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    Micro-Raman and photoluminescence (PL) were performed to study GaN and ZnO 

and their nanostructures. Various ZnO nanostructures were successfully synthesized at 

low temperatures using thermal chemical vapor deposition method. The ultraviolet 

lasing in optically pumped ZnO nanonails was observed for the first time. The lasing 

threshold was found to be 17 MW cm–2. Very sharp emission peaks (full width at half 

maximum of 0.08 nm) were observed in the emission spectrum, indicating a high Q 

factor of the cavity formed by the hexagonally shaped nanonail head. The analysis of 

the lasing spectra strongly suggests the whispering gallery mode lasing from a 

hexagonally shaped head of the single ZnO nanonails. The as-grown ZnO nanorods 
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were thermal annealed under different ambient conditions and their photoluminescence 

were collected after each annealing processes. The observed change in 

photoluminescence strongly suggests that positively charged impurity ions or 

interstitial Zn ions are the recombination centers for green luminescence observed in 

the present sample. A model based on the interplay between the band bending at the 

surface and the migration of positively charged impurity ions or Zn ions was proposed, 

which satisfactorily explains the observed photoluminescence. Raman scattering was 

performed to study the aligned GaN nanorods grown by plasma-assisted molecular-

beam epitaxy. It was determined from the E2 peak that the GaN nanorods are relatively 

strain free. The free carrier concentration, as well as electron mobility was obtained by 

the line shape analysis of the coupled A1(LO) phonon plasmon mode for the first time 

for semiconductor nanostructures. Since the position of the LO phonon peak was found 

to be dependent on both the temperature and the LO phonon-plasmon coupling, special 

attention has been paid to exclude the temperature-induced peak shift. The local 

temperature of the nanorod sample was estimated based on the ratio of Stokes to anti-

Stokes Raman peak intensity. GaN MISFET with re-grown by selected area MOVPE 

n+ layer has been analyzed by micro-Raman and micro-PL. The material properties 

were extracted by using both spectroscopies. 
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CHAPTER 1 

 

INTRODUCTION 

 

 The research community has witnessed a surge of research activities in 

semiconductor nanostructure materials in recent years. Carbon nanotubes and derivatives 

of them have been one of the major interests of the semiconductor nanomaterial research 

community for many years. Recently, more and more effort has been invested to study 

nanostructures made of wide-band-gap semiconductors such as GaN and ZnO, as 

demonstrated by a myriad of publications in this field. 

 Wide-band-gap semiconductor nanostructures have been attracting intensive 

attention because of their unique properties resulting from the low dimensionality and the 

advantages provided by the wide-band-gap semiconductor materials. Nanostructures with 

size range from submicron to a few nanometers have the same lattice constants and 

crystal structures as their bulk counterparts, which are confirmed by X-ray diffraction and 

transmission electron microscopy. Thus, many bulk properties are still preserved. 

However, their very large surface to volume ratio makes their physical, optical and 

electrical properties markedly different from their bulk counterpart. Furthermore, one 

nanostructure unit is usually one continuous piece of single crystal, which is in sharp 

contrast with the structural defects ridden wide-band-gap semiconductor bulk materials. 



 2

The electron-hole interaction will also be greatly enhanced due to the increased electronic 

density of states. Similar enhancement occurs for the electron-phonon interactions. With 

the size of the nanostructures shrunken to a few nanometers or smaller, quantum 

confinement effects of charge carriers and lattice vibrations begin to strongly affect their 

behaviors. With such a small volume, no constituent atoms in a nanostructure are very far 

from the surface. It can therefore be expected that the surface electronic and vibrational 

modes will play significantly more important roles in the case of nanostructures.  

 Wide-band-gap semiconductors such as diamond, silicon carbide, gallium nitride 

and zinc oxide etc. possess a band gap larger than 2 eV. Many wide-band-gap 

semiconductors lie on the boarder line between semi-insulators and semiconductors. 

However, their electronic properties can be tailored by proper doping. Their low intrinsic 

carrier concentrations and high breakdown voltage allow high-temperature and high-

power applications (diamond, silicon carbide etc.). For direct-band-gap materials such as 

gallium nitride and zinc oxide, the high electronic energy of band-to-band transitions 

allows emission in the green, blue, or even UV region of the spectrum. In addition, many 

of these materials have favorable mechanical and thermal characteristics.  

 The novel properties possessed by semiconductor nanostructures such as the 

greatly enhanced Purcell factor can be exploited in a plethora of optoelectronic 

applications. Optoelectronic devices such as light-emitting-device and laser diode based 

on bulk or thin film gallium nitride have been commercially available. Zinc oxide has 

been used as phosphorescent material for years. The interest in this material has been 

rekindled due to its room temperature excitonic emission capability and many other 

material merits. In spite of the success of gallium nitride based devices and the progress 
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made in zinc oxide research, the science and technology of the wide-band-gap 

semiconductor nanostructures optoelectronics is still far from mature. Many problems, 

from the material preparation to the device fabrication as well as the basic physics related 

to those materials remained unsolved. The optical properties of these materials need to be 

elucidated to improve their applications in optoelectronics. In spite of the wide spread use 

of gallium nitride and zinc oxide, the understanding of their physical properties, including 

many crucial optical properties, is still very limited. Even less has been understood for 

their nanostructures.  

 In this dissertation, the light-matter interaction occurring in gallium nitride and 

zinc oxide, as well as their nanostructures, has been studied by optical spectroscopy such 

as photoluminescence and Raman spectroscopy. The mechanisms of many important 

optical processes have been studied in detail. Optical spectroscopy was also employed as 

a useful tool to extract valuable information from the materials. The structure of the 

dissertation is outlined as follow. 

 The synthesis of zinc oxide nanostructures is described in Chapter 3.  Two 

different thermal chemical vapor deposition growth systems are introduced. The 

morphologies and sizes of the as-grown zinc oxide nanostructures were analyzed. The 

visible luminescence of zinc oxide nanostructures synthesized by the two different 

growth systems was studied, including the effect of different native defects introduced 

under oxygen-deficient and oxygen-rich growth environments. Raman scattering 

experiments were performed on zinc oxide nanostructures. Raman spectra collected from 

zinc oxide nanostructures were compared with that of zinc oxide bulk crystals. Various 

broadening and enhancement effects in different Raman modes were discussed. Since the 
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longitudinal optical phonons are capable of ionizing the free exciton in zinc oxide, a 

better understanding of optical phonon modes and their interaction with other elemental 

excitations in zinc oxide nanostructures is necessary if room temperature excitonic 

emission is to be achieved. Correlations between the morphologies and the 

luminescence/Raman characteristics of the nanostructures were discussed. The 

uniformity of the samples in terms of optical properties was also discussed for the two 

different growth systems. 

In Chapter 4, one zinc oxide nanostructure (nanonail) was studied for lasing 

characteristics. Ultraviolet lasing involving the whispering-gallery-mode in optically 

pumped ZnO nanonails has been demonstrated. This is the first time that ultraviolet 

lasing in whispering-gallery-mode has ever been observed in ZnO nanostructures. Since 

zinc oxide nanostructure ensembles are known to be able to achieve ultraviolet lasing via 

a random lasing mechanism, special care has been taken to exclude the possibility of such 

lasing. Theoretical models based on the plane-wave approximation were employed to 

study the resonant modes formed in the nanonail cavity. Results have shown that classical 

models are still valid in nanostructures with size comparable to the wavelength of the 

light. Ultra-sharp emission peaks were observed in the spectrum of a single nanonail, 

indicating a high quality factor of the cavity formed by the hexagonally shaped nanonails. 

The emission characteristics of the tightly confined whispering-gallery-mode were found 

to be very different from that of the leaky Fabry-Perot mode usually found in zinc oxide 

nanostructures. The lasing threshold was determined by varying the power density of the 

excitation laser. 
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The controversial topic of the blue-green visible luminescence of zinc oxide was 

explored in Chapter 5. Post-growth annealing was carried out to investigate the 

photoluminescence of ZnO nanorod samples, synthesized by the oxygen-deficient growth 

system, which exhibit strong blue-green luminescence. Thermal annealing in oxygen-

deficient/oxygen-rich ambient conditions is a useful tool to study non-stoichiometry 

related defects in zinc oxide. Numerous research papers have been published that report 

on the effect of thermal annealing on the luminescence properties of zinc oxide, although 

the results were often inconsistent and even contradictory. Two crucial aspects have been 

neglected in previous research on this topic. The first aspect is the inevitable change in 

the surface adsorption of various gas species during the annealing process and 

consequently the change in the surface band bending, which can not be omitted due to the 

large-surface-to-volume ratio of the nanostructures. The second aspect is the dynamics 

and the mobility of point defects in zinc oxide, and consequently their spatial 

distributions in the nanostructures. In spite of existing evidence which indicate that some 

point defects can easily diffuse or migrate under the influence of electric field and/or the 

elevated temperature, no attention has been paid to this point. In our work, a model based 

on the interplay between band bending near the surface and migration of positively 

charged impurity ions or zinc ions was proposed, which satisfactorily explained the 

observed photoluminescence. The observed change in photoluminescence after annealing 

the samples strongly suggested that positively charged impurity ions or interstitial zinc 

ions are the recombination centers for the blue-green luminescence observed in our zinc 

oxide sample. The large surface-to-volume ratio and structural stability provided by the 
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nanostructures were important for the success of the annealing experiment and the correct 

interpretation of the luminescence. 

In Chapter 6, we have investigated the Raman scattering of aligned GaN 

nanorods. It was determined by Raman spectroscopy that the GaN nanorods are relatively 

strain-free. The free carrier concentration as well as electron mobility of the GaN 

nanorods were obtained by line shape analysis of coupled A1(LO) phonon-plasmon 

mode. It was the first time for this Raman scattering-based characterization technique to 

be applied on semiconductor nanostructures. Electrical measurements have been carried 

out to determine the electronic parameters of semiconductor nanostructures. However, 

good repeatable electrical contacts were by no means easily achievable. Our 

characterization technique thus provides a non-contact, non-destructive alternative. Since 

the position of the LO phonon peak was found to be dependent on both the temperature 

and the LO phonon-plasmon coupling, it is crucial to consider the temperature effect in 

determining the frequency of the uncoupled LO phonon mode for the line shape analysis. 

The local temperature of the nanorod sample was estimated based on the ratio of Stokes 

to anti-Stokes Raman peak intensity.   

In Chapter 7, micro-Raman and micro-photoluminescence spectroscopy were 

used collectively to analyze a gallium nitride based metal-insulator-semiconductor field-

effect-transistor. The source and drain regions of this device were constructed by the re-

grown gallium nitride n+ layer grown by selected area metal-organic-vapor-phase-

epitaxy. The material properties of the re-grown gallium nitride n+ layer and the intrinsic 

gallium nitride layer in the re-grown region were extracted by using both spectroscopies. 

The free-carrier concentration of the re-grown layer and the intrinsic layer were 



determined by line shape analysis of the coupled plasmon-phonon mode to be 

cm17107.4 × -3 and cm16103×< -3 respectively. The silicon dopant concentration in the re-

grown layer was found to be cm19102× -3 by the red-shift in the photoluminescence peak. 

Both Raman and PL spectrum show that the deposited gallium nitride layer is of very 

high quality. The two spectroscopies can complement each other, and the result obtained 

by one can be crosschecked by the other. This chapter presented a very useful optical 

analytical method for wide-band-gap semiconductor material and device analysis, as well 

as a comprehensive review of Raman and photoluminescence spectroscopy.    
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CHAPTER 2 

 

LITERATURE REVIEW 

 

Zinc oxide is a group II-VI binary compound semiconductor, and belongs to the 

C6v
4 space group.1 Zinc oxide crystals may take the wurtzite structure (hexagonal 

symmetry), zinc blende (cubic symmetry), and rock salt structure (cubic symmetry). 

Unless under high pressure, zinc oxide crystals will stabilize in the wurtzite structure. 

However, zinc blende structure can be formed by growth on a cubic substrate.2, , 3 4 As a 

result of the sp3 hybridization of the oxygen 2p orbital and zinc 3d orbital, each 

oxygen/zinc ion is surrounded by four zinc/oxygen ions at the corners of a tetrahedron, in 

zinc blende or wurtzite structures. The chemical bonding between zinc and oxygen has 

mixed character of the covalent and ionic bonding. The crystal structure of zinc oxide 

does not possess any inversion symmetry, thus it is a piezoelectric material. 

The wurtzite structure has a hexagonal unit cell with two lattice constants. At 

room temperature, the lattice constant a = 0.32495 nm, and is in the basal plane; the 

lattice constant c = 0.52069 nm, and is in the direction of c-axis. The c/a ratio is 1.602, 

which is close to the 1.633 ratio of the ideal hexagonal closed packed structure.5, 6 The 

wurtzite structure is composed of two interweaving hexagonal closed packed sublattices 

of zinc and oxygen. Each sublattice has unit cells with four like atoms. The two sets of 
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sublattices are separated by u = 0.3825 in fractional coordinates along the c-axis. The 

value of u in zinc oxide crystals is deviated from the ideal wurtzite structure (u = 0.375). 

The parameter u is related to the c/a ratio in such a way that the four tetrahedral distances 

remain unchanged by the difference in c/a ratio which is affected by the 

electronegativities of zinc and oxygen.7 The (0001) crystal plane of zinc oxide is 

terminated with zinc, and the (0001) plane is terminated with oxygen. The polar nature of 

the crystal leads to vastly different surface properties of these two planes. 

The (0001) planes in zinc oxide possess the highest surface energy among the 

low-index planes provided that no surface reconstruction or passivation has taken place. 

As a result, the zinc oxide nanostructures usually have the highest growth rate along the 

c-axis so as to minimize the surface area of the (0001) planes. This has been most 

commonly observed in the vapor phase growth process. 

At T = 300K, the wurtzite structure of zinc oxide has a direct bandgap of 3.37 eV. 

The direct interband transition takes place between the bottom of the lowest conduction 

band and the top of the valence band at the Г point in the Brillouin zone. The lowest 

conduction band of zinc oxide is s-type, whereas the valence band is a six-fold 

degenerate p-type and is split into three subbands due to spin-orbit interaction and 

crystal-field effect.8  

The bandgap of zinc oxide can be tuned from 2.8 to 4.0 eV by alloying with 

cadmium and magnesium. The bandgap of zinc oxide can be widened by alloying zinc 

oxide with magnesium oxide which has a wider bandgap of 7.7 eV,9 or narrowed by 

alloying with cadmium oxide which has a smaller bandgap of 2.3 eV.10 The problem with 

zinc oxide/magnesium oxide alloying is the limited solubility of magnesium in zinc oxide 
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(< 4 mol %).11 The different crystal structure of magnesium oxide (cubic structures) 

presents another problem.  

At room temperature, the highest electron and hole mobility in bulk zinc oxide 

single crystals was determined by Hall measurement to be 205 and 180 cm2·V-1·s-1, 

respectively.12,13 This value is comparable to the theoretical value of the room 

temperature electron mobility (~300 cm2/Vs) predicted by Monte Carlo simulations. 

Compared with bulk zinc oxide, the room temperature electron mobility of zinc oxide 

epilayers is lower (< 100 cm2/Vs).14 It was found that the surface roughness of the film 

was related with its electrical properties, and the mobility was increased with increasing 

grain size. The saturation electron drift velocity in zinc oxide is 3×107 cm/s, which is 

comparable to that of gallium nitride.15

Wurtzite zinc oxide is a native n-type semiconductor due to the deviation from 

stoichiometry. Nominally undoped zinc oxide can have a very high electron 

concentration on the order of 1021 cm-3.16 It has been shown that zinc interstitial rather 

than oxygen vacancy is the dominant native shallow donor in zinc oxide with an 

ionization energy of about 30-50 meV.17 However, it is still under debate as which native 

defect is the dominant donor.18 It has been suggested that the n-type conductivity of 

unintentionally doped zinc oxide is mainly from hydrogen with ionization energy about 

30 meV.19,20 n-type doping in zinc oxide can be achieved by doping with group III 

elements (aluminum, gallium, and indium can substitute zinc), or by doping with group 

VII elements (chlorine and iodine can substitute oxygen).21, ,22 23 High-quality high-

conductive zinc oxide films have been produced by doping with aluminum, gallium and 

indium. Some films grown by a metal-organic-chemical-vapor-deposition method have 
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achieved a resistivity as low as 1.2×10-4 Ω cm.24 With the high level of background n-

type conductivity presented in zinc oxide, p-type doping of zinc oxide is quite difficult, as 

always encountered in wide-band-gap semiconductors. P-type doping may be achieved 

by substituting zinc sites by group I elements such as lithium and sodium, or by 

substituting oxygen sites with group V elements such as nitrogen, phosphorous and 

arsenic.25, , 26 27  

The growth of high quality bulk zinc oxide crystals is relatively easier to achieve 

as compared with that of gallium nitride. Bulk zinc oxide crystals can be grown by 

hydrothermal,28, 29 vapor phase,30, 31 and hydride/halide vapor-phase epitaxy.32, 33 

Among them, the hydrothermal growth is more suited for growth of large zinc oxide 

crystal. Its drawback is the inevitable incorporation of alkali metals into zinc oxide. The 

growth is anisotropic with the highest growth rate in the [0001] direction (~0.25 

mm/day).34 Very high quality bulk zinc oxide can be produced via a vapor transport 

growth process.35 Polycrystalline zinc oxide thin films can be deposited by magnetron 

sputtering36 and chemical vapor deposition.37 Improved sputtering techniques such as 

radio-frequency magnetron sputtering38 and other deposition techniques such as 

molecular-beam epitaxy,39 pulsed-laser deposition,40 and metal organic chemical vapor 

deposition41 are capable of producing high quality zinc oxide single crystal films.  

The self-assembled of zinc oxide nanostructures can be achieved by using a 

variety of growth techniques, and almost all of the growth techniques used for zinc oxide 

thin film growth can be employed to synthesize zinc oxide nanostructures. The various 

growth techniques of zinc oxide can be categorized based on the different growth 

mechanisms such as vapor-liquid-solid, vapor-solid, and catalyst-free self-nucleation 
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process. Vapor-liquid-solid growth is probably the most widely used method, in which 

the metal catalyst particles are used to assist the growth of the nanostructures. 

