetic properties of 

the AlNNWs and zigzag AlNNWs are discussed.  

 

In chapter 5, the optical properties of AlNNWs and zigzag AlNNWs are studied as a 

function of oxygen concentration. The effects of Mg dopant on the optical properties of 

the nanowires are also investigated.  
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In chapter 6, a heterojunction LED based on AlNNWs and p-type (4H) silicon carbide 

(p-SiC) has been demonstrated. It illustrates the potential application of AlNNWs into 

optoelectronic devices. 

 

In chapter 7, the important findings on AlNNWs are concluded and the future work is 

discussed.  

 .
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Chapter 2 Properties and growth of AlNNWs  

2.1 Background  

The requirement for more powerful and compact systems in electronic and optical 

devices have been growing, there are new branches of material researches in the 

development of nanoscale devices in order to make the devices smaller. Semiconductor 

nanostructures have emerged as a powerful class of materials that are creating substantial 

opportunities for nanoscale photonic and electronic devices.
26

 For example, the nanoscale 

materials can exhibit size-dependent emission or excitation,
27

 quantized conductance,
28

 

Coulomb blockade or single-electron tunneling
29

 and metal-insulator transition.
30

 These 

phenomena predict a deep insight to control the optical, electrical, magnetic and 

thermoelectric properties of functional materials. Particularly in nanowires, they have 

some appealing advantages over the other systems as they can remain their transport 

capabilities while maximizing their quantum confinement effects. Numerous of 

nano-devices with outstanding properties based on nanowires have already been 

demonstrated, such as field effect transistor (FETs),
31

 inverters, bipolar transistors,
32

 light 

emitting diodes (LED)
33

 and logic gates.
34

  

 

Researches on the properties and growth of one dimensional (1D) AlN nanostructures 

have been widely investigated due to their superb properties. AlN nanostructures such as 

nanowires, nanobelts and nanotubes were found to possess promising applications in 

photonic devices. Although AlNNWs permit numerous applications, control of the large 

concentration of impurities in this wide-band gap semiconductor is still a big challenge. 

To date, most of the studies still concentrate on the optical properties of AlNNWs due 
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to the inability to obtain near bandedge emissions and to eliminate oxygen impurities. 

The crucial information regarding transport properties of carriers are rarely investigated 

because the highly insulating nature of AlN particularly hampers the electrical 

characterization of AlNNWs.
35

 

 

However, various reports on the electrical behaviors of AlNNWs have been successfully 

illustrated recently, which are giving strong proof on the semiconducting behavior of 

AlNNWs and its capability to apply in optoelectronic applications. For examples, the 

electrical properties of a single AlNNW have been reported. The resistivity of the 

nanowire was measured to be 10
6 

Ωcm.
36

 Moreover, the photoconductivity in a single 

AlNNW has also been demonstrated. Photocurrent responses were detected when the 

nanowire was illuminated by a laser with wavelength close to its bandgap.
6
 Because the 

resistivities of the AlNNWs are still high, it is necessary to obtain conductive AlNNWs. 

 

It is believed that the optical and electrical properties of AlNNWs can be improved by 

doping different dopants into AlNNWs and different devices can be fabricated using the 

doped nanowires as the building blocks. Particularly, the low hole mobility in AlN can 

be improved by introducing p-type dopants, which would allow the fabrication of deep 

UV light emitting devices. Therefore, it is of importance to illustrate p-type doping in 

AlNNWs, such as Mg-doped AlNNWs so that optoelectronic devices can be 

fabricated.
37

  

 

 



Chapter 2 Properties and growth of AlNNWs 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

 

HUI YEUNG YU  24 

2.2 Structural and chemical properties 

AlN is a compound of aluminium and nitrogen exhibiting wurtzite hexagonal (h-AlN) 

structure with molecular weight of 40.99 g/mol. This material is stable at high 

temperatures in inert atmospheres and melts at 2200 
o
C. In vacuum ambient, AlN 

decomposes at ~1800 
o
C. AlN was first reported to have the wurtzite hexagonal crystal 

structure with lattice constants a = 3.11 Å  and c = 4.98 Å .
38

 Jeffrey and Parry
39

 

suggested that the AlN lattice varied slightly from the ideal wurtzite structure. The 

presently accepted values for the AlN lattice constants quoted in the literature are a = 

4.982 Å  and c = 3.112 Å .
40

 The lattice constants can be changed if oxygen 

contamination is found.
41

   

 

It is well known that the mechanical properties of a solid, such as Young’s modulus, yield 

strength, plastic deformation and failure, are determined by the material size, density of 

dislocations, interface-to-volume ratio and grain size. These factors can dramatically 

affect the hardness and yield strength of a material. For the AlNNWs, dislocation and 

defect free, and relatively smooth surface can be produced so that these problems can be 

omitted and the physical properties of the solid can be enhanced. For example, it is found 

that the AlN nanowires can have better elastic properties when compared with bulk AlN. 

This value decreases when the diameter of the nanowire increases since the behavior of 

the nanowire tends towards that of the bulk.
42

  

 

Moreover, the lattice constants of AlN can be changed easily in nanowires. According 

to a well accepted vapor–liquid–solid (VLS) growth mechanism for 1D nanomaterials, 

the anisotropic crystal growth of wurtzite AlN is promoted by the presence of liquid 
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alloy and solid interface.
41

 It is conceivable that the size and diameter of the 

as-synthesized products can be controlled by selecting catalysts with different sizes. The 

other growth mechanism of AlNNWs is vapor–solid (VS) growth process.
43

 Yazdi et al. 

have demonstrated that a defect-free and smooth surface of AlNNWs with single 

crystalline hexagonal structure can be produced by VS growth process
44

 and Shi et al.
45

 

have demonstrated dislocation-free AlN nanotips using VS process. 

 

The physical structure of the Mg-doped AlNNWs is expected to have the wurtzite h-AlN 

structure. It is believed that the Al site will be substituted by Mg as they are having similar 

atomic sizes. Moreover, the lattice constant of the doped nanowires should be larger than 

the undoped ones because the atomic size of Mg is 1.45 Ǻ, which is larger than that of Al 

(1.18 Ǻ).
25

 

 

2.3 Electrical properties 

It is difficult to measure the resistivity of AlN thin films due to its low intrinsic carrier 

concentration, deep native defect and impurity energy levels. Edwards and co-workers 

calculated the resistivity of a single crystalline AlN to be 10
11

 to 10
13

 Ωcm.
43,46

 It is 

believed that the resistivity of AlNNWs can be much lower than the resistivity of bulk 

AlN due to the smaller effective mass for holes and electrons attributed by the 

confinement effect. Also, the carrier concentration of AlN can be improved by doping n 

or p-type dopants into the AlN lattice. For example, at room temperature, Jiang’s group 

have measured the resistivity of the Mg-doped AlN thin film to be about 10
7
 Ωcm.

6
 

Although the resistivity is still too large to be useful in device applications, after 

optimization of the film, the resistivity is about 450 Ωcm when it is measured at 850 K. 
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The conduction at high temperature is due to the hole activation from Mg acceptors. 

This is because at high temperature, the Mg dopants can be activated by breaking the 

Mg bondings with defects, which are incorporated into the as-grown samples 

intrinsically.
7,47

  

 

On the other hand, Zheng’s group has calculated the resistivity of a single AlNNW, which 

has a resistivity of 10
6 

Ωcm.
36

 It is found that different 1D AlN nanostructures have the 

same order of resistivity.
43,46

 The temperature dependent I-V characteristics have also 

demonstrated in that report, which gives strong proof on the semiconductor properties of 

AlNNWs.   

 

2.4 Optical properties 

A band-edge emission centered at ~6.0 eV from undoped AlN thin film has been found 

from various reports due to the recombination of free excitons and exhibits virtually no 

impurity transitions in low energy region.
48

 Although the bandgap of AlN is ~6.0 eV, 

many groups have observed broad emission peaks below 6.0 eV,
49

 which are believed to 

be due to oxygen contaminations mostly. It is found that the concentration of oxygen can 

change the position of the defect peak from 3.3 to 4.0 eV.
45

 It is also suggested that the 

nitrogen vacancies and Al interstitial point defects are responsible for the 2.1 eV emission 

band.
50

 It is also observed a broad emission ranging from 2-3 eV with a peak centered at 

2.8 eV.
51
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Fig.  2.1 (a) The energy band diagram of Mg-doped AlN thin film. (b) Typical PL spectra of undoped and 

Mg-doped AlN thin films.
6
 

 

The optical transitions of undoped and Mg-doped AlN thin films can be described by the 

energy band diagram as shown in Fig. 2.1(a). It is believed that the energy states from 

oxygen-free Mg-doped AlN thin film should only consist of nitrogen vacancies and Mg 

acceptors in the energy band of AlN. It is found that the intensity of the near bandedge 

emission centered at 5.94 eV can be enhanced after the optimization of the thin films. 

Moreover, two more extra emissions centered at 5.36 eV and 5.55 eV are detected 

whereas the emission center at 4.7 eV is suppressed. As shown from Fig. 2.1 (b), all the 

emissions are attributed to the deep level Mg acceptor state, except the emission from the 

near band centered at 5.94 eV. Therefore, by similar approach, the bandgap of AlNNWs 

could also be minimized by doping Mg and transform it into possible p-type AlNNWs.
52

  

 

As mentioned above, due to the native ability of AlN to form surface oxide layers of 5-10 

nm even at room temperature, it is believed that the oxidation of the AlNNWs surface are 
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very severe and difficult to eliminate. As a result, most reports cannot obtain the near 

band emissions from the AlNNWs due to the oxygen related trapped levels between the 

conduction band and valence band of AlN.
53

 So far, to our knowledge, only three 

literatures can successfully detect the near bandedge emissions from AlNNWs, which is 

the 209 nm emission from Yazdi et al.,
44

 the 204 nm emission from Shi et al.,
45

 and the 

212 nm emission from Ji et al.
24

 In addition, it is demonstrated that the intensity of the 

near bandedge emission peak from the AlN nanorods could be enhanced significantly by 

introducing Fe dopant.
21

 The energy confinement in nanowires may play an important 

role in this phenomenon as the strength of optical transition is directly related to the 

density of states and is dramatically enhanced for quantum wire structure. Also, the 

exciton binding energy in quantum wire is significantly enhanced. 

 

As calculated theoretically, the confinement effect gives a lot of advantages in AlNNWs. 