Transmission electron microscopy reveals the existence of metal nanoparticles on the top 

of the nanostructures synthesized via vapor-liquid-solid process.42, ,43 44 Various metals 

such as gold, silver, copper and transition metals can be used as a catalyst.45, ,46 47 Due to 

the eutectic phase formed by the metal alloy, liquid alloy droplets are formed at the initial 

stage of the growth process. Following the formation of the liquid alloy droplets, gaseous 

species are absorbed onto the liquid droplets. Nucleation centers are formed upon 

supersaturation of the liquid alloy. With continuous feeding of reactant species, 

nanostructures start to grow from the nucleation sites. The diameter of the nanowire 

synthesized via vapor-liquid-solid growth largely depends on the size of the liquid alloy 

droplet.48 In the case of catalyst-free growth, zinc oxide nucleation takes place on the 

surface of the substrate. Epitaxial growth is possible on lattice-matched substrates. The 

growth rate of the vapor-solid process is much lower than that of the vapor-liquid-solid 

process due to a less efficient absorption of reactant at the nucleation sites. In the vapor-

solid process, crystal growth takes place at the interface of solid and vapor, whereas it 

takes place at the interface of solid and liquid in vapor-liquid-solid process.  

The intrinsic optical properties of zinc oxide are related to the electronic transition 

involving free electrons and holes, as well as free and bound excitons. The free exciton 

binding energies associated with the A (heavy hole), B (light hole) and C (crystal-field 

split band) valence bands are 63, 50 and 49 meV, respectively.49 The exciton binding 

energies are much larger than the room temperature thermal energy (25 meV), making 

the excitonic recombination processes possible even at room temperature, whereas in 
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other wide-band-gap semiconductor such as gallium nitride, the electron-hole-plasma 

transition is the dominate recombination processes. Since the separated electrons and 

holes are more vulnerable to be trapped by the various defects presented in the crystal, it 

is desirable to have a material with a large exciton binding energy for optoelectronic 

applications. Low-temperature absorption,50,51 reflection52,53 photoreflectance,54,55 and 

photoluminescence56, ,57 58 spectroscopies were usually employed to study the transition 

energies related to the intrinsic excitons in zinc oxide. Low-temperature (< 10K) 

photoluminescence has revealed multiple emission lines resulting from the electronic 

transitions near the band edge. They include free excitonic emissions and their phonon 

replicas, neutral donor bound excitons, neutral acceptor bound excitons, two-electron 

satellites, shallow donor-shallow acceptor pair transitions, and so on. At room 

temperature, all the aforementioned emission lines are not resolved, and only a relatively 

broad and featureless emission band can be seen. Although the exciton binding energy of 

zinc oxide is very large, the energy of its longitudinal optical phonon is equally energetic 

(72 meV). The free excitons can be easily ionized upon scattering by longitudinal optical 

phonons. It was found that the electro-phonon coupling strength decreases with 

decreasing size of the zinc oxide nanostructures.59 This fact implies that a more reliable 

excitonic recombination processes can exist in zinc oxide nanostructures than in zinc 

oxide bulk. Zinc oxide strongly absorbs photons with energy larger than the band gap, 

and the absorption coefficient was found to be ~160,000 cm-1 at 325 nm.60

The extrinsic optical properties of zinc oxide are related to the native point 

defects, impurities and other defects. These defect states form discrete energy levels in 

the band gap. Some of them can be expressed through visible luminescence via radiative 
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recombination processes. The mechanism of the defect related electron-hole 

recombination process in zinc oxide has been intensively investigated, and yet it still 

remains a controversial subject. Among the different mechanisms proposed to explain the 

visible luminescence, oxygen vacancies have been widely considered as the most 

probable candidate, although no consensus could be reached regarding the charge state of 

the oxygen vacancy; i.e., singly ionized61 or doubly ionized oxygen vacancy62. Oxygen 

annealing was usually employed to modify the level of oxygen deficiency in zinc oxide. 

However, contradictory results regarding the effect of annealing on the luminescence 

property of zinc oxide have been reported. In some experiments,63, , 64 65 oxygen 

annealing has enhanced the intensity of the visible luminescence band and has reduced 

the intensity of the band edge ultraviolet luminescence band.  However, in some other 

experiments, the exact opposite trend was observed.66, 67 It was also found that the 

change in relative intensities of the visible and ultraviolet luminescence band depends on 

the annealing temperature.68, 69

Recently, optically pumped room temperature stimulated emission and lasing 

have been reported in many zinc oxide nanostructures where zinc oxide serves as both the 

active material (gain material) and optical cavity. In the lasing actions reported, most of 

the cavities formed by zinc oxide nanostructures exhibits a Fabry-Perot type of resonance 

in which the top and bottom facets of the nanostructure serve as two reflecting mirrors 

while the sidewall of the structure provides lateral confinement.70, , ,71 72 73  On the other 

hand, random lasing is also observed in samples with a high density of nanowires.74,75 

The cavity formed by the two end facets of zinc oxide nanowires cannot provide a high 

level of confinement due to the limited reflectivity at the end facets for normal incident 
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light, and the high diffraction loss when the lateral size of the cavity is much smaller than 

the wavelength. This results in a relatively low quality factor.76  It has been shown that 

whispering gallery modes possess a very high quality factor, where light is confined on 

the circumference of a dielectric disk or sphere.77,78 Lasing in whispering gallery modes 

has been observed in both gallium nitride microdisks79 and a hybrid zinc oxide/silica 

microdisk.80 Very recently, the presence of whisper gallery modes has been demonstrated 

in tapered zinc nanoneedles with hexagonal cross section and a lateral size even smaller 

than the wavelength,81 although the spectra only show broad emission bands in the 

visible spectral range and no lasing action was reported.  
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CHAPTER 3 

 

GROWTH AND CHARACTERIZATION OF ZINC OXIDE NANOSTRUCTURES 

 

3.1 Introduction 

Zinc oxide (ZnO) has been recognized as an important functional material which 

has applications in sensors,82 solar cells,83 surface acoustic wave devices,84 and 

varistors85.  ZnO is a semiconductor with a large band gap of 3.37 eV and a large exciton 

binding energy of 60 meV as compared with thermal energy at room temperature (25 

meV), making it a promising material for UV laser and optoelectronic application. 

Recently, there has been a vigorous research activity in the growth of ZnO 

nanostructures. Some of the well established growth methods for ZnO nanowire and 

nanoprticle are the vapor-liquid-solid (VLS) growth,86,  87 metal-organic vapor-phase 

epitaxy (MOVPE),88,89 plasma-assist chemical vapor deposition,90 metalorganic 

chemical vapor deposition,91 pulsed laser deposition,92 electrophoretic deposition,93 and 

spray pyrolysis94 etc. In some of these processes, nanoparticles of Au or Ni are frequently 

utilized as catalysts.  However, ZnO nanowires have also been successfully synthesized 

using thermal evaporation even without a metal catalyst.95   

Recently, Yao et al. has produced needle-like rods with a hexagonal head at 750-

800˚C via thermal evaporation.96  Very recently, Lao et al. have also synthesized nail 
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shaped nanorods at 950-970˚C using a thermal evaporation and condensation.97  The 

nanostructure was named “nanonail” due to the similarity of its morphology to a nail.  

However, these growth processes require a relatively high temperature, and there is a 

scarceness of optical and electrical properties of these samples reported. The 

luminescence and Raman spectroscopy of ZnO nanostructures demonstrate different 

characteristics from its bulk or thin film counterparts due to their very large surface to 

volume ratio, the intrinsic defects presented in the materials, the strong electric field from 

band bending and other unique properties. In nanostructures with size of a few 

nanometers or smaller, quantum confinement can occur for both the charge carriers and 

optical phonons leading to emission or scattering peak shift and broadening in 

luminescence and Raman spectra. Some ZnO nanostructures such as nanonail and 

nanopillar possess well-formed crystal facets, thus providing an ideal dielectric cavity for 

photon confinement. With such a resonant cavity and the high optical gain provided by 

ZnO, room temperature lasing can be achieved in the ultra-violet spectral range.98 Some 

ZnO nanostructures such as nanoneedles provide excellent platforms for field emission 

applications. ZnO nanostructures are unintentionally n-typed doped and possess good 

electric conductivity, and their resistance to ion bombardment making them especially 

attractive for field emission applications in poor vacuum and a low pressure air 

environment.99 When studying ZnO nanostructures, it is important to realize that the 

optical and electrical properties of these structures are profoundly affected by their 

surface conditions, more specifically their ambient environment. 

In this work, we have successfully synthesized ZnO nanostructures at a relatively 

low temperature (450-700˚C) via thermal CVD process, and performed optical 
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characterization such as Raman and photoluminescence spectroscopy. The as-grown ZnO 

nanostructures were also analyzed by scanning electron microscopy and X-ray diffraction 

measurement. The ZnO nanostructures studied in the present research were grown by Ms. 

Hee Won Seo and Mr. An-jen Cheng. 

 

3.2 Thermal CVD deposition of ZnO nanostructures 

The synthesis of ZnO nanonails has been carried out using a single-zone resistive 

heating tube furnace (Lindberg, 54233) (Figure 3.1). Zinc powder (99.998%, Aldrich) 

was placed in an alumina boat (10×1.5×1 cm3) located inside the quartz tube reactor (~1 

m long, and an inner diameter of 5 cm). Argon gas (Grade 5) was used as carrier gas; the 

gas flow rate was controlled by a mass flow meter from 500 sccm to 1000 sccm. The 

residual oxygen in the reactor tube and in the partially oxidized zinc powder, and/or in 

the Ar gas was used as the oxygen source. The residual water vapor inside the reactor 

tube also participated as a reagent in the growth of ZnO (the reactor tube was not baked 

before the deposition). There are two possible reactions involved in the growth of ZnO: 

Zn + O2   ZnO       (3.1) 

Zn + H2O  ZnO + H2      (3.2) 

  

 



 

Figure 3.1:  Schematic diagram of the thermal CVD system for ZnO nanonail synthesis 

(NH3 is used for etching of the sputtered catalytic metallic layer, and is not used during 

the deposition of ZnO). 

 

Silicon wafers were cleaned by the RCA wafer cleaning process, dipped in 

deionized water for 15 min, and then dried by flowing nitrogen. For catalyst-assisted 

deposition, Si substrates [(100) or (111)] were treated with NiCl2·6H2O (99.999%) or 

HAuCl4·3H2O solution (solution concentrations vary from 0.01 M to 1 M, Figure 3.2). As 

an alternative, Si substrates were coated with Ti or Pt by sputtering. The as-sputtered Si 

substrates were etched in flowing ammonia to form nanometer-sized metal islands. The 

prepared substrate was then placed on top of the boat which contained the zinc powder. 

All chemicals were used as delivered without further purification. 
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Figure 3.2:  As-prepared catalyst solutions, from left to right: NiCl2·6H2O (0.1 M), 

NiCl2·6H2O (0.01 M), HAuCl4·3H2O (0.01 M), HAuCl4·3H2O (0.001 M). 

Prior to heating the samples, the tube was purged with Argon gas for 10 min at a 

flow rate of from 100 sccm to 1000 sccm.  The temperature of the furnace was set within 

the range from 450 to 700oC. The alumina boat was placed in the middle section of the 

tube furnace where the temperature of the furnace was uniform and closest to the set 

point as measured by a thermocouple. The average rate at which the furnace temperature 

was ramped is usually at about 30oC per min. Once the desired temperature was reached, 

it was maintained at the set point for 30 min to 1 hr.  After the furnace was turned off, the 

tube was kept filled with by Argon gas until the sample cooled down to the room 

temperature. 

The catalyst-assisted synthesis of ZnO nanostructures takes four steps. First, 

NiCl2·6H2O or HAuCl4·3H2O ethanol solution is dispersed on a Si (100) wafer, forming a 

thin film of solution on the substrate. Upon heating to 450-500oC in the furnace, 
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NiCl2·6H2O or HAuCl4·3H2O thermally decomposes and Ni or Au particles are formed 

via the Ostwald ripening process.100  These islands can be made from an eutectic metal-Si 

alloy droplets with diameters of tens of nanometers.101 As the temperature is ramped up 

(> 419°C), Zn vapor is formed in the tube; which then preferentially adsorbs and 

condenses on the Ni or Au nanoparticles. The whole nucleation can be described as a 

Vapor-Liquid-Solid (VLS) process with the help of catalytic particles to reduce the 

surface free energy. Following the nucleation, ZnO starts to grow from the nuclei 

provided, there is sufficient supply of reactants. ZnO will largely grow along c axis due 

to the faster growth rate along that direction than the lateral direction. The incremental 

growth of ZnO nanowires taking place at the droplet interface constantly pushes the 

catalyst particles upwards.  

If the catalyst is not consumed during the deposition, instead of a VLS process, 

the ZnO growth follows a Vapor-Solid (VS) process in which the zinc vapor and oxygen 

directly deposited onto the substrate to form ZnO crystal.102

Nucleation density of ZnO is determined by the activation energy and temperature 

as,103

 
)/exp( TRGAN −=       (3.3)  

 
where is the nucleation density, T is growth temperature, N SV GGG +=  is activation 

energy of nucleation.  is volume free energy,  which is related to the oxygen 

concentration as: .   is the surface free energy.  Catalytic particles are 

introduced to change the local curvature on an otherwise flat surface, thus effectively 

lowering the surface free energy and total activation energy over those locations. On the 

VG

)(ln 2OPGV −∝ SG
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other hand, the relatively low oxygen concentration in the reactor tube makes  the 

volume free energy fairly large. Due to the lattice mismatch between ZnO and Si (100), 

island growth is still possible even without catalytic particles but the density of the 

nuclei, and thus the density of the nanostructures, will be lower under the same growth 

condition. It was observed that nucleation became much easier if Si (111) was used as the 

substrate, and very high density of ZnO nanostructures were deposited on Si (111) 

without the help of catalyst particles. It was interesting that the morphology of the 

nanostructures deposited on Si (111) was drastically different from those deposited on Si 

(100), despite the fact that identical growth parameters were adopted in both cases.    

VG

A major drawback of the thermal CVD system discussed above (hereafter called 

the oxygen-deficient growth system) is the lack of an independent control of the oxygen 

source. The growth environment presented in such a system is almost always oxygen 

deficient unless very small amount of zinc is used during the growth. Indeed, it is usually 

found that a large portion of the zinc power placed in the alumina boat is left un-reacted 

due to the limited supply of oxygen. Therefore, the yield of this growth system is 

determined by the amount of residual oxygen in the reactor tube (which is very hard to 

control) rather than by the amount of zinc powder. 

To increase the product yield, and more importantly to reduce the oxygen-

deficiency related defects in the as-grown samples, a separate oxygen gas source was 

added to the original growth system. Figure 3.3 shows the schematic diagram for the 

updated thermal CVD reactor (schematic diagram contributed by Mr. An-jen Chen). A 

thermocouple is located close to the inner quartz tube in order to precisely measure the 

reaction temperature. The pressure in the quartz tube can be controlled by a manual 
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throttle valve or an automated exhaust valve controller, which is connected to a 

mechanical pump and a manometer pressure gauge. Argon (carrier gas) and O2 (reactant 

gas) are introduced into the tube precisely by using mass flow controllers to control the 

amount of flow rate. A photograph of the updated thermal CVD system is shown in 

Figure 3.4. 

Transparent 
window 

Quartz tube 

O2 Ar 

U shape tube for spacer Sample 

Thermocouple Quartz

Exhaust Line  

   Figure 3.3:  Schematic diagram of the updated thermal CVD growth system. 104  

 

Prior to the deposition of ZnO nanostructures using the updated system, the 

reactor tube was pumped down to a low vacuum (20 mTorr), and then purged with Argon 

gas. The sample was heated up to the growth temperature at a rate of ~30oC per min. 

When the growth temperature was reached, oxygen gas was administered at a flow rate of 

15-100 sccm. The growth temperature was maintained at 550-725oC for about 30 min. 

Argon gas was kept flowing (flow rate: 100-1500 sccm) during the entire growth process 
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till the temperature has dropped back to room temperate. The gas pressure inside the tube 

was regulated at ~100 Torr during growth.  

The local pressure of zinc vapor on the substrates is a key factor in the thermal 

CVD process. A quartz plate was placed in front of the boat as a baffle to reduce the 

speed of the carrier and reactant gas flow (Figure 3.3). To better confine the zinc vapor 

around the substrate, the substrate and boat were placed inside a short quartz tube (20 cm 

long) with a smaller diameter (2 cm) than that of the main reactor tube (5 cm in 

diameter). A spacer was placed in between the substrate and boat to optimize their 

distance. 

 It should be pointed out that the deposition of ZnO may take place along the 

entire length of the reactor tube, and white fluffy materials were often found on the tube 

wall after deposition. One added benefit provided by using the extra small reactor tube is 

that it can be easily replaced or removed from the thermal CVD system for cleaning, 

without breaking the vacuum sealing at both ends of the main reactor tube. 



 

 

Figure 3.4: The updated thermal CVD growth system.    

 

The precise timing and control of oxygen gas flow is critical for the success of the 

ZnO depositions. If oxygen gas is allowed to enter the reaction tube too early and zinc 

vapor has not sufficiently formed on the substrate, oxygen gas simply reacts with the zinc 

powder and the growth process terminates prematurely. This being the case, very little 

ZnO can be deposited on the substrate (Figure 3.5 c). Instead, dark-grey colored powder 

and small chips of oxidized zinc are formed on top of the zinc powders placed in the boat, 

while zinc powder at the bottom of the boat remains largely un-reacted. On the other 

hand, if oxygen gas is introduced into the tube too late, the zinc source is prematurely 
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exhausted by the residual oxygen or carried away out of the tube. In this case, the growth 

process is just similar to that resulting in the oxygen-deficient growth system. In order to 

obtain well-formed nanostructures, it is important that a small oxygen gas flow rate is 

used at the initial stage of the growth and the oxygen concentration is kept low in the 

reactor tube at all time. A surge in oxygen concentration usually leads to the overgrowth 

of the nanostructures into microstructures or the formation of ZnO polycrystalline films; 

it also reduces the volatility of the zinc source thus making the deposition on substrates 

more difficult. 

The as-deposited samples consist of gray-white wax-like coatings on substrates 

(Figure 3.5 b). Thick and dense depositions tend to result in whiter coloration than thin 

and sparse depositions. Both sides of the Si wafer were often coated with ZnO. Under 

visual inspection, patches with uniform coloration and texture can be seen for coatings 

deposited on the upper surface of the substrate, the size of those patched varies from 

several millimeters to a few centimeters. The coatings deposited on the lower surface of 

the substrates appeared less uniform than those deposited on the upper surface. They 

were also less controllable and could have changed dramatically from one run to the 

other. Therefore, they were often discarded prior to further analysis.   



 

 

Figure 3.5:  (a) Si substrate on alumina boat before the thermal CVD growth, (b) after 

growth, (c) a typical example of under-deposited substrate; the growth was probably 

terminated prematurely (note that zinc left in the boat).     

 

3.3 Morphology, size and crystallization 

 The as-grown samples were analyzed by scanning electron microscopy (SEM, 

Zeiss). Figure 3.6 shows some typical ZnO nanostructures synthesized by the oxygen-

deficient thermal CVD growth system (SEM images contributed by Ms. Heewon Seo).   
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Figure 3.6:  SEM images of some ZnO nanostructures synthesized by the oxygen-

deficient thermal CVD growth method. All nanostructures were deposited on Si (100) 

substrate. 

The size and morphology of the ZnO nanostructures can exhibit large variations 

depending on the different combinations of growth parameter as well as the catalysis 

used. Many factors can affect the size and morphology of the nanostructures. There are 

several controllable or semi-controllable parameters such as growth temperature, 
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temperature rate (ramping rate and cooling rate), vapor pressure (environment pressure 

and substrate (local) pressure), carrier gas (gas species and its flow rate), evaporation and 

deposition time period, oxygen flow rate and concentration, the total gas pressure in the 

reactor, and the characteristics of the substrate.  

The following are factors which are uncontrollable but also affect the growth 

product profoundly such as the gas flow turbulence formed inside reactor, the formation 

of oxidized layer on the surface of zinc powder etc. Most of these are direct results of the 

inherent shortcomings of the thermal CVD deposition method. Therefore, it was often 

found that several different morphologies may be present on the same substrate, and 

different nanostructures were synthesized even if the same set of growth parameters were 

employed. Based on this consideration, it seems difficult to attribute any particular 

morphology and size to one set of several growth parameters. However, the formation of 

different morphologies and sizes were not completely random. Although several different 

morphology and size can be found simultaneously, there were always some types of 

morphology that were more common than others. The advent of the prevalent 

morphologies was associated with the growth parameters employed, when the growth 

parameters were changed the major features of the nanostructure changed accordingly. 

Although variations in shape and size existed when the same set of growth parameters 

were employed, the variations were small in terms of the averaged shape and size of the 

nanostructures, e.g. if in one growth most of the nanostructures are nanoneedles and 

nanorods with several tens of nanometers in diameters, in the next experiment using the 

same growth condition the major features will still be nanoneedles and nanorods with 

similar size although the quantity and distribution of each feature are usually different. 
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The controllability and repeatability of the shape and size of the nanostructures 

synthesized by the updated thermal CVD system are better than those synthesized by the 

oxygen-deficient growth system, due to its better control over the growth environment. 

Despite the diverse morphologies presented in ZnO nanostructures, they all share 

a common feature: all morphologies display certain degree of axial symmetry (Figure 

3.7). The symmetry axis is the c-axis of ZnO crystal, since this is the preferred growth 

direction. The shape of the nanostructures is determined by the growth rate in the c-plane 

with respect to that along the c-axis at different growth stages. A uniform growth rate 

over the entire formation period will result in a rod-like structure with uniform cross-

section. The diameter and the aspect ratio of the rod primarily depend on the size of the 

catalyst alloy droplet (in the VLS process), and the relative growth rate perpendicular and 

parallel the c-axis respectively.    

More complicated morphologies such tripods, tetrapods, comb-like structures and 

irregular branching structures can be broken down into smaller simpler constituent 

structures. ZnO nanostructures such as the nanoring, helical nanospring, nanobow etc. 

have been reported. 105, , 106 107 These nanostructures do not have a well-defined symmetry 

axis or have symmetry axis other than the c-axis of the crystal. Nevertheless, the c-axis is 

still the preferred growth direction for these nanostructures; their special shapes are 

formed by bending and twisting the c-axis so as to relieve the residual strain in the 

materials. No such structures were synthesized using our thermal CVD system. 
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Figure 3.7:  Schematic diagrams of several most common ZnO nanostructures 

synthesized by thermal CVD system: (a) nanonail, (b) nanobone, (c) nanorod, (d) 

nanoneedles.  

 

 Figure 3.8 shows a typical XRD pattern of the as-grown ZnO nanostructures. 

(XRD pattern collected by Mr. N. Sathitsuksanoh) Diffraction peaks from all major 

crystal planes can be found due to the random orientation of the nanostructures. ZnO 

nanostructures possess the same lattice constants and wurtzite crystal structure as the bulk 

ZnO crystals. The FWHM of all diffraction peaks are smaller than 0.2 o, indicating an 

excellent crystallization, in accord with the well known finding that each ZnO 

nanostructure is also a single monolithic ZnO crystal.     
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Figure 3.8:  Typical XRD pattern of ZnO nanostructures. 

 

3.4 Photoluminescence spectroscopy of ZnO nanostructures 

Room temperature photoluminescence (PL) spectroscopy was performed using 

the 325 nm line (20 mW) and the 441.6 nm line (80 mW) from a He-Cd laser. PL spectra 

were collected using a spectrometer (JY-550) equipped with holographic gratings (2400 

lines/mm, 3600 lines/mm), and a thermoelectrically-cooled charge coupled device (CCD) 

detector (2048 × 512 pixels). The spectral resolution of the system is ~ 0.01 nm, and the 

UV laser beam was focused onto a spot of ~10 μm in diameter on the sample surface 

using a ×27 lens (N.A.=0.4). The PL spectra collected should be regarded as the 

ensemble spectra of several tens to several hundred nanostructures.  
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Figure 3.9:  Room temperature PL spectra of ZnO nanorods collected from two different 

samples synthesized via the oxygen-deficient thermal CVD process. 

 

The room temperature PL spectra of ZnO nanostructures synthesized by the 

oxygen-deficient thermal CVD procedure are shown in Figure 3.9. The two spectra were 

collected from two different samples (Sample #: Z011 and Z055) deposited using the 

same growth conditions. Both spectra exhibit a near-band-edge (NBE) emission peak at 

about 3.21 eV, and a broad blue-green visible emission band at about 2.48 eV. The NBE 

emission is mostly due to the excitonic transitions, while the blue-green emission is due 

to electronic transitions at defect states (the mechanism of this visible luminescence is 

discussed in details in Chapter 6). Broad emission bands may exist at the longer 
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wavelength side of the blue-green emission band, but their intensities are much weaker 

than that of the blue-green band. The FWHM of the NBE is about 0.1 eV. The peak of 

NBE is comprised of many emission lines together with their longitudinal-phonon 

replica, which cannot be resolved with room temperature PL measurements. At room 

temperature a strong exciton-LO phonon coupling leads to homogenous broadening and a 

fairly broad NBE peak. Therefore, the FWHM of the NBE peak bears little indications of 

the quality of the ZnO crystals. The quantum confinement effect was not considered 

because the sizes of the ZnO nanostructures studied in this work are much larger than the 

sizes needed for quantum confinement. Therefore, the inhomogeneous broadening in the 

luminescence bands due to the size variation in the nanostructures probed can be safely 

disregarded.      

The major difference between the two spectra in Figure 3.9 is the relative 

intensity of the UV NBE emission peak to the blue-green band. It is interesting that the 

nanostructures deposited on both samples were nanorods with similar sizes and 

morphology. Clearly, there is no simple relationship between morphology and 

luminescence characteristics of ZnO nanostructures. It was often found that ZnO 

nanostructures with similar morphology and size possessed PL spectrum with quite 

different visible luminescence intensities, while similar PL spectra may come from 

different nanostructures. Nevertheless, the PL spectra colleted from different locations of 

the same sample were all similar to each other, indicating a good uniformity in terms of 

luminescence characteristics for samples prepared using this growth method. 

It is well known that the luminescence of ZnO varies as a function of temperature. 

The PL spectra of ZnO nanostructures collected at various temperatures are shown in 



Figure 3.10. The NBE emission peak redshifted as a result of the reduced band gap at 

elevated temperatures (Figure 3.11), and was also broader due to enhanced phonon 

scattering (Figure 3.11). The photon energy of the NBE as a function of temperature can 

be described by Varshini’s empirical formula: 

)()( 2 βα +−= TTETE og       (3.4) 

where Eo is the photon energy of the NBE emission at absolute zero. Equation 3.4 was 

used to fit the experiment data in Figure 3.11. The obtained α, β, and Eo are 1.5×10-3 

eV/K, 244 K, and 3.38 eV, respectively. The obtained energy position at 0 K agrees well 

with the reported values for the energy position of the free exciton in ZnO.108, 109

Both the NBE and visible luminescence were being quenched with increasing 

temperature, but the intensity of visible luminescence decreased much faster. It was 

almost completely quenched at temperatures above 60oC (Figure 3.12). Interestingly, no 

shift was observed for the blue-green emission as the temperature increased, indicating 

that the defect levels involved in the blue-green luminescence are not associated with the 

band edges.36 To the contrary, the electronic transitions associated with the NBE 

emission take place among effective-mass like states and band edges. Note that the 

thermal quenching behaviors of NBE and visible luminescence cannot be described by 

simple functional forms that containing a single exponential, such as:  

)]/exp(1[0 TkEII BA−−⋅=        (3.5) 

where I0 is the luminescence intensity at absolute zero, and EA is corresponding thermal 

activation energy of the quenching mechanism.  
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Figure 3.10:  PL spectrums of ZnO nanostructures collected at different temperatures 

from 27oC to 71 oC. Inset shows the PL spectrum collected at 71 oC at a higher 

magnification.  

 

Because of the small volume of the nanostructures and the lack of a heat sink near 

the nanostructures, the effective thermal conductivity of ZnO nanostructure ensembles 

was greatly reduced as compared to ZnO bulk materials. 110 The high power intensity of a 

focused laser beam and the strong absorption of UV laser light also elevate the local 

temperature of the illuminated nanostructure ensemble greatly. In view of the sensitivity 

of the PL event to temperature, caution must be exercised in conducting the experiment. 

In the present work, neutral density filters were progressively applied to reduce the power 
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of the incident light until no more change was observed in PL spectrum. Unless otherwise 

specified, this experimental protocol was employed for collecting all the PL spectra 

presented in this dissertation work. 
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Figure 3.11:  The FWHM and photon energy of NBE as a function of temperature. The 

red solid line is a fit according to Varshini’s function. 
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Figure 3.12:  Intensity of NBE and visible emission as a function of temperature. The 

inset shows the change in the ratio of the intensity of NBE to visible emission with 

increasing temperatures. 

 

The room temperature PL spectra of ZnO nanostructures synthesized by the 

updated thermal CVD method are shown in Figure 3.13 (b) and (c). Spectrum b and c 

were collected from different locations on the same sample (Sample #: Z0510). A typical 

PL spectrum of ZnO nanostructures synthesized via the oxygen-deficient thermal CVD 

system is also presented for comparison. All three spectra showed the ultra-violet near-

band-edge (NBE) emission at about 3.21 eV. The visible emission from the sample 
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deposited via the oxygen-deficient CVD method was dominated by a broad blue-green 

emission band at about 2.48 eV. For a sample deposited by using the updated CVD 

system, the blue-green emission band at 2.48 eV was greatly reduced or completely 

disappeared. Spectrum c in Figure 3.13 shows a dramatically different PL spectrum: the 

blue-green band has given away to very strong violet-blue emission bands and broad 

bands in the yellow-orange-red range.  

A common observation is that the blue-green emission was a result of an oxygen 

deficiency during the growth process, while the yellow-orange emission bands were 

observed in the PL spectrum collected from the samples grown with excess oxygen 

supply.111, , 112 113 Therefore, it is expected that the blue-green emission band should 

dominate over other visible emission bands in the PL spectrum collected from samples 

synthesized by the oxygen-deficient CVD system (spectrum a in Figure 3.13). Indeed, the 

visible luminescence of those samples was always dominated by the blue-green 

luminescence. On the other hand, the PL spectrum of ZnO nanostructures synthesized in 

oxygen-rich condition (spectrum b and c in Figure 3.13) should display suppressed blue-

green emission and enhanced yellow-orange emissions. When the balance between zinc 

and oxygen was reached and the defects due to the non-stoichiometry are minimized, the 

PL spectrum was essentially free of visible emission as shown in spectrum b of Figure 

3.13.    

The PL spectra of our ZnO samples are also in accord with the observation that 

the blue and the yellow-orange emission band always appear together, while the blue-

green band is not related to the other emission bands.2, 114



As demonstrated in the PL spectra presented above, the PL characteristics of the 

ZnO samples deposited via the updated CVD system were much less uniform as 

compared with those of samples deposited using the oxygen-deficient CVD system. Quite 

different PL spectra were often found at locations in close proximity (< 0.5 mm apart), 

despite the fact that the morphology and size of the nanostructures are similar at these 

locations. We believe that the large variation in the PL characteristics is possibly related 

to the gas flow turbulence and vortex formed around the small quartz tube and the baffle, 

which causes large changes in local oxygen and zinc vapor concentrations.          
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Figure 3.13:  Room temperature PL spectra of ZnO samples deposited using the oxygen-

deficient CVD procedure (a), and the updated CVD system [(b) and (c)]. Note that 

spectra (b) and (c) were collected from different locations on the same sample. 
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It has been shown that the intensity of the blue-green emission is strongly 

influenced by the surface condition of the ZnO nanostructures.115, , 116 117 We have shown 

that through surface band bending, chemisorbed oxygen played a crucial role in the 

recombination process of the blue-green emission.118 Equivalently important is the 

concentration and the spatial distribution of defect states, at which the recombination 

process of the blue-green emission takes place. It is believed that the recombination 

process occurs between the two defect-levels, and one of them involves interstitial zinc or 

its complex.119, 120, 121 As the interstitial zinc and oxygen vacancies are most easily 

formed in oxygen-deficient growth conditions,122 it is understood that the blue-green 

emission is dominant in samples deposited in an oxygen-deficient environment. On the 

other hand, the yellow-orange emission is believed to be related to interstitial oxygen or 

its complex.3, 123  

Since the oxygen-rich growth environment will lead to a more pronounced 

surface adsorption of oxygen, one should expect a strongest blue-green emission in the 

sample grown using the highest flow-rate of oxygen, provided that the concentrations and 

distributions of the defect states of blue-green emission are similar among the three 

samples grown using different oxygen flow-rate. Therefore, the absence of the blue-green 

emission in the two samples grown with sufficient oxygen supply can be ascribed to the 

reduced concentration of defect states at which the blue-green emission takes place. The 

presence of other emission bands in the sample grown with high oxygen flow-rate can 

thus be explained as a result of the introduction of intrinsic defects such as interstitial 

oxygen and zinc vacancies. 

 



Figure 3.14:  Room temperature PL spectrum of the sample deposited with a high oxygen 

flow-rate collected using 325 nm line (a) and 441.6 nm line (b) of He-Cd laser. The thin 

solid lines indicate emission bands derived from curve-fitting multiple Lorentzian 

functions to the PL spectrum. 
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In Figure 3.14 the PL spectrum of a sample deposited with a high oxygen flow-

rate is fitted with seven Lorentzian peaks: ultra-violet (3.21 eV), violet (2.9 eV), blue 

(2.71 and 2.6 eV), green (2.19 eV), yellow (2 eV), and red (1.8 eV). The PL spectrum of 

the same sample collected using the 441.6 nm line of the He-Cd laser (Figure 3.14b) only 

shows the red emission band. On the contrary, no emission bands were observed for the 

 42



 43

other two samples when the 441.6 nm line was used as excitation. The inability to 

generate the blue-green emission (~ 2.48 eV) using below-band-gap excitation,124 lies in 

the recombination process which occurs between a shallow donor level and a deep defect 

level. Electron-hole pairs need to be generated by above-band-gap excitation first, and 

then the photo-generated electrons and holes can be trapped by shallow and deep level 

defect states, respectively.  

The fact that the red emission can be generated by below-band-gap excitation 

implies that it does not depend on the photo-generation of both conduction electrons and 

holes. We speculate that the recombination process of red emission occurs between 

photo-generated holes bound at a deep-level state and conduction electrons or electrons 

bound at another deep-level state. Another scenario is that the red emission process may 

take place through the intra-defect transition between the ground state and the excited 

state of a defect level/defect complex (Frank-Condon principle). It has been reported that 

the green (2.19 eV) and yellow (2 eV) emission bands can be generated by photons with 

an energy higher than 3 eV,125 thus they were not observed in the PL spectrum (Figure 

3.14b) collected using 441.6 nm line as an excitation. 
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3.5 Raman spectroscopy of ZnO nanostructures 

Room temperature Raman spectroscopy was performed using the 441.6 nm line 

from a He-Cd laser (80 mW). Raman spectra were collected using a spectrometer (JY-

550) equipped with two 3-inch holographic gratings (2400 lines/mm, 3600 lines/mm), 

and a thermoelectrically-cooled charge coupled device (CCD) detector (2048 × 512 

pixels). The laser beam was focused onto a spot with ~5 μm in diameter on the sample 

surface using a ×50 lens (N.A. = 0.45). The spectral resolution of the system is ~0.2 cm-1. 

Micro-Raman spectroscopy was carried out using a backscattering geometry. The 

incident beam was linearly polarized, and the polarization states of the scattered beam 

were not analyzed. The entrance slit of the spectrometer was kept at 0.1 mm wide in 

order to minimize the artificial broadening of the Raman scattering peaks induced by the 

finite slit size.126 Similar to PL spectroscopy, the Raman spectra collected should be 

regarded as the ensemble spectra of several tens to several hundreds nanostructures. 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 3.15:  Room temperature Raman spectrum of ZnO nanorods. (a) low wavenumber 

region, (b) high wavenumber region. 
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 Wurtzite GaN belongs to the C6v
4 space group, and group theory predicts A1(z) + 

2B1 + E1(x,y) + 2E2 optical modes at the Γ point of the Brillouin zone.127  Among these 

optical modes, the two E2 modes are Raman active, the A1 and E1 modes are both IR and 

Raman active, and the two B1 modes are silent.  Because of the polar nature of ZnO, the 

A1 and E1 modes are split into transverse (TO) and longitudinal (LO) components by the 

macroscopic electric field. 

 The same samples that were analyzed for PL measurements in the last section, the 

ZnO nanorods (Z011 and Z055) synthesized using the oxygen-deficient system and the 

nanostructures (Z0510) synthesized using the updated system, were studied in Raman 

scattering experiment. The room temperature Raman spectrum of ZnO nanorods is shown 

in Figure 3.15. The PL spectrum of ZnO nanorods is shown in Figure 3.9. Since the 

Raman spectra collected from the two nanorod samples were similar, only one spectrum 

is shown here. All Raman active modes were observed due to the random orientation of 

the nanorods. The overtone of the LO phonon mode is shown in Figure 3.15 b. The 

frequencies and FWHM of the Raman modes were obtained by fitting the spectrum with 

Lorentzian functions, the results are shown in Table 3.1. 

 

Table 3.1:  Frequencies and FWHM of the Raman modes of ZnO nanorods.  