Firstly, there should be a strong quantum confinement in AlNNWs morphology and 

increase in the energy bandgap with respect to the diameters of the nanowires. This is 

because the spatial distribution of free carriers or excited electron-hole pairs in 

nanostructures is confined within a relatively small volume when the physical length of 

the nanostructure becomes small enough. Hence, the gain of the electro-optical signals 

and the distinctively non-linear optical properties can be enhanced dramatically. Indeed, 

a systematic blueshift of the optical emission corresponding to the size reduction of the 

other materials has already been demonstrated.
54

 Yet, there are still no reports on the 

confinement effect on AlNNWs.  
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Secondly, the growth methods and conditions can significantly affect the optical 

properties of the AlNNWs in terms of emission intensity and position, spectral shape, and 

the existence of long wavelength components from impurity or defect states.
21,55,56

 

 

Thirdly, nanowires are able to function as effective optical waveguides because of their 

tight photon confinement in sub-wavelength size, which is induced by the huge dielectric 

mismatch between the material and its surrounding environment. In other words, if a 

nanowire is being excited by photon, the emission from its ends can be enhanced.  

 

2.5 Magnetic properties 

Diluted magnetic semiconductors (DMSs) are attractive materials for spintronics, which 

combines the inherent properties of both semiconductor and ferromagnetic materials. It 

can be done by doping transition metals into AlN. The AlNNWs based DMSs have been 

reported by many groups, such as Fe-doped AlN nanorods,
21

 Cu-doped AlN nanorods,
24

 

Mn-doped AlNNWs
22

 and Co-doped AlN nanorods.
23

  

 

It is proven that ferromagnetism at or above room temperature can be observed from AlN 

by doping different kinds of transition metals.
57

 For example, a simulation result from 

Wu et al. have predicted the capability of making AlN into DMS by doping Mg.
25

 When 

the Mg dopant in AlN substitutes the Al vacancy, it will lead to spin-polarized ground 

states by forming MgN4 tetrahedral structures. It is predicted that the ferromagnetism can 

occur in AlN doped with 7% of Mg at the growth temperature of 2000 K under N-rich 

condition.
25

 This result gives a very good prospect for the ferromagnetic properties of 

Mg-doped AlNNWs.  
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2.6 Growth of 1D AlN nanostructures  

2.6.1 Bottom-up approaches 

The essence of 1D nanostructure formation is crystallization which involves two 

fundamental steps: nucleation and growth. There are three types of bottom-up 

approaches to achieve the growth of 1D AlN nanostructures, which are (i) 

catalyst-assisted VLS process, (ii) catalyst-free VS process and (iii) template-confined 

synthesis.
58

 The advantages of bottom-up growth processes are enhanced radiative 

recombination efficiency and virtually substrate dislocation free. 

 

(i) Catalyst-assisted VLS process 

The nucleation of a typical vapor liquid solid (VLS) process are mainly induced and 

dictated by catalyst liquid droplets. Without using catalyst, the growth mechanism of the 

single-crystalline nanostructures should be a self-catalyst VLS process. For the 

catalyst-assisted VLS process, where the original idea goes back to the 1960s,
59

 the 

catalyst plays an important role for the crystal growth because it induces the formation 

of liquid alloy droplets with the vaporized reactants and serves as a seed for the 

nucleation of the nanowires on a substrate at lower temperature zone. It is crucial that 

the catalyst has to be chosen such that it can form eutectic alloy with the reactant 

material and hence the liquid droplets can be formed. Therefore, this method is 

restricted by the choice of catalyst and reactant material. Recently, there are some 

reports about growing 1D AlN nanostructures (nanofibers, nanowires, nanotips, etc.) by 

using different catalysts.
60

 For example, Shi and co-workers demonstrated that uniform 

AlN nanotips were synthesized with Au catalyst layer of different thickness. In their 

experiment, the size control of the nanotips was achieved simply by adjusting the 
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thickness of the gold layer and keeping the other growth parameters unchanged.
60

 The 

growth mechanism is shown in Fig. 2.2. The advantage of this method is that the 

nanowires can be patterned in the way of the seed layer pattern.  

 

Fig.  2.2 Schematic illustration of the formation of AlNNWs by catalyst-assisted VLS method.
58

 

 

Moreover, by preparing catalyst-seeded substrate, the metal catalyst can be doped into 

the AlN nanostructure if the catalyst is chosen carefully. From Tang and his co-workers, 

Si-doped AlN nanoneedles were synthesized by preparing a patterned Co seed layer on 

top of Si substrate. The growth mechanism can be described by Fig. 2.3.
61

 The 

disadvantage of catalyst-assisted VLS is that the catalyst for growing the nanowires is 

always irremovable. This can affect the purity of the nanowires, which results in the 

deterioration of optical property and the crystallinity of the nanowires.   
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Fig.  2.3 Schematic illustration showing the growth process of Si-doped AlN nanoneedles on 

catalyst-seeded substrate by VLS method.
58

 

 

(ii) Catalyst-free VS process 

VS growth has been proven to be an effective catalyst-free method for synthesizing 1D 

nanostructures. The key feature shared by the VS process is the existence of large 

difference in growth rate along different crystal orientations. The occurrence of highly 

anisotropic growth can be inherent in the wurtzite III-V system, which offers an 

opportunity for forming 1D nanostructures in a wide range of conditions. Although the 

exact mechanism of this approach is still not clear, it has been used by many research 

groups to synthesize nanowires. The major advantage of this method is its simplicity 

and accessibility. In a typical process, the vapor species is first generated by evaporation, 

chemical reduction and other gaseous reactions. These species are subsequently 

transported and condensed onto the surface of a solid substrate placed in a tube furnace 

with temperature lower than that of the source material. With proper control over the 

supersaturation factor, large scale 1D nanostructures can be achieved.
58
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Fig.  2.4 Schematic illustration showing the formation process of AlN nanotips by VS process.
58

 

 

(iii) Template assisted growth method 

The template-based techniques have been widely applied to produce nanowires. In this 

method, templates, such as carbon nanotubes (CNTs) and anodic alumina membrane, 

provide confined spaces in a nanometer scale for the formation of nanowires.
58

 

Template-based synthesis provides a simple and direct route to greatly expand the 

diversity of materials that can be processed as uniform nanowires with controllable size. 

However, when a template is utilized, it is often necessary to isolate the template using 

post-treatment to obtain the desired nanowires, and the removal of the template is often 

difficult and tedious. Furthermore, one of the major problems is that the nanowires 

synthesized using this method is often polycrystalline in structure, and the quantity that 

can be produced is relatively limited. For example, Wu et al. have synthesized aligned 

AlNNWs by a direct reaction of metal Al vapor with flowing ammonia gas under the 

confinement of anodic porous alumina template.
62
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Chapter 3 Experimental details 

3.1 Experimental setup  

 

Fig.  3.1 Schematic diagram of the horizontal tube furnace . 

 

A Carbolite single zone tube furnace  (model number STF 15/50/180) was used to 

grow AlNNWs. It consists of four silicon carbide heating elements that arranged 

symmetrically around a separated alumina tube to ensure excellent thermal uniformity as 

shown in Fig. 3.1. Circles A, B, C and D indicate the locations of the heating elements in 

the furnace. The dashed line represents the central position of the furnace which is the 

highest temperature zone. The maximum temperature of this furnace is 1500 
o
C and the 

length of the heating zone is about 18 cm. The maximum heating rate is about 20 
o
C/min 

for the target temperature below 1200 
o
C. For the temperature above 1200 

o
C, the 

maximum heating rate is about 3 
o
C/min. It uses independent digital temperature 

controller to modulate the temperature at the set value.  

 



Chapter 3 Experimental details 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

 

HUI YEUNG YU  35 

Inside the tube furnace, it consists of an outer alumina tube (diameter = 4 cm and length 

= 120 cm), which supply the argon (Ar) and nitrogen (N2) gases.  Inside the alumina 

tube, there is a small alumina tube (diameter = 3 cm and length = 15 cm), which contains 

an alumina boat (height = width = 2 cm and length = 8 cm). The reactants can be loaded 

inside the alumina boat and a substrate was placed on top of the alumina boat facing 

downward. The whole setup can be pumped into vacuum with both end sealed so as to 

removed the moisture and air inside the tube furnace. 

 

Since the substrate temperature is critical for the growth of nanowires, the temperature 

gradient of the tube from the centre of the heating zone was measured by an S-type 

thermocouple. Figure 3.2 shows the temperature gradient of the tube furnace where the 

furnace was set at 1450 °C. It is found that the temperature inside the tube drops almost 

50% when the thermocouple was 10 cm away from the centre of the heating zone. 

 

Fig.  3.2 The temperature gradient of the horizontal tube furnace set at 1450 °C.  
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3.2 Experiment procedures 

AlNNWs were synthesized by a conventional chemical vapor deposition method (CVD). 

The experiment was carried out inside a horizontal tube furnace by reacting aluminum 

nitride (AlN, Sigma-Aldrich, 99%) powder, magnesium chloride (MgCl2, 

Sigma-Aldrich, 99%) powder and nitrogen gas (N2, 99.995%) together and form 

nanowires on a substrate at elevated temperature. 

 

For nanowires grown on inner alumina tubes, an inner alumina tube was eroded with 

NaOH (1 mol) inside a typical tube furnace at 500 
o
C for 5 min. It is believed that the 

defect sites on the eroded alumina tube can initiate the growth and enhance the yield of 

the nanowires  

 

For the nanowires grown on sapphire substrates, a sapphire (0001) substrate with size of 

2 cm by 0.5 cm was pre-cleaned with acetone and isopropyl alcohol (IPA) in an ultrasonic 

bath for 15 min, respectively. The polished surface of the pre-cleaned substrate was 

placed facing downward on an alumina boat (facing the reactant powders with a distance 

of 2 cm).  The alumina boat was transferred into the inner alumina tube. Then the inner 

alumina tube was pushed into the center of an outer alumina tube in the way that the 

reactants were located at the hottest zone of the furnace. 

 

For both growth processes, 0.5 g of physically mixed AlN and MgCl2 powders in a mass 

ratio of 2:1 were loaded into an alumina boat. The procedures of the growth process 

represented by a flow chart are shown in Fig. 3.3. After evacuation of the outer alumina 

tube to ~10
-1

 Pa for 30 min, Ar gas was introduced into the outer alumina tube to 
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remove the residual oxygen and moisture before the furnace was turned on. When the 

pressure of the tube returned to atmosphere pressure, Ar gas of 70 sccm was introduced 

into the setup and the furnace was then turned on. The setup was first heated with an 

initial heating rate of 5 
o
C/min. When the temperature of the setup reached 800 ºC, N2 gas 

was introduced into the setup at a flow rate of 70 sccm. The flow rate of N2 gas was 

further increased to 140 sccm when the temperature of the furnace reached 1200 ºC. The 

growth was maintained for 1, 2 and 3 hr at 1350 
o
C and 1450 ºC before the furnace was 

turned off and cooled down naturally. 

 

Fig.  3.3 Flow chart of the growth process.  