                            Quasi-TO       E1(TO)          E2         Quasi-LO           LO overtone   

Frequency (cm-1)   380.5            409.3            436.4a          583.3                1160        

Linewidth (cm-1)     13.2                8.1                6.5             20.5                  52 

a corrected for temperature effect 



 In analogy to the PL spectroscopy results, quantum confinement of optical 

phonons was not considered because of the size of the ZnO nanostructures. Since the 

Raman spectra correspond to an ensemble spectrum of many nanostructures, the 

inhomogeneous broadening of the Raman scattering peaks due to the size variations of 

the nanostructures may play an important role.128 Therefore, this broadening effect does 

not need to be considered in this work.   

The linewidth of the Raman scattering peak is related to the lifetime of the 

correspondent phonon via the energy-time uncertainty relationship:129  

τ1=Δ hE        (3.6) 

where ΔE is the linewidth of the phonon mode, τ is the lifetime of the mode, and ħ is the 

Planck constant. Using Equation 3.6 we obtained 0.82 ps and 0.65 ps for the phonon 

lifetime of the E2 and E1(TO) modes, respectively. The E2 phonon lifetime for our 

samples is close to that of the ZnO bulk single crystals (0.87 ps, Table 3.2). Since the 

phonon lifetime is directly related to the quality of the crystal, it can be seen that our ZnO 

nanostructures are of high crystal quality. 

 The FWHM of the A1(TO) (or more precisely quasi-TO) and quasi-LO phonon 

mode is significant larger than the linewidth of E2 mode. The broadening in A1(TO) 

mode is largely caused by mode mixing rather than different phonon lifetimes. 

Broadening of the LO phonon mode is caused by both mode mixing and plasmon-LO 

phonon coupling effect. It is well known that when the direction of phonon propagation is 

between the c-axis and the c-plane, a mixing of A1 and E1 modes will occur in wurtzite 

crystals where long-range electrostatic forces dominate over the anisotropic short-range 

force.130, 131 As a result of mode mixing, the quasi-LO mode (QLO) exhibits a frequency 
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in between those of the E1(LO) and A1(LO) modes, and quasi-TO (QTO) mode adopt a 

frequency in between E1(TO) and A1(TO) modes, while E1(TO) remains unaffected.49, 50, 

, 132 133 The frequencies of QLO and QTO modes are described by the following 

equations:  

       (3.7) θωθωω 22
)(

22
)(

2 cossin
11 LOALOEQLO +=

       (3.8) θωθωω 22
)(

22
)(

2 sincos
11 TOATOEQTO +=

where θ is the angle between the c-axis and the direction of phonon propagation. A larger 

angle θ will cause the quasi-TO and quasi-LO modes to up-shift more towards the 

E1(TO) and E1(LO) modes. Assuming that the nanorods are randomly orientated, the c-

axis of the rods may take any angle between 0 and 90o, resulting in mode mixing. 

The Raman spectrum (Figure 3.16) of an undoped ZnO bulk crystal (Eagle Picher, 

Inc.) was collected for the purpose of comparison and reference. Two spectra were 

collected: one from the c-plane and the other one from the a-plane of the crystal. Both the 

spectra were collected in back-scattering geometry, thus the scattering geometry is Z(-,-

)Z and X(-,-)X for the c-plane and a-plane scattering respectively. According to the 

selection rule, E2 and A1(LO) modes are allowed modes in the Z(-,-)Z scattering 

geometry, while A1(TO), E1(TO) and E2 modes are the allowed modes in the X(-,-)X 

scattering geometry. No mode mixing should be observed in both cases, provided that the 

scattering geometries are strictly followed. The appearance of a longitudinal acoustic 

(LA) overtone and a quasi-LO mode is probably due to the miscut of the ZnO wafer. The 

frequencies and linewidth of the Raman modes were obtained by fitting the spectrums 

with Lorentzian functions, and the results were shown in Table 3.2.   
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Figure 3.16:  Room temperature Raman spectra collected from the a-plane (a) and the c-

plane (b) of a bulk ZnO crystal using back-scattering geometry. 

 

Table 3.2:  Frequencies and FWHM of the Raman modes of a ZnO bulk crystal.  

                               A1(TO)        E1(TO)           E2          LA overtone         A1(LO)    

Frequency (cm-1)       376.8            409.5            436.5          540                573.5        

Linewidth (cm-1)        9.6                11.4               6.1             30                   9.8 

                                           Quasi-LO         E1(LO) a      

Frequency (cm-1)                  585.9                591               

Linewidth (cm-1)                   15.2                   11                

a E1(LO) mode was obtained by using a 90o scattering geometry. 
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 The frequencies of the E1(TO) and E2 modes of the ZnO nanorods are very close 

to those of the bulk crystal. It is well known that the frequency of E2 mode is affected by 

the biaxial stress in c-plane of the wurtzite crystal. Therefore, the biaxial stress, which is 

the averaged stress over the entire length of the nanorod, was mostly released, assuming 

that the undoped bulk crystal is stress-free. Giving the frequencies of quasi-TO, A1(TO) 

and E1(TO) listed in Table 3.1 and 3.2, Equation 3.7 gives an effective angle θ of 71o for 

the nanorods ensemble. Note that the effective angle only gives a rough estimation of the 

overall orientation of the nanorod ensemble. The overall broadening in the ensemble 

spectrum depends on the homogenous broadening of the quasi-TO mode from an 

individual nanorod and the inhomogeneous broadening due to the different orientations in 

different nanorods. The analysis of the quasi-LO mode is further complicated by the 

effect of plasmon-LO phonon coupling. Unless the charge concentration of the nanorods 

is very low, the angle θ or the frequency of the quasi-LO mode can not be estimated from 

Equation 3.8. A detailed description of plasmon-LO phonon coupling will be given in 

Chapter 6. 

Thermal effects, which lead to the peak shift and broadening in Raman spectrum, 

can not be ignored for the same reasons mentioned in the last section. However, the 

problem is less severe in Raman experiments using a visible laser source, due to the much 

weaker absorption of visible light by ZnO. The same experimental protocol can be 

applied to reduce the thermal effect: the laser power can be progressively reduced till no 

change can be observed in the spectrum. Unfortunately, because of the inherently weak 

Raman signal, the incident laser light has to be very intense in order to have sufficient 

signal to noise ratio. With a reduced laser excitation, usually only the E2 mode was still 



detectable. In this way, the temperature induced peak shift of the E2 mode can be readily 

obtained. The technique for the correction of the temperature effect in all Raman modes 

is described in Chapter 6. 
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Figure 3.17:  Raman spectra collected from two locations on the same sample (Z05100) 

synthesized using the updated growth system. 

 

Similar to the PL spectra, the Raman spectra collected from different locations of 

the same sample were fairly uniform, provided that the sample was synthesized using the 

oxygen-deficient system. The opposite was true for samples synthesized using the 

updated growth system. Figure 3.17 shows two Raman spectra collected from different 

locations of the sample of Z0510 (synthesized using the updated system). The major 
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difference between the two spectra is the relative intensity between E2 and quasi-LO 

phonon mode. The observed enhancement of the LO phonon mode can be ascribed either 

as due to the electronic energy levels in the band-gap (resonant Raman scattering), or to 

the band bending near the surface (electric field induced effect).134, 135  

Given that the LO phonon mode scattering was due to the electric field induced 

effect, the LO phonon to E2 phonon scattering intensity ratio was determined by the 

strength of the electric field in the depletion layers, and by the surface to volume ratio of 

the nanostructures. Although Raman scattering took place over the entire volume of the 

nanostructures, only a fraction of the total scattering volume was affected by the electric 

field. Since the morphology and size of the nanostructures at two locations were all 

similar, the ratio of the field-affected scattering volume to the total scattering volume was 

also similar. In addition, the two locations were in close proximity on the same sample, 

and they had been exposed to identical process/storage conditions, thus oxygen 

adsorption on the surfaces of the nanostructures should be similar. Since band bending is 

determined by the extent of oxygen adsorption, it is reasonable to assume that there was 

no big difference in the electric field among the nanostructures on the same sample. In 

view of these facts, the extent of the electric field effect should also be similar for the 

nanostructures at two locations.  

It can be concluded that the large difference in the intensity of LO phonon 

scattering was most likely caused by the difference in the concentration of the energy 

levels formed in the band gap. These energy levels, in all probability, were formed by 

native defects created in crystal during growth. These defects may play roles in the 

visible luminescence processes as well. Although the same defect states may participate 
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in both Raman scattering and visible luminescence processes, no simple correlations 

between the characteristics of Raman and PL spectrums could be found; nor are there any 

simple correlations between the characteristics of Raman spectrum and the morphology 

of the nanostructures on this sample. Nevertheless, it was always found that if Raman 

spectra display a large variation at different locations on a certain sample, the PL 

spectrum will also display a large variation at those locations. In other words, any 

statement regarding the uniformity of the optical properties of certain sample is 

applicable to both Raman and PL spectra. 

 

3.6 Conclusions 

 In summary, ZnO nanostructures were synthesized by using two different thermal 

CVD growth procedures: oxygen-deficient and oxygen-rich growth conditions. The as-

grown nanostructures were of high crystal quality as confirmed by XRD and Raman 

measurements. SEM images revealed a wide array of morphologies and sizes in the ZnO 

nanostructures. It was often found that nanostructures with different morphology and size 

were able to coexist on the same sample. Some correlations can be found between the 

predominant morphology of a sample and the growth conditions employed to synthesize 

it, although no general conclusion can be drawn regarding the correlation between the 

morphology and the growth parameters. Better controllability for morphology and size 

can be achieved by using the up-dated thermal CVD system. The visible luminescence of 

ZnO nanostructures synthesized by the two different growth systems was markedly 

different due to the different native defects introduced under oxygen-deficient and 

oxygen-rich growth environments. The visible luminescence of the nanostructures 
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synthesized in an oxygen-deficient environment was dominated by the blue-green band, 

while the oxygen-rich nanostructures contained various emission bands other than the 

blue-green band. ZnO nanostructures were found to be mostly stress-free in Raman 

experiments. Various broadening and enhancement effects in different Raman modes 

were discussed. No general correlations could be found between morphologies and 

luminescence/Raman characteristics of the nanostructures. Samples synthesized with the 

up-dated growth system demonstrated less uniformed optical properties that those 

synthesized using the oxygen-deficient growth method. 
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CHAPTER 4 

 

LASING IN WHISPERING-GALLERY-MODE IN ZINC OXIDE NANONAILS 

 

4.1 Introduction 

ZnO is a promising candidate for developing high-efficiency room temperature 

ultraviolet laser devices. Optically pumped room temperature lasing in ZnO thin films 

has been demonstrated.136 Recent progress in the fabrication of nanostructured 

semiconductor materials has created new opportunities for developing submicron-sized 

or even nano-sized optoelectronic devices. Recently, optically pumped room temperature 

stimulated emission and lasing have been reported in many ZnO nanostructures where 

ZnO serves as both the active (gain) material and optical cavity. In the lasing actions 

reported, most of the cavities formed by ZnO nanostructures exhibit a Fabry-Perot (F-P) 

type of resonance in which the top and bottom facets of the nanostructure serve as two 

reflecting mirrors while the sidewall of the structure provides lateral confinement.137, , 

, 

138

139 140  On the other hand, random lasing is also observed in samples with a high density 

of nanowires.141, 142

The cavity formed by the two end facets of ZnO nanowires cannot provide a high 

level of confinement due to the limited reflectivity at the end facets for normal incident 

light, and the high diffraction loss when the lateral size of the cavity is much smaller than 



 56

the wavelength. This results in a relatively low quality factor (Q factor).143  It has been 

shown that whispering gallery modes (WGM) possess a very high Q factor, where light is 

confined on the circumference of a dielectric disk or sphere.144, 145 Lasing in WGM has 

been observed in both a GaN Microdisk,146 and a hybrid ZnO/SiO2 microdisk.147 Very 

recently, the presence of WGM has been demonstrated in tapered ZnO nanoneedles with 

hexagonal cross section and a lateral size even smaller than the wavelength.148  However, 

the spectra only show broad emission bands in the visible spectral range without signs of 

high Q factor cavities, and no lasing action was reported. 

In this work, we have demonstrated ultraviolet lasing in WGM using ZnO 

nanonails synthesized by thermal chemical vapor deposition (CVD). Very sharp emission 

peaks [full width at half maximum (FWHM) = 0.08 nm] were observed in the spectrum 

of a single nanonail, indicating a high Q factor of the cavity formed by the hexagonally 

shaped nanonails.  

 

4.2 Experiment 

ZnO nanonails were grown on a Si substrate using thermal CVD. Detailed 

information about the growth process can be found elsewhere.149  The morphology of the 

as-grown samples was analyzed by scanning electron microscopy (SEM, using a DSM 

940 instrument). The 337 nm line of a pulsed nitrogen laser (Spectra-Physics, VSL-

337ND-S, pulse width ~ 4 ns) was used for excitation. A Jobin-Yvon’s spectrometer with 

a thermoelectrically-cooled charge coupled device (CCD) detector was used to collect the 

spectrum. The spectral resolution of the spectrometer is 0.0125 nm when a 2400 G/mm 

grating is used with a spectrometer entrance slit width of 0.01 mm. 



4.3 Result and Discussion 

Figure 4.1 shows the SEM micrographs of the nanonail (SEM image contributed 

by Ms. Heewon Seo). The hexagonal symmetry of the sample can be clearly 

demonstrated by inspection of the head of the nanonail. This shape suggests that the 

direction of the wire is along the c axis. A nanonail is composed of a shaft (or pin) of 

several micrometer long, and a hexagonal shaped head with a few hundreds of 

nanometers in diameter. The head of the nanonail possesses well defined symmetry and 

very smooth edge facets which are necessities for the realization of stimulated gain and 

lasing. 

 

   

 

(a) (b) 

Figure 4.1: (a)  SEM image of ZnO nanonails grown using Au catalytic particles. (image 

size; 6 μm by 6 μm). (b)  Expanded view of a single nanonail. 
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The ZnO nanonail sample was pumped by a pulsed UV laser positioning the beam 

normal to the sample surface. The laser light was focused to a spot of about 10 μm in 

diameter on the sample through a microscope objective. Near-band-edge emission signals 

of the ZnO nanonails were then collected with an optical fiber (N.A. = 0.22) placed at 45o 

relative to the incident laser beam and at a distance of about 0.5 cm from the sample.  At 

this distance, the acceptance angle of the optical fiber is ~11o, which is limited by its core 

diameter (1 mm).  The polarization of the emitted light was not analyzed. 

Figure 4.2 shows the emission spectra under different excitation laser intensities. 

When the pump power density is lower than ~17 MWcm−2, the spectra display only a 

broad spontaneous emission band with a FWHM of about 11 nm. Once the power density 

exceeds the threshold level of ~17 MWcm−2, very sharp peaks with FWHM < 0.2 nm 

begin to show up on the top of the broad spontaneous emission band. As the pump 

intensity increases, the gain becomes large enough to enable cavity modes with higher 

loss to start lasing, while the intensity of spontaneous emission also increases. When the 

pump intensity reaches 22.4 MWcm−2, there are already a total of 12 modes lasing. 

Further increases in intensity do not yield anymore new lasing modes, but only serve to 

broaden the peaks. The emission intensities were integrated over the spectral range and 

plotted against the pump intensity (see inset of Figure. 4.2), where the transition from 

spontaneous emission to lasing at ~17 MWcm−2 can be clearly seen. 
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Figure 4.2:  ZnO nanonail emission spectra at various pump intensities; 7.7, 17.5, 22.4 

and 96.4 MW/cm2 from the bottom to the top. The inset shows the integrated spectral 

emission intensity at various pump intensities.  (The threshold pump intensity of ~17 

MWcm-2 is at the crossing of the two dashed lines for spontaneous and stimulated 

emission.) 

 

The three major mechanisms that provide resonant cavity and optical feedback for 

lasing in semiconductor nanostructures are the following. (1) Fabry-Pérot (FP) type 

resonant cavity is formed by the two end facets of the nanowire or nanopillar. (2) Closed-

loop path is formed by the coherent multiple scatterings between neighboring nanowires, 
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which is referred to as random lasing. (3) Photons are confined by the total internal 

reflection at the ZnO-air boundary, where lasing occurs in WGMs. 

The nanowires or nanoribbons in which F-P type of lasing is observed usually 

have relatively large end facets.2, 3, 4  For nanowires with diameters < 100 nm the optical 

confinement is inefficient due to the large diffraction loss.4  The special geometry along 

with the small size of the shaft part of the nanonail (Fig. 1) makes the F-P type lasing 

along the shaft (or pin) of our nanonail an unlikely candidate. Furthermore, the emission 

spectrum does not demonstrate the periodic spacing of emission peaks which can be 

theoretically expected in this type of F-P cavity.  

Random lasing can also cause a super-narrow irregular emission peak.6, 7 The 

essential characteristic of random lasing is the critical dependence on the excitation area; 

i.e., the excitation area needs to be large enough so that a closed-loop with sufficient gain 

can be formed inside the area illuminated. The random lasing theory has shown that a 

linear relationship exists between A2/3 and Pth
-1, where A is the threshold excitation area 

and Pth is threshold pump intensity.6 Random lasing also demands that the particle size of 

the optical medium and the mean free path of the scattering to be much smaller than the 

wavelength of the laser emission. This is one of the reasons that random lasing is usually 

observed in nano-crystallized materials.  

To verify the effect of the excitation area on the lasing threshold, an aperture was 

used to reduce the incident laser beam size.  In Figure 4.3, three emission spectra were 

collected from the same location on the sample by using the same pump intensity but 

different excitation areas. The spectrum at the bottom of Figure 4.3 was collected by 

using an excitation area of 2 μm2, where only a single emission peak can be seen at 388.8 
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nm in the spectrum. When the excitation area is increased to 6 μm2, an additional small 

peak at 385.9 nm also begins to show up in the spectrum. Finally, two more peaks 

showed up in the spectrum at the top when the excitation area is increased to 11 μm2. The 

increasing number of emission peaks as the excitation area is enlarged can be easily 

explained by the fact that more nanonails are illuminated by a pump laser as excitation 

area grows. When the excitation area is reduced to 2 μm2, only a single nanonail can be 

completely covered by the pump laser spot, which is due to the average size of the 

nanonails and their density of distribution. What is different from random lasing is that 

the pump threshold is not affected by the change of the excitation area in spite of the 

increasing number of peaks. In all three spectra, the sample was pumped slightly over the 

threshold pump intensity 17 MWcm-2, and all the sharp emission peaks disappeared when 

pump intensity was below the threshold level. Because the threshold of random lasing 

depends on the excitation area and large numbers of nanowires or powders are needed to 

form a resonant cavity in random lasing, we believe that the common threshold for all 

three different excitation areas and the fact that only a few nanonails are left within the 

reduced excitation area excludes the possibility of random lasing.  
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Figure 4.3: Emission spectra collected from the same location on the sample but different 

excitation areas. The pump intensity for all three spectra is 17.5 MWcm-2 which is 

slightly higher than the threshold level. 

 

Based on the shape of the nanonail and discussion presented above, we therefore 

suggest that the observed emission peaks can be attributed to the confined resonant 

modes inside the hexagonal shaped head of the nanonail. The hexagonal shaped dielectric 

cavity can support several different kinds of optical modes. Figure 4.4 shows three 

possible resonant cavity modes that can occur in the hexagonal head of the nanonails; (a) 

a F-P type, (b) a quasi-WGM, and (c) a WGM.  In the F-P type mode in which the light 
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bounces back and forth between the two opposing edge facets (see Figure 4.4 (a)).  The 

observation of this type of lasing has been reported by Zhao,150 although the cavity size 

in their work was much larger. In the second type of resonant mode, the light travels 

around the cavity in a loop path. The light ray trace illustrated in Fig. 4(b) is one possible 

resonant mode where the photons strike the boundary at 30o relative to the normal of the 

boundary surface (hereafter to be referred to as a quasi-WGM).  The light ray trace 

illustrated in Figure 4.4 (c) is a WGM where the photons strike the boundary at 60o 

relative to the normal. The quasi-WGM is less confined inside the cavity than the WGM 

and more light can leak out of the boundary surface due to the smaller incident angle.  

 

 

 

       

 

 

  
(a) 

 
(b) 

 
(c) 

 

Figure 4.4: Schematics of three possible resonant cavity modes that can take place in the 

hexagonal head of the nanonails; (a) F-P type, (b) quasi-WGM, and (c) WGM. 
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The wavelength (λ) of the resonant WGM shown in the Fig. 4(c) can be 

calculated based on a simple plane wave model as13  

⎥⎦
⎤

⎢⎣
⎡ −+= )43(arctan6 2nNLn β

π
λ    (4.1) 

where n ( = 2.3) is the refractive index of ZnO at 390 nm wavelength range,  and the 

factor  ß is determined by the polarization. L is the path length for a complete round trip 

which is equal to ~ 3 × 650 nm (650 nm is the size of the nanonail head, Figure 4.4(c)) 

for the WGM. The integer N is the mode number. WGMs are preferentially TM 

polarized.13 Assuming a transverse-magnetic (TM) polarization, the mode number N is 

found to be 10 for the emission peak at 388.8 nm (Figure 4.3) using equation 4.1.       

Using the refractive index of ZnO (n = 2.3), the critical angle of the total internal 

reflection at the ZnO-air boundary is calculated to be 25.8°. So the photons of the WGM 

are completely confined inside the cavity provided that all edge facets are free of defects. 

For the FP type mode the reflectivity at the boundary is 15.5%, resulting in partial 

confinement. The path length for a round trip is ~2 × 650 nm for FP mode and ~3 × 650 

nm for the WGM. The mode spacing (Δλ) for both the WGM and the FP mode is given 

by  

)(2 Lnλλ =Δ        (4.2) 

where λ is the wavelength (388.8 nm), n is the refractive index (2.3), and L is the path 

length for a round trip. Eq. 2 gives mode spacings of 49.1 nm and 32.7 nm for the F-P 

mode and the WGM, respectively. Since the mode spacing is much greater than the line 

width of the ZnO spontaneous emission band, and those modes beyond the emission 
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spectrum range will not obtain optical gain from ZnO, we expect to see only one 

emission peak for each type of mode for a single nanonail in the spectrum.    

With the excitation area reduced to 2 μm2, we were able to probe a single 

nanonail at a time. Different locations showed a different emission spectra which depend 

on the specification of the nanonail being probed and its orientation with respect to the 

pump laser beam and collection optics. The majority of the spectra can be categorized 

into two groups; one group exhibits a very sharp peak (FWHM = 0.08 nm) and a flat 

background virtually free of spontaneous emissions (Figure 4.5 b), and the other group 

has relatively broad peak (FWHM = 0.52 nm) with a spontaneous emission background 

(Figure 4.5 a). 

 

 

 

 

 



 

(a) 

 

(b) 

Figure 4.5:  Lasing emission collected from single ZnO nanonails. (a) Emission peak 

corresponds to a resonant mode with small Q factor. (b) Emission peak corresponds to a 

resonant mode with high Q factor and very small loss. 
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The very small FWHM of the emission line observed in Figure 4.3 is an 

indication of a long photon life time as a result of the good optical confinement and small 

loss in the cavity. The Q factor for this emission mode can be calculated using Q = ν/Δν, 

where ν is the peak frequency (7.72 ×1014 Hz), and Δν is the peak width (1.59 ×1011 Hz). 

A Q factor of 4900 was obtained. If the optical absorption and scattering inside the cavity 

are neglected, the Q factor can be related to the reflectivity of the two facets in a F-P 

resonator by151

)1(
2

21RR
Ln

Q c

−
=
λ

π
       (4.3)                                         

where R1 and R2 are the reflectivities of the two facets, and Lc is the cavity length. Using 

the reflectivity of 15.5% at the ZnO-air boundary for the normal incident, the calculated 

Q factor from Equation 4.3 is only 29. The Q factor could be even smaller if other losses 

like the scattering inside the cavity are also considered. Therefore, for a cavity having 

dimensions of the nanonail, F-P type resonance provides a very low Q factor. More 

generally, the Q factor of a regular polygonal cavity can be written as152

)2sin(
)1(2 2

4

mR
RDmnQ m

m π
λ
π

−
=                  (4.4)                                                     

where m is the number of facets of the cavity, D is the diameter of the circle that  

circumscribes the polygon, and R is the reflectivity of the facet. To get a Q factor of 4900 

as demonstrated by the FWHM of the emission peak in Figure 4.5, the reflectivity needs 

to be 99.75% according to Equation 4.4, which can only be achieved by total internal 

reflection. Although total internal reflection predicts a 100% reflectivity, light can still 
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escape at the corners of the cavity.10 We thus conclude that only the WGM type 

resonances are responsible for the high Q factor observed in the emission spectrum.  

Numerical simulations were performed using Matlab ® to study the electric field 

intensity distribution of the resonant mode in a 2D hexagonal cavity. The boundary of the 

cavity was assumed to be perfectly reflective for the mode we studied ---- an assumption 

that is valid for the WGMs. Figure 4.6 shows one of the low order TE modes that can 

exists in such a cavity. It clearly shows a six-fold symmetry in the filed distribution. Note 

that the electric field is more concentrated near the circumference of the cavity than at its 

center, as can be expected from the nature of the WGMs.     

 

Figure 4.6:  Electric field intensity distribution of mode TE31 in 2D hexagonal cavity with 

perfect confinement.   
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4.4 Conclusions 

In summary, we have demonstrated that ultraviolet lasing occurs in single ZnO 

nanonails synthesized by thermal chemical vapor deposition. The lasing threshold was 

found to be 17MWcm-2.  Very sharp emission peaks (FWHM=0.08 nm) were observed in 

the single mode emission spectrum, indicating a high Q factor for the cavity formed by 

the hexagonal shaped nanonails. The possibilities of different lasing mechanism have 

been discussed. We suggest that the lasing action occurs in WGMs which are confined 

inside the head of the hexagonal cavity. This material may find application in fluorescent 

biosensors. 
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CHAPTER 5 

 

EFFECT OF POST-GROWTH ANNEALING TREATMENT ON THE 

PHOTOLUMINESCENCE OF ZINC OXIDE NANORODS 

 

5.1 Introduction 

 The large band gap of 3.37 eV and an exciton binding energy of 60 meV make ZnO 

a promising material for optoelectronic applications. In addition, one-dimensional ZnO 

structure such as a nanowire/rod exhibits novel properties due to the quantum 

confinement effects and/or its very large surface-to-volume ratio. The luminescence of 

ZnO exhibits a band edge UV emission peak and a broad visible emission band related to 

deep level defects. The mechanism of the defect related electron-hole recombination 

process in ZnO has been intensively investigated, but still remains a controversial subject.  

 Among the different mechanisms proposed to explain the visible luminescence, 

oxygen vacancies (VO) have been widely considered as the most probable candidate, 

although no consensus could be reached regarding the charge state of the oxygen 

vacancy; i.e., singly ionized153 or doubly ionized.154 Oxygen annealing was usually 

employed to modify the level of oxygen deficiency in ZnO. However, contradictory 

results regarding the effect of annealing on the emission properties of ZnO have been 

reported. In some experiments,155, , 156 157 oxygen annealing has enhanced the intensity of 
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the visible luminescence band and has reduced the intensity of the band edge UV 

luminescence.  However, in some other experiments, the exact opposite trend was 

observed,158, 159 It was also found that the change in relative intensities of the visible and 

UV luminescence band depends on the annealing temperature.160, 161 Different synthetic 

methods and post-growth treatments result in different surface conditions. The 

concentration and spatial distribution of intrinsic or extrinsic defects also varies among 

samples. When comparing such photoluminescence data, caution needs to be exercised 

since all of the above mentioned factors can contribute to the characteristics of 

photoluminescence (PL).  

 In this work, post-growth annealing was carried out to investigate the mechanism 

governing the visible luminescence in ZnO nanorods synthesized using a thermal 

chemical vapor deposition (CVD) method.  

 

5.2 Experiment 

 The ZnO nanorods were grown on Si(100) substrates at 550oC using a thermal CVD 

procedure. Zn powder (99.998%, Aldrich) was placed in an Al2O3 boat located inside the 

quartz tube reactor. Argon was used as a carrier gas. The residual oxygen in the reactor 

tube and/or in the Ar gas was exploited as an oxygen source.   

 Room temperature photoluminescence spectra were collected using a JY 

spectrometer with a thermoelectrically-cooled charge coupled device (CCD) detector. For 

excitation, the 325 nm (20 mW) line of a He-Cd laser (Kimmon Electric) was used. All 

PL spectra were collected using the same settings. Special care was taken to ensure that 

the same location in the sample was probed when collecting PL.  



5.3 Result and discussion 

 Figure 5.1 shows a scanning electron micrograph (SEM image contributed by Ms. 

Heewon Seo) of the as-grown ZnO nanorods. It can be seen that the majority of the 

nanorods have a diameter of between 100 nm and 200 nm and a length of several 

micrometers; a few nanorods that have diameters smaller than 50 nm can also be found. 

The morphological and size distribution of the nanorods was fairly uniform across the 

sample. The original sample wafer was cut into three pieces (labeled as sample A, B, and 

C) and these samples were subject to different annealing/oxidation processes.  

 

 

 

Figure 5.1:  SEM image of the as-grown ZnO nanorods (Image size; 6 × 6 mμ ). 
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 The Raman spectrum (Figure 5.2) shows a strong and very sharp E2 mode peak, 

which is an indication of long phonon life-time and high crystal quality.  Before the 

annealing process, a room-temperature photoluminescence (PL) spectrum was collected 

(The spectrum from the unannealed sample are shown in Figure 5.3 and 5.4). As can be 

seen from the spectrum, the near-band-edge (NBE) peak and the green luminescence 

(GL) band are located at about 3.2 eV and 2.5 eV, respectively. No other obvious visible 

luminescence could be identified from the PL spectrum. The ratio of the integrated 

intensity of the NBE to that of the GL (IUV/IVis) is 0.4.     
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Figure 5.2:  Room temperature Raman spectrum of the as-grown ZnO nanorods.  
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 Sample A was annealed in an oxidation furnace under flowing oxygen at 400oC for 

1hr. The PL spectrum of sample A collected after the oxygen annealing exhibited no 

changes. 

 Oxygen annealing of sample B was carried out at 800oC for 1hr. The PL spectrum 

of sample B collected just after the oxygen annealing is shown in Figure 5.3. The 

intensity of GL was enhanced and that of NBE was greatly reduced, decreasing IUV/IVis to 

0.023. Sample B was then annealed in a vacuum at 800oC for 1 hr after the annealing 

chamber was evacuated. After this subsequent vacuum annealing, the original PL 

spectrum (Figure 5.3) was recovered, increasing IUV/IVis to 0.42.  
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Figure 5.3:  Room temperature PL spectra of the ZnO nanorods (sample B) collected 

before annealing, after O2 annealing, and after subsequent vacuum annealing.  
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 To make sure that the observed change in PL spectrum after oxygen annealing is 

related to the presence of oxygen, sample C was annealed in a vacuum at 800oC for 1 hr. 

The PL spectrum (Figure 5.4) collected just after the vacuum annealing is similar to that 

of the as-grown sample but with an even greater IUV/IVis of 0.9. Then, sample C was left 

in the oxidation furnace under oxygen flow at room temperature for 2 days. The PL 

spectrum (Figure 5.4) collected after the oxygen exposure is similar to that of the 

oxidized sample B and IUV/IVis was reduced to 0.077.  
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Figure 5.4:  Room temperature PL spectra of the ZnO nanorods (sample C) collected 

before annealing, after vacuum annealing, and after the subsequent exposure to oxygen 

ambient for 2 days. 
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 To make sure that the annealing condition used in this work does modify the level 

of oxygen deficiency in ZnO, two ZnO bulk crystals (MTI Corp.) were annealed along 

with sample B and sample C, respectively. After annealing, the electrical resistivities of 

the ZnO bulk crystals were measured. It was found that the resistivity of the oxygen 

annealed bulk crystal (annealed along with sample B) was increased by more than one 

order of magnitude as compared to that of the unannealed bulk crystal, while the 

resistivity of the vacuum annealed bulk crystal (annealed along with sample C) was 

decreased by more than two order of magnitude as compared to that of the unannealed 

sample. The excess zinc content or higher level oxygen deficiency in the vacuum 

annealed ZnO gives rise to the lower resistivity. The same resistivity dependence on the 

level of oxygen deficiency has been reported for ZnO grown or annealed in different 

ambient gas conditions.162, 163 Despite the obvious changes in oxygen composition due to 

the annealing processes, our experiments, as well as those performed by other groups3, 4, 5 

that employed various annealing conditions, have shown the opposite trend in PL to what 

is predicted by the VO model.  

 Although the detailed nature of the recombination center that is responsible for GL 

is still under debate, it is generally agreed that GL is a surface related process. Both a 

comparative study of nanowires with different surface to volume ratios164 and direct 

imaging using cathodoluminescence microscopy165 have shown that the GL process is 

localized at the surface of the nanowires. Li et al. has found that the GL can be 

suppressed by coating the ZnO nanostructure with a surfactant.166 Surface passivation by 

coating ZnO thin film with alkali halide,167 or a dielectric layer168 can also suppress GL 

and enhance NBE.  
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 Chemisorption of oxygen at the ZnO surface is known to cause an upward band 

bending by capturing electrons in a region near the surface.169 This adsorption process 

can occur under air at room temperature, producing upward band bending in as-grown 

ZnO. Upon excitation, the photo-generated electrons and holes near the surface are swept 

to opposite directions across the depletion region, thus greatly reducing their chances of 

recombination through excitonic processes. Upon arriving at the surface, holes can be 

captured by the adsorbed oxygen ion, followed by transformation into a physisorbed 

state. The physisorbed oxygen is less stable and is prone to be desorbed from the surface, 

thus reducing the thickness of the depletion layer. This phenomenological model has 

been also utilized to explain the UV illumination enhanced PL effect of ZnO thin 

films.170

 The depth of the surface recombination layer was estimated to be 30 nm.9  Muth et 

al.171 have measured the absorption coefficient of ZnO, and have found a large 

absorption coefficient of ~160,000 cm-1 at 325 nm, which corresponds to a penetration 

depth of  ~60 nm. Since a substantial number of photo-generated electro-hole pairs fall 

within the surface depletion region, any change of the depletion layer will have a 

significant impact on the overall characteristics of luminescence. A direct consequence is 

the effect of ambient gas on the luminescence. The more the chemisorption of oxygen 

occurs at ZnO surface, the fewer holes are left in the bulk to recombine with electrons 

through excitonic processes. Instead, more holes will be trapped near the surface where 

they can recombine non-radiatively with electrons via surface states or radiatively via 

deep level defect states to generate GL.2
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  Lagowski et al. 14 found that the 0.72 eV thermal activation energy needed for the 

charge transfer through the surface potential barrier is the major limiting factor for 

determining the chemisorption rate. They found that the rate of charge transfer increases 

linearly with increasing oxygen pressure and exponentially with increasing temperature. 

In our experiment, annealing at an elevated temperature in an oxygen ambient greatly 

increases the number of chemisorbed oxygen, leading to the enhanced GL. On the other 

hand, vacuum annealing removes the excess chemisorbed oxygen and recovers the 

original PL.  

 Even with the formation of the depletion layer, the GL still cannot occur without 

enough deep level recombination centers that exist near the surface. Had VO been the 

dominant recombination center for GL, we would have seen a decrease of GL after the 

oxygen annealing since the VO had been removed. The same rationale can be applied to 

the vacuum annealing regardless of the change in band bending. Thus, something other 

than VO is playing a dominant role as the recombination center for GL. 

 Cu impurities have also been considered as possible recombination centers that can 

lead to GL. Garces et al.172 concluded that the broad structureless GL at 500 nm is due to 

DAP recombination between an electron bound to a shallow donor and a hole loosely 

bound to the Cu+. At a high enough temperatures impurity ions can drift along the 

direction of an external electric field. Korsunska et al.173 has reported an increase of GL 

intensity near the cathode and a decrease near the anode when an external electric field 

was applied across a ZnO single crystal at 600-700oC. They attribute the change in GL to 

the electro-diffusion of Zn interstitial (Zni). The same group also reported that Cu 
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impurities in CdS drifted from anode to cathode in the form of Cui
+ under the influence of 

external electric field.174

 We found that the observed change in PL after each annealing process can be 

explained by a model based on both band bending and migration of impurities. We 

believe that two major processes occur during the oxygen annealing: (1) an increase in 

the amount of chemisorption of oxygen at the surface, followed by band bending at the 

near surface region, and (2) migration of positively charged impurity ions or Zni to the 

surface under the influence of the built-in electric field in the depletion region. Since a 

substantial amount of photogenerated holes are swept to the surface, the segregation of 

the recombination centers for GL such as copper impurity ions or Zni-related complex in 

the surface region increases the chance of GL transitions near the surface. Owing to the 

concentration of Zni near the surface, conduction electrons transported to the surface 

region are more susceptible to the capture of the shallow donor state created by Zni, and 

subsequently recombine with the trapped holes to generate GL. Those holes not trapped 

by impurity ions or defect complexes are then captured by the adsorbed oxygen or other 

surface states, causing the desorption of oxygen or nonradiative recombination with 

photogenerated electrons. Due to the interception of the segregated impurity ions, fewer 

holes can reach the surface oxygen to cause the desorption. Thus, the segregated impurity 

ions can act as traps to reduce the number of photogenerated holes reaching the 

chemisorbed oxygen, which is also in favor of GL.   