 

3.3 Structural characterization 

3.3.1 X-ray diffraction (XRD) 

X-ray diffraction (XRD) is a method to determine the arrangement of atoms within a 

crystal, which can be either single crystalline or polycrystalline structure. It works when 

an X-ray beam strikes into a crystal and diffracts into many specific directions, see Fig. 

3.4. From the angles and intensities of these diffracted beams, a crystallographer of a 

certain material can be produced in a three-dimensional (3D) picture by reconstructing 

each unit cell within the crystal. From the XRD, the positions of the atoms in the crystal, 
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chemical bonding and disordering can be determined. Another advantage of this method 

is that it is a non-destructive technique which reveals information regarding unit cell 

dimension, crystalline structure and phase identification of materials precisely. The 

structural properties of the nanowires were characterized by a Bruker D8 Discover and a 

Philip X’pert X-ray Diffractometer in a four-circle mode. The X-ray source gives out Kα 

radiation of copper (Cu) at wavelength of 1.54 Å .
63

 

 

Fig.  3.4 Schematic diagram showing the principle of XRD.  

 

The XRD works when there is a parallel monochromatic X-ray beam hitting on a sample, 

part of the beam will be diffracted by different crystal planes of the sample. The diffracted 

rays will interfere with each other to form diffraction centers and form constructive 

interferences in certain angles. These constructive diffraction interferences of the sample 

should obey the Bragg’s Law: 

2𝑑ℎ𝑘𝑙 sin 𝜃 = 𝑛𝜆  

(Eq. 3.1) 

where hkld
 
is the inter-planar spacing, n is an integer which represents the number of 

diffraction mode,   is the angle of diffracted beam,   is the wavelength of the incident 

X-ray beam. For a material with a cubic structure, the inter-planar spacing can de deduced 

from this equation: 
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𝑑ℎ𝑘𝑙 =
𝑎

√ℎ2 + 𝑘2 + 𝑙2
  

(Eq. 3.2) 

where h, k and l are the Miller indices. 

 

But for hexagonal structure, the formula should be the following: 

1

𝑑ℎ𝑘𝑙
= √

4

3
(
ℎ2 + 𝑘2 + 𝑙2

𝑎2
) +

𝑙2

𝑐2
 

(Eq. 3.3) 

where h, k and l are the Miller indices. 

 

Two different scanning modes, θ-2θ mode and rocking mode, were used to characterize 

the crystal structure of the AlNNWs. The first mode is to identify the crystalline phases 

and orientation of the film. In this mode, the X-ray source is fixed, where the sample 

holder is moving in the speed of ω and the detector is moving in the speed 2ω. The second 

mode is the crystalline structure measurement of the sample by determining the full width 

half maximum (FWHM) from the rocking peak. In this mode, The X-ray source and 

detector are fixed at a selected angle, where the sample holder is rocked back and forth in 

a few degrees about the θ direction so as to obtain the crystallinity of the sample from the 

full width half maximum (FWHM) in the rocking curve.
64

  

 

3.3.2 Scanning electron microscopy (SEM) 

Scanning electron microscopy (SEM) is a high resolution electron microscope that is able 

to image the sample surface at a relatively larger area by scanning it with high-energy 

beam of electrons that generated from an electron gun. The sample's surface topography, 

http://en.wikipedia.org/wiki/Electron_microscope
http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Topography
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composition and other properties such as electrical conductivity can be obtained when the 

electrons from the electron gun interact with the atoms from the sample, which is shown 

in Fig. 3.6.
65

  

  

Fig.  3.5 Schematic diagram showing the principle of SEM.  

 

Typically, there are several types of signals produced by SEM, including secondary 

electrons (SE), back-scattered electrons (BSE), cathodoluminescence (CL), 

characteristic X-rays, specimen current and transmitted electrons, which are shown in Fig. 

3.5. Since AlN is a semiconductor that can conduct electricity, gold coating of the 

samples is not necessary. Yet, higher resolution image can be obtained if gold is coated 

onto the samples to reduce the localized charge up on the sample surface. All the samples 

were characterized by JSM-6335F Field Emission Scanning Electron Microscope by 

sticking them onto a conducting carbon tape.  

 

http://en.wikipedia.org/wiki/Electrical_conductivity
http://en.wikipedia.org/wiki/Secondary_electrons
http://en.wikipedia.org/wiki/Secondary_electrons
http://en.wikipedia.org/wiki/Backscatter
http://en.wikipedia.org/wiki/Cathodoluminescence
http://en.wikipedia.org/wiki/Energy-dispersive_X-ray_spectroscopy
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3.4 Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM) is a very high resolution microscope, having 

higher resolution than SEM, which depends on electron beam emitted from an electron 

gun to transmit through an ultra thin sample (with a carbon grip underneath). The electron 

beam will be diffracted as it passes through the sample so that a diffraction image and 

crystalline structure image can be formed, which can be detected by a CCD sensor.
66

 

 

Transmission electron microscopy (TEM, JEOL JEM-2010) was used to determine the 

diffraction pattern, sample geometry, crystalline structure and the elements of the 

nanowires. The diffraction patterns of the nanowires were taken by selected area 

electron diffraction (SAED) method so as to obtain the diffraction pattern of a particular 

nanowire. Hence, the planar separation and the lattice constants of the nanowires could 

be calculated. The sample geometries were taken with the typical TEM image to study 

their lengths and diameters whereas the crystalline lattices were taken with the 

high-resolution TEM (HR-TEM) image to study their growth direction and the 

crystalline structures. Energy-dispersive X-ray spectroscopy (EDX) was used to 

determine the elements of a single nanowire. This is an analytical technique used for the 

elemental analysis or chemical characterization of a sample by analyzing the X-ray 

emitted from a sample when it is hit with an electron from the electron gun.
67

  

 

3.4.1 Raman spectroscopy 

Raman scattering is a convenient and non-destructive characterization technique for 

chemical bonding identification, structural characterization, stress analysis and vibration 

mode detection. This technique bases on the inelastic scattering nature of visible, near 
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ultraviolet and near infrared light. The Raman spectroscopy works when 

monochromatic light, usually from a visible laser, incidents on a molecule, it will 

interact with the electron cloud of that molecule and its bonding. The molecule will be 

excited to a virtual state by the incident photon. For spontaneous Raman effect, the 

excited molecule will relax to a lower or higher stationary state accompany with the 

emission of a photon as shown in Fig. 3.6. The shift in energy gives information about 

the phonon modes in the molecule. Therefore, by calculating the energy of the final 

state, the shift of energy of the initial state can be obtained. The frequency shift is called 

Raman shift and can be described by the following equation:  

|ℏω𝑙 − ℏω𝑠| 

Eq (3.4) 

 

 

Fig.  3.6 Schematic diagram showing the principle of Raman scattering.  

 

Horiba HR800 Raman spectrometer was used to measure the Raman shift of the 

nanowires. This spectrometer has a spectral resolution < 0.2 cm
-1

, which embedded with 

a 488 nm Ar
+
 laser as incident photons for the excitation of specimens. The emitted light 
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from the sample is collected by a typical microscope via the objective lens from the 

microscope. 

 

3.5 Optical characterization 

3.5.1 Cathodoluminescence (CL) 

Cathodoluminescence (CL) is an optical and electrical phenomenon that depends on the 

emission of a beam of electrons that generated by an electron gun (e.g. cathode ray tube) 

and then strikes on a luminescent material such as semiconductor or phosphor material. 

The material is then excited by the electron beams so that the emission of light with 

corresponding wavelength will be emitted from the material when the excited electrons 

recombine with certain recombination centers. It is an important technique to study the 

energy band structures of semiconductors by calculating their band energies from the 

emission wavelength with the following equations:
68

 

 = ℎ  

(Eq. 3.5) 

 = ℎ
𝑐

𝜆
 

(Eq. 3.6) 

CL occurs when there is an impingement of a high energy electron beam onto a 

semiconductor, which results in the excitation of electrons from the valence band into 

the conduction band, leaving holes from the valence band. When the electron hole pairs 

http://en.wikipedia.org/wiki/Optical_phenomenon
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http://en.wikipedia.org/wiki/Visible_spectrum
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recombine again, it is possible for photons of the same energy to be emitted. The energy 

of the photons that emitted, and the probability that a photon can be studied.
69

  

 

Fig.  3.7 The photo of the CL setup.  

 

 

Fig.  3.8 The schematic diagram of the CL setup.  

 

The energy of the electrons that emitted from the electron gun can be adjusted by 

turning the excitation voltage of the electron gun, which can vary from 1.2 kV to 15 kV. 

While increasing the voltage, more molecules inside the chamber can be discharged. 

Hence, the electron gun current will also be increased. During the measurement, the 

http://en.wikipedia.org/wiki/Photon
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pressure should be tuned with respect to the change of voltage so that the current can be 

constant. It is noted that the higher the vacuum, the lower is the current. The vacuum 

can be tuned by adjusting the air flow into the chamber. 

 

The CL spectra were obtained using a modified Reliotron III CL instrument. The 

measurement of CL luminescence was divided into two parts. The first part of 

measurement was carried out using a miniature fiber optic spectrometers (USB 4000, 

Ocean Optics spectrometer) for the visible light measurement, which couples a 

3648-element linear CCD-array detector, a high resolution (0.2 nm) spectrum with 

range from 350 to 1100 nm. The second part of measurement was carried out using 

another miniature fiber optic spectrometer (Ocean Optics MayaPro2000 spectrometer) 

for the deep UV measurement, which couples a back-thinned 2D FFT-CCD detector 

and a high resolution (~0.035 nm) spectrum with range from 200 to 400 nm.  

 

The CL spectra were taken under the excitation of low-voltage electron beam (4 kV) at 

the vacuum of 80 mTorr, using an optical fiber to receive the optical signal via a fused 

silica window on top of the CL chamber as shown in Fig. 3.7. and 3.8. The electron 

emitted from the electron gun can be focused by two pieces of magnets facing 

downward on top of the window.  

 

Fig. 3.9 and 3.10 are the detector response curves of the USB 4000 Ocean Optics 

spectrometer and MayaPro2000 Ocean Optics spectrometer. The USB 4000 spectrometer 

is most sensitive for detecting wavelength between 500 and 800 nm whereas the 

MayaPro2000 is able to detect signal between 200 and 400 nm. It is noted that the 
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detector for the USB 4000 spectrometer is the Toshiba 3648-element TCD1304AP 

Detector. The resolution of this setup for our measurement is 3 meV per step. 

  

Fig.  3.9 The sensitivity spectrum of the USB 4000 Ocean Optics spectrometer.
70

  

 

 

Fig.  3.10 The sensitivity spectrum of the MayaPro2000 Ocean Optics spectrometer.
70
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3.5.2 Photoluminescence (PL) 

Photoluminescence (PL) is a process that a semiconducting material absorbs photons 

generated by either a light source or laser source and then re-radiates photons of the 

same energy after an electron is excited from valence band to conduction band.
69

 

 

This is one of many forms of luminescences and is distinguished by photoexcitation, 

which the sample is excited by photon. The period between absorption and emission can 

be extremely short, for example, in an order of 10 nanoseconds. However, this period 

can be extended into minutes or hours under special circumstances.
69

 

 

The PL spectra of the nanowires were measured by a femtosecond laser system at Texas 

Tech University (TTU). Fig. 3.11 shows a complete frequency Quadrupled Ti-sapphire 

femtosecond laser system. This laser system is specifically designed to generate 

femtosecond tunable deep UV (195-200 nm) laser light source with 10 mW average 

power and the signal is collected by a monochromator with gratings operating in the 

region from 185 - 800 nm, through a PMT, having a resolution larger than 1 nm. This 

laser system is the world’s first DUV (λ > 195 nm) picosecond time-resolved optical 

measurement facilities dedicated to III-nitride semiconductor research, and allows users 

to measure optical processes in AlN up to its band to band emission. The resolution of 

this setup for our measurement is 6 meV per step. 

http://en.wikipedia.org/wiki/Photons
http://en.wikipedia.org/wiki/Luminescence
http://en.wikipedia.org/wiki/Photoexcitation
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Fig.  3.11 Schematic diagram showing the PL system at TTU.  

 

3.6 Magnetic characterization 

3.6.1 Vibrating sample magnetometer (VSM) 

Vibrating sample magnetometer (VSM) is an instrument that measures magnetic 

properties of a sample. When a sample is placed inside a uniform magnetic field, 

created between the poles of an electromagnet, a dipole moment will be induced. If the 

sample vibrates with sinusoidal motion, a sinusoidal electrical signal can be induced and 

detected by a suitable placed pair of pick-up coils. The signal will have the same 

frequency of vibration as the sample’s vibration. Its amplitude will also be proportional 

to the magnetic moment, amplitude, and relative position with respect to the pair of 

pick-up coils. The representative schematic diagram of the VSM setup is shown in Fig. 
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3.12. A Lakeshore 7047 VSM, with sensitivity down to the range of μemu was used for 

measuring the magnetic properties of the nanowires at room temperature.  

 

Fig.  3.12 Schematic diagram showing the setup of VSM  
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Chapter 4 Structural and magnetic properties  

4.1 Introduction 

AlNNWs and zigzag AlNNWs have been synthesized by the chemical vapor deposition 

(CVD) method. It is a chemical process that initiates by the chemical reaction of the 

component chemicals, which are transported to the vicinity of the substrate via the 

vapor phase. The condensed liquid droplets on the hot substrate are then acting as seeds 

for the nucleation and growth of single-crystalline nanorods and then nanowires, which 

differentiate by their aspect ratio.  

 

In this growth process, MgCl2 was acted as catalyst that can initiate the transformation of 

the reactants into chemical vapors as no nanowires were obtained without the use of 

MgCl2. The reactant powders were physically mixed together for the generation of vapor 

species required for the growth of nanowires. AlNNWs were grown on sapphire 

substrate and alumina tube at the growth temperature of 1450 
o
C. Although the source 

material MgCl2 was used, no Mg dopants were detected in the nanowires. It is noted that 

the structural properties of the nanowires grown on sapphire and alumina tube were 

similar. When the growth temperature was set at 1350 °C, AlN nanowires with zigzag 

morphology was favored, which suggested that Mg dopant could favor the growth of 

zigzag morphology. About 5 at.% of Mg dopants were detected from the zigzag 

nanowires by EDX.  

 

No nanowires can be obtained below the temperature 1350 
o
C as the temperature is not 

high enough to vaporize the AlN powder.  
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4.2 Effect of growth temperature 

 

Fig.  4.1 (a) SEM images of the nanowires prepared at 1450 °C and (b) zigzag nanowires prepared at 

1350 °C. 

 

Fig 4.1 (a) and (b) show the SEM images of the nanowires and zigzag nanowires grown 

on sapphire substrates at 1450 and 1350 °C respectively. It is found that the growth 

temperature is crucial to the morphology of the nanowires. When the growth temperature 

was increased to 1450 
o
C, the formation of nanowires was favoured and could be 

collected from the alumina tube and sapphire substrate provided that the alumina tube 

was eroded with NaOH. In contrast, the zigzag nanowires were grown on the sapphire 

substrate when the growth temperature was decreased to 1350 
o
C. 
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4.3 AlNNWs 

4.3.1 Effect of growth time 

 

Fig.  4.2 (a) SEM images of the nanowires grown on sapphire substrates at 1450 
o
C with growth time of 1 

hr, (b) 2 hr and (c) 3 hr. 

 

Apart from the growth temperature, the growth time is also an important parameter for the 

growth of nanowires. It is found that the yield of nanowires increased as the growth time. 

As shown in Fig. 4.2 (a), only small amounts of nanowires were formed on the sapphire 
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substrate when the growth time was 1 hr. When the growth time was increased to 2 hr, 

more nanowires were formed on the sapphire substrate.  

 

4.3.2 Structural properties 

 

Fig.  4.3 Comparison of the XRD patterns between nanowires and AlN raw powder. 

 

Nanowires were deposited on the inner surface of an alumina tube and a sapphire 

substrate. It is noted that no nanowires were obtained if no MgCl2 was used.
71

 

Representative XRD pattern of the nanowires is shown in Fig. 4.3. Several diffraction 

peaks were observed, which corresponds to the wurtzite h-AlN structure. The broad 

background was contributed by the carbon tape, which was used to stick the nanowires on 

the XRD holder. AlN characteristic peaks of (100), (002), (101) and (110) planes can be 

observed from the XRD pattern. These peaks matched well with the diffraction pattern of 

the raw AlN powder as shown in Fig. 4.4, which suggests that the nanowires are the direct 

sublimation product of the raw AlN powder. Moreover, the XRD pattern fitted well with 

the wurtzite h-AlN structure.
58
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Fig.  4.4 Raman spectrum of the nanowires. 

 

Fig. 4.4 shows the Raman spectrum of the nanowires grown on sapphire substrate. Two 

characteristic peaks are observed at around 612 and 656 cm
-1

, which are assigned to the 

lattice vibration modes A1 [transverse optical (TO)] and E2 (high) respectively. The E2 

(high) mode is usually being used to analyze the stress state in the sample due to its high 

sensitivity to stress. Since the nanowires were free to growth on the substrate, the peak 

positions of A1 (TO) and E2 (high) should fit well with the stress-free bulk AlN crystal.
60

  

 

Moreover, impurities or defects in semiconductors are found to affect the Raman 

linewidth. Therefore, the contribution of the impurity has broadened the linewidth of the 

A1 (TO) and E2 (high) modes. The weak intensity of the Raman peak indicates the poor 

crystallinity of AlN. This can be explained by the insufficiency of N ions during the 

reaction, which can produce a lot of nitrogen vacancies and the N sites eventually being 

occupied by oxygen. The evidences of oxidation will be shown in the EDX result below. 

 



Chapter 4 Structural and magnetic properties 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

 

HUI YEUNG YU  55 

 

Fig.  4.5 (a) Low and (b) high magnification SEM images of the nanowires. 

 

The SEM images of the nanowires are shown in Fig. 4.5. The nanowires have similar 

length and diameter, which are grown homogenously on the substrate. The diameters and 

lengths of the nanowires are ranging from 20-50 nm and 10-50 μm respectively, which 

have relatively larger aspect ratio when compared with AlNNWs grown from other 

techniques. Since the nanowires were grown randomly on the substrate, they were grown 

under a strain-free environment. As a result, the nanowires are dislocation-free and the 

existence of lattice distortions should be attributed to impurity or dopants.
72

 

 

Fig 4.6 (a) shows the TEM images of the AlNNWs. It reveals a single nanowire with a 

high aspect ratio of ~100. Fig 4.6 (b) shows a HR-TEM image of one of the nanowires. 

The nanowire has a single crystalline wurtzite h-AlN structure with d-spacing of 2.73 Å  

(d
(100)

) and 5.00 Å  (d
(001)

) between the neighboring lattice planes. This result corresponds 

well with the XRD pattern obtained above and further confirms the structure of the 

nanowires. Fig 4.6 (c) shows the selected area electron diffraction (SAED) pattern of the 

corresponding nanowire. As calculated from the SAED pattern, the lattice constants of 

the single nanowire are a = 3.15 Å  and c = 5.00 Å  with the growth direction along the 
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[100] direction. These lattice constants are found to be larger than the typical AlN lattice 

constants (c = 4.98 Å  and a = 3.13 Å ),
40

 which suggests that the nanowires are 

contaminated with oxygen as no Mg-related peaks can be found from the EDX pattern 

but an oxygen peak is observed as shown in Fig. 4.6 (d). The small peak cannot be 

identified as the intensity is too weak to determine its corresponding element. Moreover, 

the nanowires are obviously Al rich as the Al peak is much stronger than the N peak.  

 

The growth direction of the AlN nanowires is rare when compared with the literatures. 

Typically AlNNWs grows along the hexagonal c-axis as the bonding force is the 

strongest among all the other directions inside the AlN lattice.
40,58

 In our case, the 

nanowires were grown along the hexagonal a-axis, which is the [100] direction. Since 

no Mg can be observed from the EDX pattern as shown in Fig. 4.6 (d), the lattice 

distortion of the nanowires should be attributed to the contamination of oxygen but not 

the doping of Mg. Because of the presence of oxygen, it is possible that the polar 

surface and the surface diffusion mobility are affected and hence the growth direction 

along a-axis is favored. Jie et al. have confirmed that the growth direction along [100] 

direction is possible when significantly lower N content is supplied into the system 

since the surface diffusion mobility on different crystal facets are different for various 

Al/N ratios and surface polarity.
73

  

 

Indeed, the oxygen contamination is expected as the growth was not performed under 

high vacuum. Although MgCl2 powder was mixed with the AlN powders, Mg was not 

detected from the EDX spectrum. As a result, MgCl2 only acted as catalyst during the 

reaction. 
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Fig.  4.6 (a) Typical TEM image of a single nanowire. (b) HR-TEM image of the same nanowire showing 

the crystal lattices. (c) The corresponding SAED pattern. (d) The corresponding EDX pattern obtained by 

TEM. 
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4.4 Zigzag AlNNWs 

4.4.1 Effect of growth time 

 

Fig.  4.7 (a) SEM images of the zigzag nanowires grown on sapphire substrates at 1350 
o
C with growth 

time of 1 hr, (b) 2 hr and (c) 3 hr. 