 Let us now look at the two processes occurring during the vacuum annealing: (1) 

desorption of surface oxygen and a lesser degree of band bending when compared with 

the unannealed sample, and (2) migration of impurity ions or Zni, which is similar to 
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what oxygen annealing will produce but to a lesser extent. After the vacuum annealing, 

the width of the depletion layer is greatly reduced and the band becomes flat, resulting in 

a strong NBE and a weak GL in PL (Figure 5.4). After the subsequent exposure to 

oxygen ambient for 2 days, the surface will be covered with oxygen again, followed by 

band bending. This re-adsorption of oxygen decreases NBE and increases GL, as is 

shown in Figure 5.4. It is interesting to note that the PL of the sample C collected after  

exposure to oxygen ambient is more like that of the sample B after oxygen annealing, and 

shows more prominent GL when compared to the original PL of the as-grown sample. 

This is due to the fact that the redistribution of the defect states creates more 

recombination centers near the surface. Therefore, the result of the vacuum annealing and 

the subsequent exposure in oxygen is similar to that obtained by just a single oxygen 

annealing step.  Finally, when the oxygen-annealed sample B was subsequently vacuum-

annealed, the resulting PL was very similar to the original PL. This change, however, is 

solely due to the desorption of oxygen. 

 The band bending and the dynamics of photo-generated electron-hole pairs are 

illustrated in Figure 5.5 for the sample B when it undergoes three different stages; as-

grown, after oxygen annealing and after subsequent vacuum annealing. A similar set of 

energy band diagrams can be given to the sample C by switching the order of Figure 5.5 

(b) and (c).         
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Figure 5.5:  Schematics of the energy band diagram (not scaled) that illustrate the band 

bending and dynamics of the photogenerated electron-hole pairs near the surface of 

sample B when it was illuminated by above band-gap excitation at three different stages: 

(a) as grown, (b) after oxygen annealing, and (c) after subsequent vacuum annealing. The 
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capturing of photogenerated holes by chemisorbed oxygen ions is depicted by the broken 

arrow. Also shown is the migration of the acceptor-like state created by impurity ions.  
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the insignificant change in the PL of sample A (annealed at 400°C).  

 As for the identity of this defect state, Cu+ seems like a good candidate, but the 

source of Cu contamination in the growth process can not be determ

co lex has also been suggested as the recombination center of GL,21 but interstitial Zn+ 

was shown to diffuse to the surface to form [Zn2+-O2-] surface pairs,176 which emit UV 

light. Radiative transition may occur from the conduction band or shallow donors to Zn 

vacancy acceptor at around 2.6 eV177, but VZn is negatively charged in its stable state. 

Therefore, the upward band bending will drive VZn away from the surface. More 

information is needed to identify this deep level defect state.  

 Unlike the ZnO nanostructure, the influence of post-deposition annealing on ZnO 

films is also related to the change in the microstructure of t

structure zone model,178 a process of coalescence and major grain growth result in a 

porous and cracked structure in the films when annealed at an elevated temperature.8, 179 

On the other hand, ZnO nanostructures usually exhibit a single crystal structure and have 
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.4 Conclusions 

carried out oxygen and vacuum annealing experiment to study the 

mechan

a small dimension.  Therefore, structural defects can easily migrate out, and the localized 

strain can be relieved by bending during the growth. 

 

5

We have 

ism of GL of ZnO nanorods synthesized by thermal CVD. Our experiment results 

reveal that VO is not the dominant recombination center for GL observed in the present 

sample. A model based on the interplay between the band bending at the surface and the 

migration of positively charged impurity ions or Zni was proposed, which satisfactorily 

explains the observed change in PL after each annealing process.  Its sensitivity to the 

oxygen ambient may be a useful property for the ZnO nanorod to be used in oxygen gas 

sensing applications. 



 84

 

 

 
CHAPTER 6 

 

RAMAN CHARACTERIZATION OF ELECTRONIC PROPERTIES OF ALLIGNED 

GALLIUM NITRIDE NANORODS 

 

6.1 Introduction 

Raman spectroscopy is considered as one of the most versatile characterization 

tools since a plethora of information about materials can be extracted from a Raman 

study alone.  For example, structural properties such as crystal orientation, disorder and 

stress, and electronic properties such as free carrier concentration, carrier mobility, 

piezoelectric polarization and band bending can be obtained.  Traditionally, capacitance-

voltage (C-V) and Hall measurements have been utilized to determine the concentration 

and mobility of free carriers in gallium nitride (GaN).  Determination of electronic 

properties with Raman spectroscopy has major advantages over the above-mentioned 

techniques due to the following reasons: 1) Raman spectroscopy is a non-contact and 

non-destructive method. 2) Raman spectroscopy has superior spatial resolutions as 

compared to the other electronic characterization methods.  By using micro-Raman 

spectroscopy, regions as small as ~1 µm in diameter can be probed with ease.  This 

enables the depth-profiling of the films by probing the sidewall of the films.  Recent 

development of near-field Raman spectroscopy promises much more improved spatial 



 85

resolution, which will play an important role in probing electronic properties of 

nanostructures such as nanowires and quantum dots.  3) Under proper materials 

combinations and by selecting the proper wavelength of excitation, electronic properties 

of a buried layer can be extracted, which may be difficult to realize with other techniques. 

4) Electronic parameters of films on conducting substrates can be independently 

obtained. 

 In polar semiconductors, the longitudinal-optical (LO) phonons couple strongly 

with plasmon through the macroscopic electric field.180  The coupling between the 

plasmon and the LO phonon produce two coupled LO phonon-plasmon (LPP) modes, the 

ω+ (LPP+) and the ω- (LPP-) (high- and low-frequency modes, respectively).181 The 

coupling is through the macroscopic electric fields of these excitations. The high 

frequency LPPP

+ mode behaves like an LO phonon at low carrier densities.  The frequency 

of the LPP+ mode increases with carrier concentration, and eventually corresponds to that 

of the plasmon.  Such a mode was proposed by Varga,182 and first observed in GaAs by 

Mooradian and Wright.  

When plasmon damping is substantial, the coupling will be displayed as a shift of 

LO phonon mode.  In GaN, it was observed that the LO phonon modes couple with the 

plasmon mode.  Comparing with the uncoupled LO phonon peak, the LPP mode is 

shifted to higher frequency and asymmetrically broadened with increasing free carrier 

concentration. The LPP mode also depends on the LO phonon damping as well as the 

plasmon damping constant, and this fact can be exploited to extract the charge 

concentration and carrier mobility from Raman spectra.  Raman spectroscopy has been 

used to deduce the electron concentration and electron mobility in thin films and bulk 



 86

GaN by many researchers.183, , , , , , , 184 185 186 187 188 189 190  However, this method has not 

been applied to the analysis of electronic properties of nanowires, where it will be 

difficult to employ electronic techniques due to the difficulty of contact preparation.  

Therefore, in the present work, we have demonstrated that electronic properties of 

nanowires can be obtained via Raman spectroscopy.  We also considered the effect of 

local laser heating on the Raman peak shift since there is a substantial increase in the 

temperature of the nanowire during Raman measurements due to the lack of heat 

dissipation. GaN nanorods sample used in this work was contributed by Y. S. Park et al 

at Dongguk University, Seoul, Korea. 

 

6.2 Experiment 

In the present investigation, c-axis aligned GaN nanorods were grown on a Si 

(111) substrate using a radio-frequency plasma-assisted molecular beam epitaxy (RF-

PAMBE). The Si substrate was degreased and then etched with HF and followed by 

thermal treatment at 900oC for 30 minutes. The cleaned substrate showed a reconstructed (7x7) 

surface with measurement of reflection high-energy electron diffraction (RHEED). All growth 

procedures of GaN nanorods were carried out under N-rich conditions. The rf-plasma power 

was kept constant at 350 W during the growth. The growth rate was 1.5 μm/h. The details 

of the sample preparation steps can be found elsewhere.191  

  



 

 

Figure 6.1:  A cross-sectional high-resolution SEM micrograph of the GaN nanorods 

grown on a Si(111) substrate. 

 

The morphology of the sample was characterized using a high-resolution scanning 

electron microscopy (HR-SEM image contributed by Y. S. Park et al).  Micro-Raman 

spectroscopy was carried out using a backscattering geometry.  The wavelength of 441.6 

nm line of the Kimmon Electric’s HeCd laser was used as an excitation. The polarization 

states of the incident and the scattered beam were not analyzed.  The laser beam with a 

nominal power of 80 mW was focused onto a spot with ~5 μm in diameter.  The Jobin-

Yvon’s spectrometer with a thermoelectrically-cooled charge coupled device (CCD) 

detector was used to collect the Stokes’ and anti-Stokes’ Raman spectra.    
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6.3 Result and discussion 

According to group theory, A1(z) + 2B1 + E1(x,y) + 2E2 optical modes are predicted 

at the Γ point of the Brillouin zone of hexagonal GaN192.  The two E2 modes are Raman 

active, the A1 and E1 modes are both Raman and infrared active, and the two B1 modes 

are optically silent.  Since the A1 and E1 modes are polar, they split into longitudinal 

optical (LO) and transverse optical (TO) components. According to the Raman selection 

rules, only the E2
(1), E2

(2), and A1(LO) modes can be observed with the z(-,-)z  scattering 

geometry of this experiment.  Figure 6.2 shows the Stokes and anti-Stokes Raman 

spectrum for the GaN nanorods, the Raman spectrum of a single crystal bulk GaN sample 

(Kyma Technologies, Inc.) was also collected for comparison.  The electron 

concentration of the bulk GaN obtained using C-V measurement is <1016 cm-3.  It was 

also assumed that the bulk GaN is strain-free.  In addition to the theoretically allowed 

modes, A1(TO) and E1(TO) are also present in the Raman spectrum of nanorods, which is 

possibly caused by the imperfect alignment of the nanorods and the finite collection angle 

of the microscope objective.  
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Figure 6.2:  Raman spectrum of the GaN nanorod (a) and bulk GaN (b). The insets show     

the anti-Stokes part of the spectrum.   
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 Upon illumination using focused laser beam, the local temperature of the sample 

can reach several hundred degrees Celsius, possibly causing downshift and broadening of 

the Raman peak.  This heating effect is especially pronounced in micro- or nano-

structured materials due to their reduced thermal conductivities.193  Without taking the 

thermal effect into account, the experimental results can be misleading.14 Therefore, the 

integrated intensity of E2 phonon peaks for both Stokes ( ) and anti-Stokes ( ) were 

obtained to estimate the local temperature of the samples.  The local temperature was 

calculated using the following relationship;

SI ASI

194

( TkII BEASS 2exp )ωh∝        (6.1) 

where 2Eω  is the E2 phonon mode frequency.  The estimated temperatures are 505 K and 

460 K for the GaN nanorods and the single crystal bulk GaN, respectively.  

 The temperature dependence of Raman scattering in GaN has been studied.195, 196  

Based on Li et al.’s work,15 we have obtained the Raman peak positions using the 

estimated temperature (hereafter to be referred to as “temperature-calibrated” peak 

position).  It was found that the temperature-calibrated E2 mode frequency for the single 

crystal GaN is the same as what was measured by Raman scattering.  The temperature-

calibrated A1(TO) and E1(TO) mode frequencies of the GaN nanorods are also in 

excellent agreement with the observed  experimental values.  This can be an alternative 

way to verify the estimated temperatures. The measured E2 mode frequency of the 

nanorods is very close to the temperature-calibrated value.  Therefore, it can be 

concluded that our nanorods are relatively strain-free. 
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 Due to the scattering geometry used and the aligned nature of the nanorods used 

in this work, we can expect that the observed LO peak is the A1(LO) mode.  Therefore, 

no intermixing between the E1(LO) and A1(LO) mode can be expected.  In order to 

determine the exact position of the uncoupled A1(LO) mode, it is important to prevent 

A1(LO) mode from being coupled with E1(LO) mode since the intermixing of the two LO 

phonon modes leads to the change of the LO mode peak position197.  Since A1(LO) 

phonons polarize along the c-axis of the Wurtzite unit cell, the plasmon oscillations 

coupled to it also polarize in that direction.  Subsequently the physical parameters 

involved in the process such as the damping constants are those defined along c-axis 

assuming the anisotropy of the wurtzite crystal.    

 The intensity of the LPP mode is given by;198

[ ]1)(Im)(.)( −−••= ωεωω AConstI  ,     (6.2) 

where the )(ωA  corrects for the deformation-potential and electro-optic mechanism.18   

By fitting the Raman spectrum of the LPP mode with the functional form given in Eq. 2, 

the plasmon frequency Pω , plasmon damping constant γ  and phonon damping constant 

can be extracted.  The free carrier concentration  and mobilityΓ en μ  can then be derived 

from the plasmon frequency and plasmon damping constant as:  

*

24
m

en
P

∞

=
ε
πω  ,       (6.3) 

μ
γ *m

e
=  ,       (6.4) 

where  is the effective mass of the free carrier, and  in the case for 

GaN.

*m emm 22.0* =

199
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Figure 6.3:  Raman spectrum of the LO phonon-plasmon coupled mode for GaN nanorod 

(dotted line) and bulk GaN (dashed line). The thick solid lines are the fitting curves for 

nanorods by line-shape analysis. The shift and broadening of the LPP mode is obvious 

with respect to the uncoupled A1(LO) mode of the bulk GaN.  

 

 Satisfactory fitting results were obtained in the region of LPP mode for GaN 

nanorods and single crystal bulk GaN, as shown in Figure 6.3.  The fitting parameters and 

results are summarized in Table 6.1.  The electron concentration and mobility obtained 

from line shape analysis are 3.3 ×1017 cm-3 and 140 cm2/Vs, respectively.  The frequency 

for A1(TO) mode, TOω , can be readily obtained from the Raman spectrum.  However, 

care must be taken to specify the frequency for the uncoupled A1(LO) mode: LOω .  
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Instead of blindly using 734 cm-1 which has been widely adopted as the frequency for the 

uncoupled A1(LO),200 the temperature-calibrated A1(LO) frequency should be used 

as LOω .  Since the electron concentration of the undoped bulk GaN is <1016 cm-3, the 

A1(LO) mode in the undoped bulk GaN is not shifted due to the LO phonon-plasmon 

coupling.201  Therefore, we can use the value as the frequency of the uncoupled A1(LO) 

mode at T = 460K. We then downshifted it by 1.3 cm-1 to obtain the frequency of the 

uncoupled A1(LO) mode at T = 505K (the temperature of the nanorods), thus 

 is the frequency of the uncoupled A12.731 −= cmLOω 1(LO) mode used in the curve 

fitting.  This precaution is further justified by the fact that the frequency of the A1(LO) 

mode of the undoped bulk GaN is at 732.5 cm-1 which is downshifted comparing with 

734 cm-1 due to the elevated temperature. 

 

Table 6.1:  Parameters used in the line-shape analysis, and the fitting results for the         

plasma frequency, phonon damping constant and plasmon damping constant.(all in cm-1)  

                  TOω a      LOω b      ⊥∞ε  c     Pω       Γ          γ      (10en 17 cm-3)  μ (cm2/Vs)   

 

Nanorod    531.7    731.2       5.35      169.4   18.4        347          3.3                 140 

 

   a Obtained by fitting the Raman spectrum with Lorentzian function.  
   b Calculated by considering the temperature effect.  Obtained using the uncoupled 

A1(LO) peak position of the bulk GaN.  
   c Reference 19. 
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6.4 Conclusions 

In summary, we have investigated the Raman scattering of aligned GaN nanorods 

grown by PAMBE.  It was determined by Raman spectroscopy that the GaN nanorods are 

relatively strain-free.  The free carrier concentration as well as electron mobility of the 

GaN nanorods were obtained by the line shape analysis of the coupled A1(LO) phonon-

plasmon mode. The electron concentration and mobility of electron obtained from line 

shape analysis are 3.3×1017 cm-3 and 140 cm2/Vs, respectively.  The local temperature of 

the nanorod sample was estimated based on the ratio of Stokes to anti-Stokes Raman 

peak intensity.  Since the position of the LO phonon peak was found to be dependent on 

both the temperature and the LO phonon-plasmon coupling, it is crucial to consider 

temperature effect in determining the frequency of the uncoupled LO phonon mode for 

the line shape analysis.  The frequency of A1(LO) mode of an undoped bulk GaN was 

used as a reference to determine the frequency of the uncoupled A1(LO) phonon mode of 

the GaN nanorods. 
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CHAPTER 7 

 

OPTICAL SPECTROSCOPIC ANALYSIS OF SELECTED AREA EPITAXIALLY RE-

GROWN GALLIUM NITRIDE 

 

7.1 Introduction 

Gallium nitride (GaN) has been considered a desirable material for high-power 

electronic device applications. One of the promising candidates for GaN-based power 

electronic device is metal-insulator-semiconductor field effect transistors (MISFETs).  

Successful fabrication of MISFETs necessitates high quality gate dielectric layers with a 

low density of interface states, semiconductor channel with high electron concentration, 

and high quality ohmic contacts for source and drain contacts.  In the case of Si-based 

MISFET fabrication, ion implantation is frequently employed to produce highly doped 

region for ohmic contacts.  However, this is not easily achievable in GaN-based MISFET 

since high temperature annealing is required to activate implanted dopants.202 As an 

alternative, a GaN MISFET with selected area epitaxially re-grown n+ layer was 

proposed and synthesized.203 When MOVPE growth is performed over large areas using 

these low temperature conditions,2 a poor (rough) surface morphology evolves. It is 

therefore necessary to examine the GaN grown in selected areas as to crystal quality and 
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other properties such as dopant incorporation rates that are expected to differ from those 

of large area uniform growth structures.   

To fabricate highly functional devices, the material characteristics of the re-grown 

layer need to be elucidated to a high degree of spatial selectivity. Micro-Raman and 

micro-photoluminescence (PL) spectroscopy allows for contactless and non-destructive 

analysis for small volumes with high spatial resolution. Therefore, they are widely used 

for materials characterization in such micro-devices and substructures. In the present 

work, we have demonstrated that important electrical and structural properties can be 

obtained by using micro-Raman and PL spectroscopy collectively.   