 

Similar to the nanowires, the yield of zigzag nanowires also increases with the growth 

time. As shown in Fig. 4.7, no zigzag nanowires were formed when the growth time was 

1 hr. Due to the limited time for the nucleation process, only small amount of AlN 



Chapter 4 Structural and magnetic properties 

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

 

HUI YEUNG YU  59 

droplets were deposited on the sapphire surface. When the growth time was increased 

from 1 hr to 2 hr, zigzag nanowires were grown on the sapphire substrate.  

 

4.4.2 Structural properties 

 

Fig.  4.8 Comparison of the XRD diffraction patterns between zigzag nanowires and AlN raw powder. 

 

Representative XRD pattern of the zigzag nanowires is shown in Fig. 4.8. Diffraction 

peaks of (100), (002), (101) and (110) planes are observed, which corresponds to the 

wurtzite h-AlN structure. These peaks fitted well with the diffraction pattern of the raw 

AlN powder as shown in Fig. 4.8, which suggests that the nanowires are the direct 

sublimation product of the raw AlN powder. 
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Fig.  4.9 Raman spectrum of the zigzag nanowires. 

 

Fig. 4.9 shows the Raman spectrum of the zigzag nanowires grown on sapphire 

substrate. Two characteristic peaks are observed at around 616 and 660 cm
-1

, which are 

assigned to the lattice vibration modes A1 (TO) and E2 (high) respectively. It is noted 

that the slight shift of these two modes to higher wavenumber can be attributed to the 

disorder of the crystals due to the incorporation of Mg. The Raman shift indicates the 

presence of internal stress and the line broadening of the E2 (high) and A1 (TO) mode 

indicates the existence of the defects. In this case, it is due to the presence of Mg and 

oxygen as the both Mg and O are observed from the EDX pattern below. The shift of the 

Raman spectrum indicates that the AlN lattices are under an internal stress, which 

should be attributed to the Mg dopants as the size of Mg atom is larger than that of Al. 

This result corresponds well with the calculated lattice constants of the zigzag 

nanowires, which are bigger than the undoped AlNNWs and further proves the 

existence of Mg dopants inside the AlN lattices.
21
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Typical SEM images of the zigzag nanowires collected from the sapphire substrate are 

shown in Fig. 4.10 (a) and (b). They reveal randomly aligned zigzag nanowires with high 

density and high aspect ratio. It is noted that no zigzag nanowires can be obtained from 

the alumina tube.  

 

Fig.  4.10 (a) Low and (b) high magnification SEM images of the zigzag nanowires grown on sapphire 

substrate. 

 

Fig. 4.11 (a) reveals a TEM image of a single zigzag nanowire. Two diameters are 

defined for the zigzag nanowire. The first diameter (diameter 1) can be defined as the 

distance between the (111) and (213) planes. Similarly, the second diameter (diameter 2) 

can be defined as the distance between the (101) and (213) planes as shown in Fig. 4.12 

(a). The diameter 1 is estimated to be ~100 nm and the diameter 2 is estimated to be ~80 

nm. The length and diameter of the zigzag nanowires are ranging from 10 to 50 μm and 

50 to 100 nm respectively. Fig 4.11 (b) shows the HR-TEM image of the corresponding 

zigzag nanowire. It shows the zigzag nanowire with d-spacing of 5.01 Å  (d(001)) and 2.74 

Å  (d(100)) between the neighboring lattice planes. From the SAED pattern as shown in Fig. 

4.11 (c), the calculated lattice constants are c = 5.01 Å  and a = 3.16 Å  and the growth 

direction is along [001] direction, which is the hexagonal c-axis.
74

 The lattice d-spacing 
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is 5.01 Å  between two fringes, which is slightly larger than the lattice constants (c = ~4.96 

Å , a = ~3.12 Å ) of the nanowires that synthesized by the other groups.
40

 Since both Mg 

and O peaks are detected from the EDX in Fig. 4.11 (d), it is possible that both of the 

Mg and O are presented in the AlN lattices and contributed to the lattice distortion 

because the atomic size of Mg (1.5 Ǻ) is larger than that of Al (1.25 Ǻ).
75

 The Mg content 

in this sample is found to be ~5 at.% as determined by the EDX. 

 

Fig.  4.11 (a) Typical TEM image of a single zigzag nanowires. (b) HR-TEM image of the same zigzag 

nanowire showing the crystal lattices. (c) The corresponding SAED pattern. (d) The corresponding EDX 

pattern.  
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Fig.  4.12 (a) Typical TEM image of a single zigzag nanowires showing the relationship between the 

turning angles and the surfaces. (b) A structural model of wurtzite h-AlN and the corresponding crystal 

planes. (c) Schematic diagram showing the growth process of zigzag nanowires.
76

 

 

Fig. 4.12 (b) and (c) illustrate the formation of the zigzag nanowires. Four possible planes 

can be contributed to the formation of zigzag morphology, which are (101), (111), (213) 

and (213) planes. It is found that the (101) plane is always parallel to the (213) plane as 

shown by the blue arrows in Fig. 4.11 (b). Similar phenomenon can be observed from the 

(111) and (213) planes. Therefore, different zigzag morphology can be established by 

varying the lengths of these planes. Moreover, the inner angles between two 
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corresponding edges of the zigzag nanowires are measured to be ranging from 123
o
 to 

126
o 

from the HR-TEM iamge. Similar angles can also be calculated using the lattice 

constants obtained above.  

 

AlNNWs with zigzag morphology has been demonstrated by Wang et al.
82

 The 

suggested growth mechanism of the zigzag nanowires is shown in Fig. 4.12 (c). The 

formation of zigzag nanowires was found to be related to the growth time. When the 

growth time was increased from 1 hr to 3 hr, the surface morpologeis of the nanowires 

were tranformed from nanowires to zigzag nanowires. They suggested that only doped 

nanowires were able to transform to zigzag nanowires under longer growth time. In our 

case, similar phenomenon was obsereved as no Mg dopants were observed from the 

nanowires and Mg dopants were detected from zigzag nanowires only. But the 

formation of zigzag nanowires was related to growth temperature rather than growth 

time because the zigzag nanowires were formed at 1350 
o
C whrereas the nanowires 

were formed at 1450 
o
C.  

 

On the other hand, extra half planes were introuduced inside the lattices of the zigzag 

nanowires as shown in Fig. 4.13 (a). The existence of extra half planes can also be 

proven by the SAED pattern in the inset of Fig. 4.13 (a). There are parellel lines 

connecting the diffraction spots together. This phenonmenon can be observed when 

there are stacking faults inside the lattices. Also, it is found that there are variations of 

the inner angles between two corresponding edges from 123
o
 to 126

o
. The enlarged 

image of Fig 4.13 (a) shows one of the extra half planes inside a single zigzag nanowire. 

It is believed that the Mg dopants introduced some defects and hence intiated the 
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formation of extra half planes, which ultimately became stacking defects.
77

 Fig. 4.13 (b) 

shows a schematic diagram of how an extra half plane is formed. 

 

Fig.  4.13 (a) HR-TEM image of a single zigzag nanowire. The inset shows the corresponding electron 

diffraction pattern. To the right shows the enlarged image of the marked area. (b) Schematic diagram 

showing the formation of an extra half plane. 

 

4.4.3 Magnetic properties 

It is found that no ferromagnetic signal can be detected from the nanowires as no Mg 

dopants can be observed from those samples in the EDX. However, room temperature 

ferromagnetism can be observed from the zigzag nanowires, which suggests that Mg 

can be doped into the AlN lattice and corresponds well with the EDX result. The 

magnetization versus magnetic field (M-H) curves of zigzag nanowires with growth 

time of 2 hr and 3 hr measured at room temperature under applied field parallel 

(in-plane) and perpendicular (out-plane) to the sample surface are shown in Fig. 4.14.  
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Fig.  4.14 M-H loop of the zigzag nanowires grown on sapphire with growth time 2 hr measured at room 

temperature and applied field parallel and perpendicular to the sample surface. 

 

The spontaneous saturated magnetization and coercivity measured in the M-H loop of 

the zigzag nanowires with samples size of ~40 mm
2
 are estimated to be ~50 μemu/cm

2
 

and 3 kOe when the field is applied perpendicular to the sample, which is almost 2.5 

and 0.2 times larger than the field applied parallel to the sample. The magnetic 

anisotropy in transition metal (TM) substituted semiconductor is a common 

characteristic of DMSs. This indicates that a significant fraction of Mg spins are 

coupled magnetically in AlN. It is noted that both Mg and AlN are intrinsically 

nonmagnetic. The Mg dopants alone will not contribute to the observed ferromagnetism. 

As predicted by Wu et al., the room temperature FM in AlN could be obtained if Mg atom 
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substitute Al site by forming MgN4 phase. It is calculated by literature that the dipole 

moment can be induced by the MgN4 phase. This indicates that the zigzag nanowires 

exhibit intrinsic ferromagnetism. 

 

4.5 Summary 

Geometry Nanowire Zigzag nanowire 

Lattice constant a (Å ) 3.15 3.16 

Lattice constant c (Å ) 5.0 5.01 

Growth direction a-axis of h-AlN c-axis of h-AlN 

Growth temperature 1450 
o
C 1350 

o
C 

Vibration modes 612 and 656 cm
-1

 616 and 660 cm
-1

 

Ferromagnetism  No Yes 

Table.  4.1 Comparison between nanowires and zigzag nanowires. 

 

Table 4.1 has briefly summarized the difference in structural properties between 

AlNNWs and zigzag AlNNWs. The nanowires and zigzag nanowires have been 

synthesized by the CVD method. MgCl2 was essential for the growth of nanowires as no 

nanowires were obtained if no MgCl2 powder was mixed with AlN powder. The zigzag 

nanowires and nanowires possess similar lattice constants but different growth 

directions. On the other hand, the growth temperatures of these nanowires were 

different, see table 4.1. 

 

Nanowires were obtained from inner alumina tube and sapphire substrate at 1450 
o
C. 

The nanowires have lattice constants of a=3.15 Å  and c=5.00 Å  with growth direction 

along the hexagonal a-axis [100] direction. No Mg content was detected from the 
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nanowires. Two vibration modes A1 (TO) and E2 (high) located at 612 and 656 cm
-1 

respectively were observed from the Raman spectrum, which fitted well with the 

stress-free bulk AlN crystal. 

 

Zigzag nanowires were able to grow on sapphire substrate when the growth temperature 

was set to 1350 
o
C. The zigzag nanowires were doped with Mg as the peak of Mg was 

detected by EDX. The lattice constants were a = 3.16 Å  and c = 5.01 Å  with growth 

direction along the c-axis of wurtzite h-AlN structure. Slight shift of the two vibration 

modes A1 (TO) and E2 (high) to higher wavenumber located at 616 and 660 cm
-1 

respectively were observed from the Raman spectrum, which were attributed by the 

incorporation of Mg. Also, it is found that the growth time plays an important role in the 

yield of the nanowires and zigzag nanowires.  

 

Room temperature ferromagnetism was detected from the zigzag nanowires as Mg 

dopants were observed from the EDX. For this sample with the sample size of ~40 mm
2
, 

the spontaneous saturated magnetization and coercivity were estimated to be ~0.5 

μemu/mm
2
 and 3 kOe respectively.  
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Chapter 5 Optical properties  

5.1 Introduction 

Owing to the inability of acquiring the near band emission from the undoped AlNNWs, 

there are different approaches to enhance the optical properties of the AlNNWs. For 

example, it is believed that the near band emission of AlNNWs can be enhanced by 

incorporating different dopants into the AlN lattice. Ji et al. demonstrated that the 

doping of Fe into AlN nanorods can enhance the near band emission of AlN by 

introducing deep level acceptor states above the valence band of AlN.
21

  

  

The effects of Mg dopants on the optical properties of AlNNWs are studied. The optical 

properties of AlNNWs and zigzag AlNNWs have been measured by PL and CL. It is 

found that the nanowires collected from the sapphire substrate and alumina tube possess 

similar optical properties, which correlated well with the results obtained from previous 

chapter.  

 

It is found that the oxygen impurities had dominated the PL and CL emissions of the 

nanowires and zigzag nanowires. Therefore, no near bandedge emissions can be 

obtained from all the samples. It is noted that the optical properties of the zigzag 

nanowires were different from that of the nanowires due to the incorporation of Mg 

dopants. The PL and CL spectra of the zigzag nanowires generally have a redshift as 

compared with the nanowires. This indicates that the Mg dopant can affect the optical 

properties of the zigzag AlNNWs. 



Chapter 5 Optical properties  

 

THE HONG KONG POLYTECHNIC UNIVERSITY 

 

HUI YEUNG YU  70 

5.2 AlNNWs 

5.2.1 Room temperature PL and CL 

   

Fig.  5.1 (a) PL spectra and (b) CL spectra of the nanowires grown on sapphire substrate and alumina tube.  

 

As mentioned from previous chapter, upon the synthesis temperature of 1450 
o
C, 

nanowires can be obtained from both alumina tube and sapphire substrate. In order to 

illustrate the nanowires collected from alumina tube and sapphire substrate possessed 

similar optical properties, the PL and CL measurement of these samples have been 

investigated. Fig 5.1 shows the PL and CL spectra of the nanowires deposited on sapphire 

substrate and alumina tube. A broad PL emission peaks centered at around 3.51 eV can 

be observed from the nanowires grown on sapphire substrate and alumina tube. 

Furthermore, both of them possess similar CL emission peaks centered at around 3.51 eV, 

which corresponds well with the PL emission peaks. This indicates that the nanowires 

collected from the sapphire substrate and alumina tube possess similar optical properties. 

The emission peak centered at 3.51 eV is attributed to either oxygen impurity-aluminium 

vacancy complex (ON-VAl complex) or oxygen substituting the nitrogen vacancy (ON), 

which is related to the creation of defects when oxygen substituted nitrogen in the AlN 

crystal.
44

 It is believed that the concentration of oxygen can vary the position of this peak 
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from 3.3 to 4.0 eV.
45

 In our case, it is more likely that the emission is attributed to the ON 

level as the nanowires are Al rich.  

 

The observation of broad spectrum is due to the dominated defect related emissions, 

which are mostly created by the oxygen, since the solubility of O2 in AlN lattice can 

reach several percents and several oxygen-point defect related centers may be formed.
78

 

Because no active N ions were supplied, large amount of oxygen reacted with the 

nanowires during the growth. Therefore, when the AlN powder was vaporized, some of 

the Al ions formed bonding with O ions as the formation energy of Al2O3 is lower than 

AlN.  

 

5.2.2 10 K PL 

 

Fig.  5.2 The comparison between the room temperature PL and 10 K PL spectra of the nanowires. The 

inset shows the magnified image of the 10 K PL spectrum from 5.7 eV to 6.2 eV. 
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Fig. 5.2 shows the room temperature and 10 K PL spectra of the nanowires. At room 

temperature, only a broad emission peak centered at 3.52 eV is observed. It is noted that 

no near bandedge emission can be observed even the spectrum at around 6.0 eV is 

magnified, which indicates the contamination of oxygen with the AlN lattice can hinder 

the near bandedge emission. This is due to the oxygen trapped levels created by the 

oxygen defects. As observed in Fig. 5.2, the defect emission peak is so broad and strong 

that the trapped level emissions are dominated.  

 

5.2.3 Effect of growth time 

 

Fig.  5.3 (a) Room temperature PL and (b) CL spectra of the nanowires with growth time of 2 hr and 3 hr. 

 

Fig. 5.3 (a) and (b) illustrate the effect of growth time on the optical properties of the 

nanowires. As mentioned from previous chapter, only a few nanowires can be grown on 

the sapphire substrate when the growth time is 1 hr. Therefore, the optical properties of 

that sample are not studied in this chapter.  

 

It is found that the peak centered at ~3.50 eV from the room temperature PL and CL 

spectra do not shift as the growth time is increased from 2 hr to 3 hr, which suggests that 
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the optical properties of the oxygen contaminated nanowires do not change for different 

growth times. This result correlates well with SEM images obtained from previous 

chapter as the surface morphology of the nanowires were not changed when the growth 

time was increased from 2 hr to 3 hr. Since the surface morphology of the nanowires 

with growth time of 2 hr and 3 hr are similar, the optical properties of these two samples 

should be similar as well.  

 

5.2.4 Effect of NH3 annealing  

 

Fig.  5.4 (a) PL spectra of the nanowires synthesized at 1450 
o
C with growth time of 2 hr and 3 hr. (b) PL 

spectra of the corresponding nanowires annealed at 900 
o
C under the flow of ammonia (NH3) gas for 2 hr. 

 

It is reported that upon annealing of AlNNWs with ammonia gas (NH3), the defect 

emission peaks of the nanowires can be suppressed by removing the nitrogen vacancies 

(VN) inside the AlN lattices. They suggested that the VN can be suppressed by annealing 

the nanowires at 875 
o
C for 2 hr.

56
 Therefore, by similar approach the nanowires were 

annealed in a tube furnace with NH3 gas at 900 
o
C for 2 hr. It is found that the defect 

emission peaks of the nanowires did not change after the annealing process. The 

inability to suppress the emission peaks can be explained by the contamination of 
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oxygen of the nanowires. Since the samples were synthesized in low vacuum condition 

and high temperature, oxygen could easily incorporate into the VN sites inside the AlN 

lattices. The oxygen can replace the VN easily as the formation energy of Al-O is lower 

than that of Al-N so that there are no effects on the annealing of the nanowires.
58

 

 

5.3 Zigzag AlNNWs 

5.3.1 Room temperature PL and CL 

 

Fig.  5.5 (a) The PL and (b) CL spectra of the zigzag nanowires grown on sapphire substrate. 

 

Fig 5.5 shows the optical properties of the zigzag nanowires grown on sapphire substrate. 

Similar to the PL result obtained from the nanowires, there are no near band emissions 

and only a strong and broad defect emission band centered at ~3.46 eV can be detected 

from the PL spectrum. It is noted that the emission peak positions of the zigzag nanowires 

are generally lower than that of the nanowires. There are two possibilities for the shift of 
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this emission peak position. First, as mentioned above, the emission peak centered at 

3.46 eV is attributed to the oxygen impurity substituting nitrogen vacancies, and the 

concentration of oxygen can change the position of this peak from 3.3 to 4.0 eV.
45

 Since 

the growth temperature for the nanowires and zigzag nanowires are different, the 

concentration of oxygen in the AlN lattice could be different as well. 

 

Second, as obtained from the EDX result, Mg dopants are detected in the zigzag 

nanowires. They may act as deep level acceptors to accept the electrons transited from the 

oxygen trapping levels and serve as recombination sites for the electrons transmitted 

from the conduction band. Similar result has reported by Jing’s group in AlN thin-film 

system. They measured the deep acceptor level (Mg
o
) to be 0.50 eV above the valence 

band of AlN.
6
 In our case, the Mg-doped zigzag nanowires and undoped nanowires have 

a difference of (3.52 – 3.46 eV = 0.06 eV) 0.06 eV in transition energy only, which is 

~10 times smaller than their measured value. The energy difference can be explained by 

the incorporation of oxygen impurities. Since oxygen impurities are incorporated into 

the AlN lattice as mentioned in the EDX results, it is possible that the Mg may form 

complex with O so that the Mg and O are co-doped into the AlN lattice. As a result, the 

Mg
o
 acceptor level is shifted. The shift of oxygen defect emission peaks from the 

Mg-doped samples gives another strong evidence for the successful doping of Mg into 

the AlN lattice. 

 

Apart from the PL spectrum observed in Fig. 5.5, it is found that only one emission peak 

can be obtained from the CL spectrum, which is centered at 3.47 eV. The emission peak 
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centered 3.47 eV obtained from the CL spectrum correlates well with the emission peak 

centered at 3.50 eV from the PL spectrum.  

 

5.3.2 10 K PL 

  

 

Fig.  5.6 Room temperature PL and 10 K PL spectra of the zigzag nanowires. The inset shows the 

magnified image of the 10 K PL spectrum from 4.62 eV to 5 eV. 

 

In Fig. 5.6, a possible emission peak centered at 4.7 eV is observed from the PL spectrum 

measured at 10 K. Since this emission peak is broad and weak, the origin of this peak 

cannot be explained. However, this emission peak may be attributed to the transmission 

from the nitrogen vacancies (VN
3+

) to the Mg
o
. Since the formation energy of nitrogen 

vacancy with three positive charges (VN
3+

) is smaller than that with one positive charge 

(VN
1+

). Thus, the generation of VN
3+

 is more favourable during the growth of zigzag 
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nanowires and the VN
3+ 

deep donors can compensate free holes in acceptor-doped 

materials.
6
 However, no near bandedge emission can be observed from this sample even 

at 10 K as the oxygen related defects are still dominant such that the oxygen acted as 

electron trapped levels to hinder the direct transmission of electrons from conduction 

band to Mg
o
. Thus, no near bandedge emission can be observed even at low temperature. 

As a result, a high vacuum ambient for the synthesis of zigzag AlNNWs is desirable.
6
 It is 

noted that the shoulder located at around 5.5 eV in PL measurement could not be 

identified as it disappears at 10 K PL measurement 

 

5.3.3 Effect of growth time  

  

Fig.  5.7 (a) Room temperature PL spectra and (b) CL spectra of the zigzag nanowires synthesized at 1350 

o
C with growth time of 2 hr and 3 hr.  