In polar semiconductors like GaN, the longitudinal-optical (LO) phonons couple 

strongly with plasmons through the macroscopic electric field.204  The coupling between 

the plasmon and the LO phonons produce two coupled LO phonon-plasmon (LPP) 

modes, the ω+ (LPP+) and the ω- (LPP-).205  Such modes were proposed by Varga,206 and 

first observed in GaAs by Mooradian and Wright.4 In this work, the LPP+ mode was 

exploited to extract the carrier concentration and mobility from the Raman scattering 

experiment. The residual stress and crystal quality of overgrown layers were also 

determined, and results were compared with results of an undoped layer. Micro-

photoluminescence spectroscopy was also performed as a complementary optical 

spectroscopy technique. The GaN MISFET sample investigated in this work was 

contributed by Y. N. Saripalli et al at Department of Materials Science and Engineering, 

NC State University.    
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7.2 Experiment 

An ~500 nm thick undoped GaN buffer layer was deposited on a c-plane sapphire 

substrate using an organo-metallic vapor phase epitaxy (OMVPE) following standard 

previously published procedures for III-V semiconductors.207,   208 A thin AlN buffer layer 

was first deposited on sapphire at 500 oC to facilitate 2D growth. Mesa regions were 

photolithographically defined and recess etched with a reactive ion etching using a hard 

mask of Cr-Ni over a SiNx dielectric. A highly doped n+ layer was grown selectively on 

the etched GaN buffer layer by OMVPE using a silicon nitride dielectric mask to define 

the etched recess in the source-drain region, silane (SiH4) was used as the dopant source 

in the re-grown layer. A growth temperature of 800 oC facilitates the re-growth at the 

selected regions. The thickness of the re-grown layer is determined by a Dektak 

profilometer to be ~300 nm. An SEM image and the schematic cross-sectional view of 

the re-grown structure are shown in Figure 7.1. (SEM image contributed by Y. N. 

Saripalli et al). Complete details of equipment and processes used in the sample 

preparation procedure can be found elsewhere.2 

 



 

(a) 

Si3N4  Mask 

n+ GaN 
(Regrown) 

 
 

Sapphire 

i-GaN 

 

(b) 

Figure 7.1: (a) Tilted SEM image of the GaN MISFET after source-drain region re-                         

growth.  (b) Schematic cross-sectional view of the structure after re-growth (not to scale).  
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 Micro-Raman spectroscopy was carried out at room temperature using an optical 

microscope (Zeiss Axiotech) coupled with a spectrometer (Jobin-Yvon).  The 441.6 nm 

line from a He-Cd laser (Kimmon Electric) was used for excitation, and the 

backscattering geometry was used for the Raman measurement.  The polarization states 

of the incident and the scattered light were not analyzed.  The laser beam (nominal power 

of 80 mW) was focused onto a spot with ~5 μm in diameter on the sample surface.  

Stokes’ and anti-Stokes’ Raman spectra were collected using the spectrometer with a 

thermoelectrically-cooled charge coupled device (CCD) detector. Micro-

photoluminescence spectroscopy was performed using the 325 nm line from the He-Cd 

laser.  Spectral analysis was carried out using OriginPro software. 

 

7.3 Result and discussion 

Wurtzite GaN belongs to the C6v
4 space group, and group theory predicts A1(z) + 

2B1 + E1(x,y) + 2E2 optical modes at the Γ point of the Brillouin zone of GaN.209 Among 

these optical modes, the two E2 modes are Raman active, the A1 and E1 modes are both 

IR and Raman active, and the two B1 modes are silent.  Because of the polar nature of III-

V compounds, the A1 and E1 modes split into TO and LO components.  
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Figure 7.2:  Room temperature Raman spectrum of E2 (a) and A1(LO) modes (b) of the 

intrinsic and re-grown GaN layers. The Eg
(1) mode of sapphire substrate is also observed. 

The E2 mode of the bulk GaN crystal is also plotted for comparison. The size of the 

excitation laser beam is about 5 mμ  in diameter. 
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Giving that the Z(X,-)Z scattering geometry is used and the c-axis of GaN is 

along Z-direction, only the Raman peaks due to A1(LO), E2
(1) and E2

(2) modes are 

experimentally observed according to the selection rule. Figure 7.2 shows the E2
(2) mode 

of  the re-grown GaN layer. The Raman spectra of the undoped GaN layer before 

processing and a bulk GaN crystal (Kyma Technologies, Inc.) were also collected for 

comparison. The sapphire Eg mode (at 576 cm-1) was observed since GaN is transparent 

to the 441.6 nm line of the excitation laser. Since the re-grown GaN was presumably 

deposited on the undoped GaN buffer layer, it seems that the Raman spectrum collected 

at the regrown region will contain a substantial contribution from the undoped buffer 

layer. However, both the Raman spectrum and the PL spectrum (will be discussed later) 

collected at the re-grown region show that the undoped buffer layer left on the sapphire 

substrate after etching has a negligible effect on Raman and PL spectrum. Hereafter, we 

will regard the spectrum collected from the re-grown region as solely from the re-grown 

GaN.  

The peak position and full width at half maximum (FWHM) of the Raman E2
(2) 

mode were determined by fitting the Raman peaks in Figure 7.1 with Lorentzian 

functions, and the results are listed in Table 7.1. The FWHM of the undoped intrinsic 

GaN layer are close to that of the bulk crystal, indicating well crystallized lattice 

structures. We also observed an up-shift of 1.7 cm-1 in the intrinsic GaN layer, comparing 

with that of the bulk crystal. Assuming that the bulk crystal is stress free and neglecting 

the hydrostatic stress contribution from point defects, this downshift implies a 

compressive biaxial stress in the intrinsic GaN layers. This residual stress in GaN thin 

film grown on sapphire substrates is usually observed due to the lattice mismatch and the 



different thermal expansion of the two materials. Kisielowski et al. found that a biaxial 

stress of 1 GPa shifts the E2
(2) Raman peak of GaN by 4.2 ± 0.3 cm-1.210 This gives a 0.4 

GPa biaxial compressive stress in the intrinsic GaN layer.  

 

Table 7.1:  Measured Raman mode frequencies and their FWHMs  

                    Intrinsic           Regrowth             Bulk          Sapphire   

E2                 568.9                566.7                  567.3                 

FWHM           2.5                     4.8                     1.8   

A1(LO)         733.2                745.4                  732.8 

FWHM           5.5                    30.1                     4.7  

E g(1)
                                                                                                                    576.5 

E g(2)                                                                                      748.8 

 

The E2
(2) Raman peak of the re-grown GaN layer is broadened and shows a slight 

down-shift (0.6 cm-1), which corresponds to a 0.19 GPa biaxial tensile stress. It has been 

reported that the E2
(2) Raman peak becomes broadened and the residual stress relaxed as 

the doping concentration increases.10 The residual biaxial stress is fully relaxed when the 

doping concentration reaches cm19106.1 × -3.211 The incorporation of Si produces 

negligible change for the lattice constant; it is believed that the residual stress relaxes 

through the Si-induced generation of misfit dislocation at the substrate-film interface.10, 

212 Romano et al.213 proposed that crystallite coalescence caused tensile stress will 

increase with increasing Si doping concentration. Note that the E2
(2) Raman peak of the 

re-grown GaN layer does not contain any contribution from the E2
(2) Raman peak of the 
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intrinsic buffer layer lying underneath as demonstrated by the absence of any shoulder 

peak at 569 cm-1
. This fact helps to justify the claim regarding the contribution of the 

intrinsic buffer layer.  

To make sure that the observed Raman peak shift is not caused by the different 

local temperatures existing in different regions, we collected the anti-Stokes part of the 

Raman spectrum for the intrinsic, re-grown GaN layer and the bulk GaN crystal. The 

integrated intensity of E2 Raman mode for both Stokes ( ) and anti-Stokes ( ) were 

obtained, their intensity ratio is determined by the temperature as
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where ASSl ααα ,,  are the absorption coefficients for laser, Stokes and Anti-Stokes 

light, respectively. pl ωω ,  are the frequencies of the laser and the E2 phonon mode. The 

4th power term considers the different scattering cross section for Stokes and anti-Stokes 

light, while the factor γ  describes the detection efficiency of the optical system.  

If one is not interested in the absolute temperature but only the temperature 

difference ( TΔ ) between two samples, then Equation 7.1 can be simplified to exclude all 

the parameters except the exponential: 
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where is the Stokes-Antistokes ratios of sample 1 and 2.  2,1R
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Assuming that the bulk GaN crystal is at room temperature, letting in 

Equation 7.2, the temperature differences between the intrinsic and regrown GaN layers 

and the bulk GaN crystal were found to be within 13 

KT 300=

oC for our experiments.  

Li et al.215 have studied the first-order Raman scattering of Wurzite GaN film 

grown on sapphire, and simulated the temperature dependence by considering thermal 

expansion and multiple-phonon processes. In our case, the Raman peak shift due to the 

estimated temperature difference was calculated to be less than 0.2 cm-1 by using their 

model. Therefore we can safely disregard this thermal effect.    

The LO phonon-plasmon coupled mode has been extensive studied in doped polar 

semiconductors such as GaN.216, 217, 218 When the plasmon frequency Pω approaches the 

frequency of LO phonon LOω , the collective oscillation of the free-electron gas starts to 

couple with the LO phonon via their associated longitudinal electric field. The coupled 

mode splits into two branches: the high-frequency plasmon like LPP+ mode and the low-

frequency TO phonon-like LPP- mode. In our case the plasmon is overdamped: γω <P  

(γ  is the plasmon damping constant), therefore only the LPP+ mode can be observed. 

The increasing free-electron concentration will cause the coupled mode to shift to higher 

frequency and broaden asymmetrically as shown in Figure 7.3. This fact was exploited to 

extract the carrier concentration and mobility from a Raman scattering experiment.219      

The excitation laser light interacts with the LO phonon through an electro-optic 

mechanism and deformation potential, and interacts with the plasmon through an electro-

optic mechanism and charge density fluctuation. To describe the Raman spectral line 
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shape of the LPP+ mode, only the deformational potential and the electro-optic 

mechanism is needed. The intensity of the LPP+ mode is given by:220

[ ]1)(Im)(.)( −−••= ωεωω AConstI  ,                (7.3) 
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where C is the Faust-Henry coefficient.221 LOω , TOω  are the LO and TO phonon 

frequencies for A1 mode.  is the phonon damping constant. Γ

 The dielectric constant in Equation 7.3 includes contributions from both the 

phonon and the plasmon: 
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Equations 7.3-7.6 were used to fit the experiment spectrum to obtain the three 

adjustable parameters: γω ,P andΓ . The parameters used in the curve fitting are listed in 

Table 7.2. The uncoupled A1 mode frequency LOω  and TOω  was readily obtained from 

the Raman spectrum of the undoped bulk GaN crystal. The Eg
(2) peak from the sapphire 

substrate was removed from the Raman spectrum (Fig. 2 (b)) prior to the line shape 

analysis. The fitted curves and the coupled modes after spectral subtraction are shown in 

Figure 7.3. 
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Figure 7.3: Curve fitting of LPP+ mode of the intrinsic and re-grown GaN layer. The 

broken line is the measured spectral line after removing the Eg
(2) peak of sapphire, the 

solid line is the fitted curve.  

 

 

Table 7.2: Parameters used in the curve fitting and derived electrical properties. No 

fitting results were given for γ  andΓ , since the line shape analysis method does not 

provide reliable result if the free-electron concentration is lower than  cm16103× -3.17   

                 TOω        LOω        ⊥∞ε        Pω       Γ         γ      (10en 17 cm-3)   μ (cm2/Vs)   

Regrowth   532.3    732.8     5.35      204      42      286          4.7                 171 

Intrinsic     532.3    732.8      5.35     ~ 40                              < 0.3                           
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 Since the A1 phonon polarizes along the c-axis, the plasmon oscillation coupled to 

it also polarizes in that direction. Subsequently the physics parameters involved in the 

process, like the damping constant, are those defined along c-axis assuming the 

anisotropy of the wurzite crystal. Once the plasmon frequency Pω and plasmon damping 

constantγ  were obtained, the carrier concentration and the carrier mobility n μ can be 

determined via: 

*
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μ
γ *m

e
=  ,         (7.8) 

where  is the effective mass of the free carrier.  in GaN.*m emm 22.0* = 222

 107

 A line shape analysis shows that the undoped GaN layer has a very low carrier 

concentration (ne <  cm16103× -3). This is also evidenced by the frequency and FWHM of 

the coupled mode, as can be seen in Figure 7.3.  Since the line shape analysis method 

does not provide a reliable results if the free-electron concentration is lower than  

cm

16103×

-3,17 no fitting results were given for γ  and Γ . Unintentional doping caused by 

diffusion of oxygen from sapphire substrate into a GaN film during growth process can 

form a degenerate thin layer at the interface.223 224 Huang et al.225 found a very high free-

electron concentration ( cm18108× -3) in a 1μ m thick layer at the interface using confocal 

Raman spectroscopy. Despite the fact that the intrinsic GaN layer studied in this work is 

only 500 nm think, no obvious peak shift or broadening in the LO phonon mode was 

observed. We thus can exclude the possibility of significant doping and/or formation of a 

degenerate interface layer in the undoped intrinsic GaN layer. 



 The free-electron concentration ( cm17107.4 × -3) of the re-grown GaN, derived 

from the line shape analysis, is much smaller than the Si doping concentration (on the 

order of 1019 cm-3, as determined by SIMS measurements). As an amphoteric impurity, a 

silicon atom can also act as an acceptor by substituting for a nitrogen atom. A more 

important aspect is that the incorporation of a high dose of impurity atoms may lead to 

high density of dislocations and other structural defects in GaN, which serve as deep 

compensation centers. Let us assume that the donor concentration is , the 

concentration of the compensation centers is , then the net carrier concentration is 

determined by , which may be much smaller than the Si doping 

concentration.

DN

AN

AD NN −

226 Similarly, incorporation of Si at interstitial sites would likely form a 

high density of deep level compensating traps.  

 The larger LO phonon damping constant of the re-grown GaN and its broader 

E2
(2) peak comparing with the intrinsic GaN implies a higher density of structural defects 

exiting in the re-grown GaN. Note that the in-plane damping is more pronounced than the 

damping along c-axis. 

The biaxial stress also causes LO phonon peak to shift. Since the measured 0.4 

GPa biaxial stress only yields 0.3 cm-1 shift in A1(LO) mode, we thus completely 

neglected the stress-induced shift in the coupled mode.   

 Figure 7.4 shows the PL spectra of the intrinsic and re-grown GaN layers and a 

bulk GaN crystal. The undoped intrinsic GaN layer exhibits a similar PL spectrum as that 

of the bulk GaN crystal: an intense near-band-edge (NBE) peak at 3.41 eV and a very 

weak yellow luminescence (YL) band located at about 2.2 eV. The YL is generally 
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attributed to the recombination at a Ga vacancy (VGa) related deep level, although definite 

determination of its origin remains as a subject of debate.227, , 228 229  
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Figure 7.4:  Room temperature PL spectrum (a) of the intrinsic and re-grown GaN layer. 

The spectrum of bulk GaN is plotted for comparison. Also shown is the zoom-in of the 

near-band-edge (NBE) part of PL spectrum (b). 
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The FWHM of the NBE peak of the intrinsic GaN layer is comparable to that of 

the bulk GaN sample and several phonon replicas can be found at the lower energy side. 

The PL spectrum of the intrinsic GaN layer is almost free of defect related visible 

luminescence bands, which shows that the intrinsic GaN layer has very low density of 

defects. This is important if the intrinsic GaN layer is to be used as the gate channel 

material in an electronic device. 

 The PL spectrum of the re-grown GaN layer exhibits an intense YL band and 

relatively weak NBE emission. It is generally believed that the YL intensity should 

decrease if the original VGa are replaced by Si donors, given that VGa is the main source of 

YL.230 231 The YL intensity was found to decrease at high level of Si doping (NSi > 1019 

cm-3).232, 233 Despite the high level of Si doping in the re-grown GaN, the YL is greatly 

enhanced. This reveals that the majority of introduced Si atoms failed to substitute VGa, 

and could not contribute as donors. This analysis is in accord with the lower free carrier 

concentration ( cm17107.4 × -3) found from the Raman spectrum. Another possible source 

for the enhanced YL is extended structural defects. Yang et al.30 have shown that the YL 

intensity collected from the sapphire-GaN interface remained almost unchanged despite 

the increasing Si doping concentration, while the YL intensity collected from the front-

side of GaN decreased for a certain range of doping levels. TEM images reveal that high 

densities of structural defects exit at the sapphire-GaN interface,12, 234 this seems to imply 

that the high densities of dislocations and other defects at the sapphire-GaN interface may 

also be responsible for YL. Because these structure defects serve as deep compensation 

centers that can trap conduction electrons, high densities of structural defects will also be 

an origin of the lower carrier concentration in re-grown GaN.           
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 The NBE peak in the PL spectrum is shown in Figure 7.4 (b) at higher resolution. 

The peak wavelength and its FWHM are summarized in Table 7.3. The blue-shift in the 

NBE peak of intrinsic GaN layer is caused by the same biaxial compressive strain 

observed in Raman spectrum. Using the stress (0.43 GPa) derived from the E2
(2) mode 

shift and the linear coefficient for stress-induced luminescence shift: 27 meV/GPa,235 the 

blue- shift in the NBE peak of the intrinsic GaN layer is calculated to be 12 meV, which 

is exactly what is measured in Figure. 7.4 (b). 

 

Table 7.3: Near-Band-Edge emission peak wavelength and FWHM 

                        Intrinsic           Regrowth              Bulk    

NBE (nm)         363.1                 369.9                 364.4 

FWHM (nm)       3                     11.3                     3.6  

 

 

 The 58 meV red-shift of the NBE colleted from the regrown GaN layer is too 

large to be solely attributed to the small tensile stress. The red-shift of the NBE peak and 

the peak broadening resulting from increased Si doping concentration has been attributed 

to the potential fluctuation induced by impurities.236 237 According to Yang et al.30, the 

red-shift in NBE ( ) can be related to the Si doping concentration through the 

empirical formula: 

UVEΔ SiN

3/1
SiUV NKE =Δ        (7.9) 
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where the coefficient K is taken as eV/cm. According to Equation 7.9, 

neglecting the small shift caused by the tensile stress, is calculated to be cm

81017.2 −×−

SiN 19102× -3, 

which agrees with the value measure by SIMS. Besides the NBE and yellow 

luminescence, a blue luminescence band can be observed at about 2.9 eV. This band is 

often observed in Si doped GaN, and is attributed to the VGa related complex. 238 Note 

that this band is absent when the re-grown GaN layer is excited from the sapphire side 

(Figure. 7.5). 
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Figure 7.5:  Room temperature PL spectrum collected from the back-side and front-side 

of the re-grown GaN layer.  

 

 We also collected the PL spectrum by exciting the sample from the sapphire side. 