 

Fig. 5.7 shows the room temperature PL and CL spectra of the zigzag nanowires. The 

oxygen related emission peak centered at ~3.46 eV are observed from the samples with 

growth time of 2 hr and 3 hr. This result correlates well with SEM images as the surface 

morphology of the zigzag nanowires were changed when the growth time was increased 

from 2 hr to 3 hr. Since the surface morphology and growth condition of the zigzag 
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nanowires with growth time 2 hr and 3 hr are similar, the optical properties of these two 

samples should be similar as well.  

 

5.3.4 Effect of NH3 annealing  

  

Fig.  5.8 (a) PL spectra of the zigzag nanowires synthesized at 1350 
o
C with different growth time of 2 hr 

and 3 hr. (b) PL spectra of the annealed zigzag nanowires synthesized at 900 
o
C under the flow of NH3 gas 

for 2 hr. 

 

The zigzag nanowires were annealed in NH3 gas at 900 
o
C for 2 hr and the corresponding 

PL spectra are shown in Fig. 5.8. It is found that oxygen defect related emission peak can 

be successfully suppressed after annealing. The intensity of the defect emission peaks can 

be reduced by 4 to 10 times of the original magnitude and the peak is broadened. 

Moreover, the position of the defect emission peak has not changed much, which 

suggests that this emission peak originated by oxygen trapped level defect emissions. 

Although the defect emission peaks are suppressed, no near band emissions can be 

obtained, which suggests that the oxygen trapped levels still dominated the transition 

process.
56
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5.4 Summary 

The optical properties of the nanowires and zigzag nanowires were analyzed by PL and 

CL. For the nanowires, only a broad oxygen defect related emission peak centered at ~3. 

50 eV was obtained. The defect was believed to be the ON level as the nanowires was Al 

rich but lack of N as no active nitrogen sources were supplied to the growth of nanowires. 

Moreover, no near band emission was observed from the 10 K PL spectrum.  

 

The zigzag nanowires were found to possess different optical properties as compared to 

AlNNWs. They were found to have oxygen related defect emission peak centered at 

~3.47 eV. Furthermore, a possible emission peak centred at 4.7 eV was observed from the 

PL spectrum at 10 K. This emission peak was attributed to the transmission from the VN
3+

 

to the Mg
o
 level, which further demonstrated the successful doping of Mg. Upon the 

annealing with NH3 gas at 900 
o
C for 2 hr, the oxygen related defect emission peak 

position was not changed but the intensity was suppressed a few times of the original 

value. 

 

The PL and CL spectra of the nanowires were generally located at higher energy level. 

Therefore, there were small differences between the PL spectra of the nanowires and 

zigzag nanowires. There were two possible reasons for the difference. First, this small 

difference could be explained by the Mg dopants inside the zigzag nanowires. Second, 

since the growth temperature of the nanowires and zigzag nanowires were different, the 

oxygen concentration could be different. 
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Chapter 6 Lighting emitting device (LED) 

6.1 Introduction 

Although the optical properties of the AlNNWs in this project were not as good as 

expected, a strong UV emission peak can still be obtained from all the samples and it is 

quite stable. Therefore, an AlNNWs/p-SiC heterojunction LED was synthesized using 

the growth method as mentioned in chapter 4. The only difference in the growth process 

is that a p-doped 4H-silicon carbide (p-SiC) substrate (the polished surface faces up) 

with the size of 0.5 cm by 0.5 cm was placed onto a sapphire substrate so as to protect 

the p-doped surface of the p-SiC substrate from any deposition. The growth was 

maintained at 1450 
o
C for 2 hr and a layer of randomly aligned nanowires with a few 

microns thick was formed on the surface of the p-SiC substrate.  

 

Since the growth temperature was 1450 
o
C, AlNNWs were grown on the p-SiC substrate 

to form a heterojunction LED. The advantage of using this growth temperature is that 

this temperature can grow nanowires with higher yield and the nanowires can be 

collected from all around the inner alumina tube. Therefore, nanowires can be grown 

easily on the surface of the p-SiC substrate.  
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6.2 Fabrication 

 

Fig.  6.1 Schematic diagram showing the heterojunction LED. 

 

Fig. 6.1 shows that schematic diagram of the heterojunction LED. The p-SiC substrate is 

chosen as the hole injection layer of the heterojunction because it has high hole 

concentration (~110
19

 cm
–3

) and carrier mobility (~120 cm
2
/Vs) and p-SiC substrate 

does not support radiative recombination at visible regime. The contact of the 

heterojunction was fabricated by depositing a metal layer of dimension about 2×2 mm
2
, 

which consisted of a layer of ~25 nm thick Al film and a layer of ~150 nm Ti film. They 

were deposited on the back of the p-SiC substrate, by electron-beam sputtering so as to 

create an Ohmic contact with the p-SiC substrate. The sample was then subjected to rapid 

thermal annealing at 800 
o
C in N2 gas for 5 min in order to obtain a linear current-voltage 

dependence of the Al/Ti metal contact on the p-SiC substrate.
79

 After that, a piece of 

indium tin oxide (ITO) coated quartz substrate was clamped on top of the nanowires in 

order to cover the nanowires and to avoid direct deposition of ITO onto the nanowires. 
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This is because the deposition of ITO may penetrate through the gap of the randomly 

packed nanowires into the p-SiC substrate to induce a small shunt resistance to the device. 

Hence, the ITO film coated onto the quartz substrate was used as the transparent 

conducting layer of the LED as UV is allowed to pass through ITO and quartz.  

 

6.3 Structural properties  

 

Fig.  6.2 (a) A typical SEM image of the randomly packed nanowires. (b) A magnified SEM image of a 

single nanowire. (c) Cross-section SEM image of the interface between nanowires and p-SiC substrate. (d) 

HR-TEM image of a single nanowire and the inset shows the corresponding SAED pattern.  

 

Fig. 6.2(a) shows a top view SEM image of the randomly packed nanowires grown on 

p-SiC substrate. The magnified SEM image of a single nanowire is shown in Fig. 6.1(b). 
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It is observed that the nanowires are grown homogenously on the substrate with very high 

aspect ratio, having average length of a few microns and diameters of smaller than 100 

nm. Due to the high aspect ratio, the nanowires are able to closely packed together to form 

a thin film like structure on top of the substrate. Fig. 6.1(c) shows the cross-sectional 

SEM image of the heterojunction. It is noted that the nanowires are randomly grown on 

the surface of the p-SiC substrate with thickness of a few microns. Fig 6.1(d) shows a 

HR-TEM image of a single nanowire and the inset indicates the corresponding SAED 

pattern. The crystallinity of the nanowire is good as the surface of the nanowire still 

shows crystalline structure with smooth surface. It is verified that the nanowire is 

composed of AlN with wurtzite hexagonal structure. The lattice spacing is 0.493 nm in 

the growth direction corresponds to the [001] plane of wurtzite h-AlN.
80

 It is noted that 

the growth direction of the nanowires grown on SiC substrate is along the [001] 

direction, which is different from the [100] direction of the nanowires grown on 

sapphire.  

 

6.4 Electrical properties  

It can be shown in Fig. 6.3(b) that a nearly Ohmic contact is formed on the p-SiC 

substrate and the corresponding resistance is about 2 kΩ. The Ohmic contact of the 

nanowires can be obtained by depositing a ~200 nm thick ITO layer onto the surface of 

the randomly packed nanowires via electron-beam sputtering at room temperature. Fig. 

6.3 (a) plots the current-voltage (I-V) curve of the heterojunction. It is observed that the 

heterojunction has a turn-on voltage of ~8 V, which is close to the bandgap of AlN (~6.0 

eV). In order to show that the I-V behavior is mainly due to the heterojunction, I-V curves 

of the two ITO contacts with different separations (d = 200, 500, 800 μm) deposited on 
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the surface of the randomly packed nanowires are measured. Although the I-V 

characteristic is not perfectly linear, when the absolute voltage below 15 V, the 

relationship between I and V is roughly linear as obtained in Fig. 6.3 (b). Moreover, the 

I-V characteristic from Fig. 6.3 (a) is asymmetric, which gives a turn on voltage at about 8 

V, and light can be obtained only under the forward bias. Hence, the rectifier behavior 

below 15 V obtained from Fig. 6.3 (a) is originated in the heterojunction but not the 

Schottky barrier between the contact electrodes and the nanowires.  

 

Fig.  6.3 (a) Room-temperature I-V characteristics of the heterojunction LED. The inset shows the 

schematic diagram of the proposed heterojunction LED. (b) Room-temperature I-V curves of two ITO 

contacts deposited on a layer of randomly packed nanowires. The inset shows the corresponding 

measurement setup.  
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6.5 Optical properties  

 

Fig.  6.4 Room-temperature EL spectra of the heterojunction LED under bias voltages of 8 V, 9.6 V, 11.2 

V and 14.6 V. 

 

Fig. 6.4 shows the electroluminescence (EL) spectra of the heterojunction LED under 

forward bias at different voltages, which are 8 V, 9.6 V, 11.2 V and 14.6 V. The spectra 

were measured by connecting the cathode and anode to a rectangle pulse voltage source, 

which had a repetition rate and pulse width of 7.5 Hz and 80 ms. The anode was 

connected to the ITO, whereas the anode was connected to the Al/Ti metal contact of the 

heterojunction. The emitted light from the sample surface was collected from the surface 

of the ITO quartz by an objective lens. Full width of half maximum (FWHM) of about 

125 nm was calculated when the forward bias was increased up to 14.6 V. No light 

emissions were observed from the heterojunction LED under reverse bias. This gives a 

very strong proof on the rectifying properties of the LED. Strong light emission from the 
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surface of the LED was detected at the region right below the metal contact, due to a 

higher radiative recombination dominated in the sandwiched region between the contacts 

when a more intense electric field was applied to the closely packed nanowires. It is 

shown in Fig. 6.4 that the light emission increases proportionally with the applied voltage 

and a broad emission peak centered at around 420 nm is observed.  

 

Fig. 6.5 (a) plots the fitting results of the EL spectrum recorded at forward bias (14.6 V) 

from the heterojunction LED. It is found that the emission spectrum can be fitted by four 

Gaussian curves with peak wavelength at ~400, ~420, ~468 nm and ~525 nm. 

Furthermore, the positions of the four peaks were not changed by more than ~4 nm for the 

variation of bias voltage above the turn-on voltage. Therefore, the nanowires can be 

considered to have four radiative recombination centers. Fig 6.5(b) plots the 

photoluminescence (PL) spectrum of the randomly packed nanowires deposited on the 

p-SiC substrate. The emitted light was collected in the direction perpendicular to the 

surface of the randomly packed nanowires.  