Figure 7.5 shows the PL spectrum of the re-grown GaN layer when the back-side is 
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illuminated by the excitation laser. The intensity of YL increases and the intensity of 

NBE decreases slightly when excited from the sapphire side, which is similar to what has 

been reported in Ref. 22. Despite this small difference, an intense YL band and a weak 

NBE peak are the common spectral features of the re-grown GaN regardless of whether 

excitation occurred on the back-side or front-side. Since the PL spectrum of intrinsic GaN 

is quite different from that of re-grown GaN, it is reasonable to assume that the PL 

collected from the back-side of the re-grown region is mostly from the re-grown GaN 

layer, and not from the intrinsic buffer layer lying underneath. Muth et al.239 have 

measured the absorption coefficient of GaN films grown on sapphire. A large absorption 

coefficient of ~ cm5102.1 × -1 at 325 nm was obtained, which corresponds to a penetration 

depth of ~80 nm. Therefore, the thickness of the intrinsic buffer layer left underneath of 

the re-grown layer should be much smaller than 80 nm. This provides additional evidence 

that verifies the existence of the intrinsic buffer layer under the re-grown region. 

 

7.4 Conclusions 

In this work, a GaN MISFET with re-grown source-drain regions by selected area 

MOVPE n+ layer has been analyzed by micro-Raman and micro-PL spectroscopy. The 

material properties of the re-grown n+ layer and the intrinsic layer in the gate region were 

extracted using both spectroscopies. The free-carrier concentrations of the re-grown GaN 

layer and the intrinsic layer were determined by line shape analysis of the coupled 

plasmon-phonon mode to be cm17107.4 × -3 and cm16103×< -3, respectively. The 

relatively low carrier concentration resulting from either an inefficient substitution of VGa 

by Si, or a high density of structure defects that lead to the intense YL presented in the 
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PL spectrum. Both Raman and PL spectra show that the intrinsic layer is of very high 

quality. 

From the shift of the E2
(2) Raman peak and the NBE PL peak, the biaxial 

compressive stress in the intrinsic layer was found to be 0.4 GPa, the residual stress was 

found to be fully relaxed in the re-grown layer. The Si doping concentration in the re-

grown layer was found to be cm19102× -3 by the red-shift of its NBE PL peak. Both 

Raman and PL spectra pointed out that the intrinsic buffer layer was much less than 80 

nm thick, and that it had little effect on either spectrum of the re-grown layer. 
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CHAPTER 8 

 

SUMMARY AND FUTURE DIRECTION 

 

In summary, ZnO nanostructures were synthesized using two different thermal 

CVD growth methods under oxygen-deficient and oxygen-rich growth conditions. The 

as-grown nanostructures were of high crystal qualities as confirmed by XRD and Raman 

experiments. SEM images revealed a wide array of morphologies and sizes in ZnO 

nanostructures. Some correlations can be found between the predominant morphology of 

a sample and the growth conditions, although no general conclusion can be drawn 

regarding the correlation between the morphology and the growth parameters. Better 

control of morphology and size can be achieved by using an up-dated thermal CVD 

system.  

The visible luminescence of ZnO nanostructures synthesized by the two different 

growth methods was markedly different, due to different native defects introduced during 

oxygen-deficient and oxygen-rich growth. The visible luminescence of the nanostructures 

synthesized in an oxygen-deficient environment was dominated by the blue-green band, 

while the oxygen-rich structures contained various emission bands but the blue-green 

band. The ZnO nanostructures were found to be mostly stress-free using Raman 

spectroscopy. Various broadening and enhancement effects in different Raman modes 
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were discussed. Samples synthesized by the up-dated growth system demonstrated less 

uniform optical properties that those synthesized by the oxygen-deficient growth method. 

We have demonstrated that ultraviolet lasing occurs in single ZnO nanonails 

synthesized by thermal chemical vapor deposition. The lasing threshold was found to be 

17MWcm-2.  Very sharp emission peaks (FWHM = 0.08 nm) were observed in the single 

mode emission spectrum, indicating a high Q factor for the cavity formed by the 

hexagonal- shaped nanonails. The possibility of different lasing mechanisms has been 

discussed. We suggest that the lasing action occurs in WGMs which are confined inside a 

cavity formed by the hexagonal head of the nanonail. 

We have carried out oxygen and vacuum annealing experiment to study the 

mechanism of GL of ZnO nanorods synthesized by thermal CVD. Our experiment results 

reveal that VO is not the dominant recombination center for the GL observed in the 

present sample. A model based on the interplay between band bending at the surface and 

migration of positively charged impurity ions or Zni was proposed, which satisfactorily 

explains the observed change in PL after each annealing process.  Its sensitivity to the 

oxygen ambient may be a useful property for the ZnO nanorod to be used in oxygen gas 

sensing applications. 

Raman scattering of the aligned GaN nanorods has been investigated. It was 

determined by Raman spectroscopy that the GaN nanorods are relatively strain-free.  The 

free carrier concentration as well as electron mobility of the GaN nanorods were obtained 

by line shape analysis of the coupled A1(LO) phonon-plasmon mode. The local 

temperature of the nanorod sample was estimated based on the ratio of Stokes to anti-

Stokes Raman peak intensity.  Since the position of the LO phonon peak was found to be 



 118

dependent on both the temperature and the LO phonon-plasmon coupling, it is crucial to 

consider temperature effect in determining the frequency of the uncoupled LO phonon 

mode for the line shape analysis.  

 Further work on the thermal CVD growth of ZnO nanostructures is needed in 

order to make the growth process for more controllable and more repeatable. This goal 

has been partially achieved using the up-dated thermal CVD system; however, the optical 

uniformity of the ZnO nanostructures should be further improved. It has been 

demonstrated that the surface depletion layer exerted substantial influence on the 

luminescence of ZnO nanostructures. We have also suggested that the existence of band 

bending gave rise to the electric-field induced effect, in order to explain the unusually 

strong LO phonon scattering observed in some samples. Further research is needed to 

verify this hypothesis. Other interesting electro-optic effects may also be induced by the 

built-in electric field in the surface layer, especially the effect of this electric field on the 

material's nonlinear optical properties, such as the second-order susceptibility χ(2) of ZnO 

nanostructures. The simple picture of a uniform dielectric cavity is in fact an over-

simplification for a ZnO nanostructure, and many new physics phenomena can be better 

explored once the existence of the surface layer is taken into consideration. Surface 

passivation of ZnO nanostructures need be tested experimentally in an attempt to improve 

the efficiency of the excitonic emission and field emission, possibly by orders of 

magnitude. For the timing being, only well-aligned nanostructures can be analyzed by the 

line-shape analysis of the coupled mode due to E1-A1 mode mixing. New characterization 

techniques should be developed in order to analyze randomly oriented nanostructures. 
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APPENDIX 

 

 

OPTICAL PROPERTY OF A SINGLE DROPLET OF PHOTONIC CRYSTALS 

ASSEMBLED BY INK-JET PRINTING 

 

Introduction 

Photonic crystal (PC) or photonic band gap material is a material that possesses a 

periodic modulation of the refractive index.  Such a material exhibits a so-called photonic 

band gap where certain ranges of frequencies of the electromagnetic waves cannot 

propagate, which is analogous to the electronic band gap in semiconductors.  By tailoring 

the photonic band gap, light can be manipulated in a photonic crystal.  

Shortly after the first proposal for photonic crystals, efforts have been made to 

fabricate the 3D-PC structure. The first 3D-PC fabricated by Yablonovitch240 was 

mechanically drilled out of a dielectric block. To reduce the size of the PC structure into 

the optical regime, top-down techniques like lithography and etching techniques as well 

as multiple laser beam interference were utilized to create 3D periodicity in 

semiconductor materials.241, 242, 243, 244, 245 An alternative way to synthesize 3D crystals is 

to make use of self-assembly of colloidal suspensions, which does not require the use of 

elaborate microfabrication technique.  The as-grown 3D colloidal PC can be used as 
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precursors or template to fabricate other more complex photonic structure like inverted 

opals.246, 247 3D colloidal PC provides a versatile backbone structure into which 

functional substances can be infiltrated to make active optic components and sensors.248, 

249, 250, 251  Early PCs based on colloidal particles were synthesized by gravitational 

sedimentation of close-packed colloidal spheres in solution; a process often takes days or 

weeks, depending on the volume concentration either fcc or bcc structure can be 

formed.252 Another route to fabricating 3D-PC is to use charged colloidal spheres in 

solution, where the electrostatic forces between the colloidal spheres that control the 

crystallization can be regulated by pH of the liquid.253  To improve the crystallization 

quality, controlled shear stress was applied during the crystal growth, forming a large-

area twinned fcc single crystal.254  A widely employed method to form colloidal PCs is 

controlled drying also known as convective self-assembly.255, 256, 257, 258  This technique 

can produce single-crystal planar films with controlled thickness. 

The colloidal PCs studied in this work is produced by the self-assembly of 

monodisperse polystyrene colloidal spheres into hemispherical colloidal aggregates of 

internally ordered structure. The aggregates are formed from colloidal droplets patterned 

on the substrate by ink-jet printing as the solvent is rapidly removed from the droplet.259 

Unlike many other techniques of patterned growth of colloidal PCs,260, 261, 262, 263 the 

substrate does not need to be patterned first and no template is needed, i.e., the droplet 

itself serves as the template.  This technique has the potential to produce more complex 

patterns. 

To study a photonic band gap effect, reflectance or transmission spectroscopy is 

often employed.  Optical stop band will be manifested as a positive and negative peak in 
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reflectance and transmission spectrum, respectively.  For a photonic crystal deposited on 

an opaque material such as silicon, reflectance spectroscopy is the only choice.  Due to 

the small size of the individual droplets (~10 μm in diameter), it is difficult to obtain the 

reflectance spectrum using a conventional reflectance spectroscopy.  Although several 

research groups have studied the optical properties of microstructured photonic crystals 

either microscopically or macroscopically,256, 263 little has been done to study the optical 

response of a 3-dimensionally confined photonic crystal microstructure like this 

hemispherical photonic crystal droplet. This work thus provides some insight into the 

optical properties of this kind of photonic structure.  In our investigation, we used micro-

reflectance spectroscopy and successfully collected a reflectance spectrum from an 

individual colloidal droplet. The photonic crystal samples investigated in this work were 

contributed by Jungho Park and Jooho Moon at Yonsei University, Seoul, Korea. 

 

Experiment 

The array of droplets of the photonic crystal was prepared on silicon wafers using 

an ink-jet printing method.  The colloidal ink containing monodispersed polystyrene 

particles was injected through the nozzle in the ink-jet printer.  As the ink dries, the 

colloidal particles were self-organized to form the three-dimensional fcc lattice. Samples 

with three different colloidal sizes (190 nm, 210 nm, and 270 nm in diameter) of 

polystyrene particles were prepared.   The details of the fabrication process can be found 

elsewhere.259  

 

 



 

Figure A.1:  Schematic diagram of the (a) plan view of the array of the droplet of PC with 

PS colloidal particles, and (b) side view of the individual droplet. 

 

 

Atomic force microscopy (AFM) was performed using a Nanonics Imaging 

NSOM/SPM-1000 with a glass probe.  The AFM image was collected using a tapping-

mode.  Micro-reflectance spectroscopy was carried out using a Zeiss microscope coupled 

with a light source and a spectrometer.  The sample was irradiated using a UV/visible 

light source (DT-1000 Ocean Optics).   The light from the broadband light source was 

focused onto a single droplet of colloidal aggregate via a microscope objective lens.  

Micro-reflectance spectra were collected using Jobin-Yvon’s TRIAX 550 spectrometer 

equipped with a thermoelectrically-cooled charge coupled device (CCD) detector.  The 

spectral position and the full-width-at-half-maximum (FWHM) of the reflectance peaks 

were determined by fitting the spectrum with a Lorentzian function.  Bruggeman’s and 

Maxwell-Garnett’s effective medium approximation were used to model the dielectric 

properties of the colloid/air composite. 
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Result and Discussion 

Figure A.1 shows the schematic diagram of the droplet of photonic crystal with 

polystyrene particles.  Visual observation through an optical microscope yields three 

distinct colors for the droplets with different colloidal particle sizes.  Figure A.2 shows 

the AFM images of the sample with colloidal particles with 210 nm and 270 nm in 

diameter. It can be clearly seen that the arrangement of the colloidal particle matches that 

of the (111) plane of an fcc crystal.  According to the manufacturer, the error in the size 

distribution is approximately 3%. 

 

Figure A.2: AFM image of colloidal photonic crystal islands assembled from different 

sized polystyrene particles: (a) 210 nm and (b) 270 nm. (Ref. 264)  
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Figure A.3 shows the reflectance spectra of a single photonic crystal droplet 

which is composed of colloidal particles of one size.  The 3 different spectra correspond 

to 3 different particle sizes (190 nm, 210 nm, and 270 nm).  As the particle size increases, 

the position of the reflectance peak shifts to a longer wavelength, implying that the 

position of the photonic band gap shifts to lower energy (Figure A.2.).  
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Figure A.3: Micro-reflectance spectra of a single PC droplet which is composed of 

colloidal particles of one size. The three different spectra correspond to three different 

particle sizes (190 nm, 210 nm, and 270 nm).   
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Constructive interference will occur when the wavevector of the incident and 

scattered beam satisfy the following relations265; Ghkl = k’ – k, where G is the reciprocal 

lattice vector, hkl represents Miller indices, and k’ and k are wavevectors of the incident 

and scattered beam, respectively.  Bragg’s law can be expressed as; 

θλ sin2d
neff

=      (A.1) 

where λ is the wavelength of the light, d is the interplanar spacing, θ is the Bragg angle, 

and neff is the effective refractive index of the material.  In the fcc crystal, interplanar 

spacing of (111) plane, d111, can be expressed in terms of the diameter of the colloidal 

particle D; .  In the case of normal incidence (Bragg angle θ = 90˚) to a 

fcc crystal, the Bragg’s law can be expressed as; .

 Theoretical effective refractive indices (n

Dd 816.0111 =

Dneff ⋅⋅×= 816.02maxλ

eff) were obtained via Bruggeman’s 

effective medium theory;266, 267, 268
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where f is the filling fraction of the colloidal/air composite (f = 0.74 for fcc lattice), εps 

(=nps
2), εair (=nair

2), εeff (=neff
2) are dielectric constants of polystyrene, air, and effective 

dielectric constant, respectively.  According to the Maxwell-Garnett effective medium 

approximation; 269, 270
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The effective dielectric constants, effective refractive indices, and theoretical and 

observed reflectance peak positions are tabulated in Table A.1.   Figure A.4 shows a plot 

of peak position vs. diameter of the colloid.  It can be clearly seen that the observed peak 

positions fit fairly well with the theoretical predictions based on both Bruggeman and 

Maxwell-Garnett.  Therefore, it can be concluded that the Bragg’s law and effective 

medium theories which describe the propagation of light in a photonic crystal can still be 

applied to microstructures as small as 10 mμ  in diameter (approximately 30 to 50 of 

polystyrene beads across the droplets).   

 

Table A.1:  The effective dielectric constants, effective refractive indices, and theoretical 

and observed reflectance peak positions. 

Diameter (nm)     εeff
B      εeff

MG      neff
B     neff

MG      λB (nm)        λMG (nm)    λexp (nm)  

     190                 2.05       2.00       1.43      1.41        443.7           438.6           428        

   210                 2.05       2.00       1.43      1.41        490.4           484.8           501 

   270                 2.05       2.00       1.43      1.41        630.5           623.3           633  

Note: εps = (1.59) 2 and εair = 1.0  
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Figure A.4: Experimental observed peak position vs. diameter of the colloid was plotted 

along with the curves predicted by Bragg’s law and the effective medium approximations 

(labeled as B and MG). 

 

We also observed the broadening of the reflection peak as the size of the 

polystyrene bead increases. This broadening may be related to the higher density of 

defects in the photonic crystal made of larger beads, or it can be attributed to the fact that 

there are less repeating units in the photonic crystal made of larger beads than in the one 

made of smaller beads.  Details of the microstructure-property relationship of the 

photonic crystal droplets are being investigated. 
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Figure A.5 shows the reflection spectra for photonic crystal islands made of the 

same polystyrene particles (190 nm) but with different island sizes. The primary 

reflection peak for the largest photonic crystal island is located at 442 nm, which is in 

excellent agreement with the Bragg’s law and effective medium theory. Besides the 

strong reflection peak at 442 nm, there are also some sidebands at longer wavelength 

region, which is probably due to the constructive interference between the top and bottom 

layer of the photonic crystal island.271  

 The primary reflection peak was broadened and the intensity of the sideband 

reflection peaks was increased, when the size of the PC island was reduced. The former 

can be simply explained as a result of the diffraction of reflected light when the size of 

the island is small, which is similar to the peak broadening observed in X-ray diffraction 

experiments. The latter can be understood when one realizes that due to the hemispherical 

shape of the island, the height of the island will scale in the same way as the diameter of 

the island. Thus the height is also reduced, and at certain range it may enhance the 

interference between the top layer and bottom layer of the photonic crystal island. 

However, because of the shape of the island, the top and bottom layer are not parallel to 

each other, therefore the interference peaks are not regularly spaced in the reflection 

spectrum as usually occurred in planar photonic crystals.272         

 



400 450 500 550 600 650 700
0.0

0.1

0.2

0.3

0.4

0.5

 

 

 a
 b
 c
 d

Wavelength (nm)

R
ef

le
ct

io
n

 

Figure A.5:  Micro-reflection spectrum for photonic crystal islands made of the same 

polystyrene particles (190 nm) but with different island sizes. The approximate diameters 

of the islands are (a) 15 mμ , (b) 7 mμ , (c) 4 mμ  and (d) 2 mμ . 

 

As the size of the photonic crystal island decreases, the primary reflection peak 

shifts to a longer wavelength. It is speculated that inter-particle spacing between the 

polystyrene particles may be increased as the size of the island decreases.  However, 

further investigation is needed to verify this hypothesis. 
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Conclusions 

In summary, micro-reflection spectra of hemispherical photonic crystal islands 

have been collected. The polystyrene colloids with three different sizes (190 nm, 210 nm, 

and 270 nm in diameter) were used and the polystyrene colloidal particles were self-

assembled to form fcc lattices with three different lattice spacing.  It was observed from 

the reflectance spectra that the position of the optical stop band shifts as the size of the 

colloidal particle changes. The observed reflectance peak position fit well to the 

theoretical predictions based on Bruggeman and Maxwell-Garnett effective medium 

approximations. For large photonic crystal island with a diameter of ~10 mμ , the 

behavior of the reflection peaks can be well described by Bragg’s law and effective 

medium approximations; however, no reflection peaks were observed when the size of 

the island was smaller than ~2 mμ . As the size of the island decreases, the primary 

reflection peak shifts to longer wavelength and its intensity decreases.  The photonic 

crystal arrays may find application in biosensing. 
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