 

A broad emission peak can also be observed from the PL spectrum and the fitting results 

of the PL spectrum are also shown in Fig. 6.5(b). The emission peak can also be fitted by 

four Gaussian curves with peak positioned at ~398 nm, ~425 nm, ~470 nm and 525 nm. 

These values are close to those values observed from the EL spectrum. Since the PL result 

corresponds well with the EL result and the sum of four Gaussian peaks fitted well with 

the EL peak as shown in the inset of Fig. 6.5 (a), it has verified that there are four 

recombination centers, which corresponds to the four emission peaks responsible for the 

radiative recombination inside the nanowires.  
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It is noted that the optical properties of the nanowires grown on p-SiC is different from 

that of the nanowires grown on sapphire substrate. For the nanowires grown on p-SiC 

substrate, four Gaussian peaks centered at 398, 425, 470 and 525 nm are obtained from 

the PL spectrum, whereas only one emission peak centered at 354 nm is obtained from 

the nanowires grown on sapphire substrate. 

 

Fig.  6.5 EL spectrum with the fitting results of the LED under forward biased voltage of 14.6 V. The inset 

shows the sum of the four Gaussian peaks. (b) PL spectrum with the fitting results of the nanowires 

deposited on the p-SiC substrate.  

 

It is generally believed that the visible emission of nanowires is originated from the 

surface oxygen defects due to their large surface to volume ratio. The oxygen impurities 

can produce defects including oxygen point defects, VN and ON-VAl complexes to form 
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the deep levels or trap-level states inside the bandgap of the nanowires.
78,81

 Hence, the 

visible emission may result from the radiative recombination between electrons 

occupying VN and holes in the valance band.
58,82

 It is also possible to have radiative 

transition between shallow levels of VN and deep levels of ON-VAl complexes.
45,83

 

However, in order to explain the emission characteristics observed from both PL and EL 

spectra, it is necessary to have some trap-level states inside the bandgap contributing to 

both electrical and optical excitation processes. This can be interpreted in terms of 

energy-band diagram as shown below. 

 

Fig.  6.6 Energy band diagrams for the heterojunction under forward bias and at equilibrium. EDef 

represents the four trap-level states of the nanowires.  

 

As mentioned above, four recombination centers are found from the nanowires. Fig. 6.6 

shows the energy-band diagram of the heterojunction under forward bias and at 

equilibrium. As shown in figure 6.1 (d), the nanowires are in good contact with the p-SiC 
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substrate so that their vacuum levels can be roughly continued across the heterojunction. 

The electron affinity energies of nanowires and p-SiC are assumed to be ~2.30 and ~4.05 

eV respectively.
84

 Furthermore, the bandgap energy (Eg) of AlN is set to ~6.0 eV and that 

of the p-SiC [Eg (p-SiC)], is set to be ~3.26 eV. It can be shown that the conduction band 

offset, EC and valance band offset EV of the heterojunction are roughly equal to 1.75 and 

1.21 eV respectively. The Fermi level of p-SiC substrate, according to its high hole 

concentration and carrier density, can be estimated to be ~0.5 eV above the valence band. 

Moreover, the Fermi level of nanowires is predicted to be ~2.4 eV below the conduction 

band. Since no Mg content can be detected from the nanowires as mentioned in chapter 4, 

the nanowires can be regarded as undoped AlN, which is intrinsically n-type. Because the 

difference between EC and EV is not large, holes can be injected from the valence band of 

p-SiC into that of nanowires under the forward bias. Electrons in the conduction band of 

the nanowires can then be relaxed non-radiatively to the four trap-level states with 

energies of EDef and then radiatively recombined with holes in the valence band of the 

nanowires, see Fig. 6.6 (a). On the other hand, for the heterojunction under optical 

excitation, radiative recombination can be obtained from the photo-generated holes at the 

valence band with the excited electrons occupying the four trap-level states, see also Fig. 

6.6 (b). 

 

The four trap-level states as mentioned above are 398 nm (3.12 eV), 425 nm (2.92 eV), 

470 nm (2.64 eV) and 525 nm (2.36 eV). The first trap-level state (3.12 eV) and second 

trap-level state (2.36 eV) are believed to be the nitrogen vacancies (VN) recombines with 

the electron from the deep donor level. This phenomenon can be also observed in N 
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deficient AlN thin films and nanoparticle structures.
78

 The nitrogen vacancy related peak 

can be ranging from 2 to 3.1 eV.
78

 

 

The third trap-level state (2.92 eV) and fourth trap-level state (2.64 eV) are attributed to 

ON emissions. This is because there were no active nitrogen sources for the growth of the 

nanowires. The N2 gas only acted as the protection and carrier gas. Therefore, the 

formation of ON is inevitable during the growth process.
85

 This peak intensity can be 

successfully suppressed under the annealing of ammonia as confirmed by Qing Zhao.
82

 

Hence, this peak is very likely to be the emission peaks of nitrogen vacancy levels. 

 

6.6 Summary 

Randomly packed AlNNWs were synthesized on p-SiC to form a heterojunction LED. It 

is found that the growth direction of the AlNNWs grown on p-SiC substrate was 

different from that of the AlNNWs grown on sapphire substrate, which is along the [001] 

direction. A broad EL ad PL emissions centered at ~410 nm were obtained from the 

sample and EL emission can only be obtained under forward bias. The turn on voltage of 

the LED is 8 V, which is close to the bandgap of AlN (~6.0 eV). Although the I-V 

characteristic is not perfectly linear, the absolute voltage below 15 V is almost linear as 

observed from the relationship between I and V when measured on the top electrode.  

 

It is found that the PL emission spectrum can be fitted by four Gaussian curves with peak 

wavelength at ~400, ~420, ~468 nm and ~525 nm. Therefore, the nanowires can be 

considered to have four radiative recombination centers. The origins of these 

recombination centers are believed to be the VN and ON defect trap-levels.  
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Chapter 7 Conclusion and Future Work 

7.1 Conclusion 

In this work, AlNNWs and zigzag AlNNWs were obtained using CVD method. The 

MgCl2 powder was essential for the growth of the nanowires as no nanowires were 

obtained if MgCl2 powder was not mixed with AlN powder. Therefore, it is believed that 

MgCl2 acted as catalyst to initiate the growth of nanowires. 

 

The growth temperature of the nanowires and zigzag nanowires were different. When 

the temperature was set at 1450 
o
C, the growth of the nanowires was favored, whereas 

the zigzag nanowires were favored at 1350 
o
C. These two kinds of nanowires possessed 

different structural properties. For the AlNNWs, no Mg was found from the EDX and 

the growth direction was along the [100] direction, which was the hexagonal a-axis of 

h-AlN. In contrast, about 5 at.% of Mg was found in the zigzag AlNNWs and the 

growth direction was along the [001] direction, which was the hexagonal c-axis of 

h-AlN. Moreover, shift of the Raman peaks to higher wavenumbers were observed from 

the zigzag nanowires due to the doping of Mg. Since Mg dopants were doped into the 

zigzag nanowires, room temperature ferromagnetism was detected from the zigzag 

AlNNWs with the spontaneous saturated magnetization and coercivity estimated to be 

~0.5 μemu/mm
2
 and 3 kOe respectively.  

 

Due to the low vacuum condition during the growth process, all the samples were 

contaminated with oxygen from which no near bandedge emission were obtained. 

However, the AlNNWs and zigzag AlNNWs possessed different optical properties. For 
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the AlNNWs, a broad oxygen defect related emission peak centered at ~3.52 eV was 

obtained. The defect emission peak is believed to be attributed to the ON level as the 

growth process of the nanowires was Al rich but lack of N as there was no active nitrogen 

source for the growth of nanowires. In contrast, oxygen related defect emission peak 

centered at ~3.46 eV was observed from the zigzag nanowires and a weak and broad 

emission peak centred at 4.7 eV was observed from the PL spectrum at 10 K. This 

emission peak is believed to be the transmission from the VN
3+

 to the Mg
o
. Generally, the 

zigzag AlNNWs had an emission peak located at lower energy when compared with the 

AlNNWs, which was believed to be due to the incorporation of Mg dopants as the Mg 

dopants could create deep acceptor level above the valence band of AlN.  

 

Since the defect emission from the AlNNWs was quite stable and the yield of which 

was higher than zigzag AlNNWs, an AlNNWs/p-SiC heterojunction LED was fabricated. 

The growth direction of the nanowires grown on p-SiC substrate was different from that 

of the AlNNWs grown on sapphire substrate, which was along the [001] direction. A 

broad EL emission peak centered at 410 nm was observed from the LED. The turn on 

voltage of the LED was 8 V under the forward bias. Since no lights were observed under 

reversed bias, the rectifier obtained was originated by the heterojunction but not the 

Schottky barrier between the contact electrodes and the nanowires. The PL emission 

spectrum was able to fit by four Gaussian curves with peak wavelength at ~400, ~420, 

~468 nm and ~525 nm. The origins of these recombination centers were believed to be 

the VN and ON related defect trap- levels. 
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7.2 Future Work 

It is believed that oxygen defect has dominated the emission of the AlNNWs so that no 

near band emission can be obtained at room temperature. Therefore, the vacuum level 

and the choice of N source for the growth of AlNNWs are crucial. In order to synthesize 

nanowires with different dopant concentrations, the dopants should be able to place at 

different temperature zones.  

 

 

Fig.  7.1 Schematic diagram of the new horizontal tube furnace setup. 

 

Therefore, a new tube furnace system is needed to grow AlNNWs with improved quality. 

In this setup, a turbo pump will be incorporated with the rotary pump so that the base 

vacuum for the growth can be as high as 10
-5

 Pa to prohibit the effect of oxygen 

contamination. The reactants will be replaced by AlCl3 powder and a more reactive NH3 

gas so that the synthesis temperature can be lower. 
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All the outer and inner tubes will be replaced by quartz tubes due to their ability to 

sustain fast heating. Thus, the factor of heating rate can be eliminated for the growth of 

nanowires as the reactants will be loaded outside the heating region during the heat up 

process. The reactants will not be heated until the desired reaction temperature is 

attained. Once the reaction temperature is achieved, the whole outer quartz tube will be 

pushed to the center of the furnace to obtain the accurate heating time for the growth of 

nanowires.  

 

Furthermore, the three inlet gas supplies will also be incorporated with two more inner 

quartz tubes such that at least two different dopants can be introduced into the reactants 

at one time, see fig. 7.1. It is hoped that the dopant concentrations can be tuned by 

varying the dopant positions and gas flows inside the inner quartz tubes and co-doped 

samples can be fabricated.  
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