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SYNOPSIS 

 This dissertation summarizes experimental effort undertaken towards synthesis, 

characterization and demonstration of some of the potential applications of one dimensional 

GaN nanostructures. An atmospheric-pressure thermal chemical vapor deposition technique 

is developed for the growth of GaN nanostructures using liquid Ga metal as a source and NH3 

as a reactant gas. Different growth mechanism are employed to synthesize various 

nanostructures, such as, 1) GaN nanowires of hexagonal, triangular, square and wurtzite/zinc-

blende biphase homostructures via vapor-solid-liquid method, 2) nanotips, nanoparticles, and 

hierarchical nanostructures by vapor-solid method, 3) GaN nanotubes by quasi vapor-solid 

process and 4) core-shell Ga2O3@GaN microbelts by self-catalytic method. The detail 

morphological, structural and optical properties are used to arrive upon the possible growth 

mechanisms for these nanostructures. All the as-grown GaN nanostructures are composed of 

dominating wurtzite phase and show distinct UV luminescence properties.  

 Microscopic study reveals that all the core-shell Ga2O3@GaN microbelts possess 

distinct shape with self-affine nanoprotrusions on their surface. The wetting properties of this 

ideal surface are investigated and correlated with a mathematical model. A superhydrophobic 

state is observed in a single microbelt, which has been attributed to the presence of spatial 

air-trapped nanocavities within the vicinity of nanoprotrusions. In addition, the 

nanoprotruded microbelt is much more sensitive to the presence of moisture than their thin 

film counterparts. This has been demonstrated by measuring the variation of surface potential 

using Kelvin probe force microscopy. A dissociative pathway for the reaction mechanism of 

water molecules on GaN surfaces has been worked out.  

 Functionalization of GaN nanotubes using Pt nanoclusters carried out via a green 

chemistry route brings about novel laser assisted catalytic properties. Gas sensing behaviour 



IX 

 

of GaN NTs co-catalysed by Pt nanoclusters has been studied over a wide range of 

temperatures. Pt nanocluster functionalized nanotube shows superior response to H2 sensing. 

The recorded sensitivity extends down to 25 ppm concentration at room temperature.     

 A label free ultra sensitive impedimetric DNA biosensor has been demonstrated using 

GaN nanowires. The necessary reagents, experimental techniques and subsequent 

characterizations used during the process are discussed. A series of functionalization steps on 

GaN nanowires are employed to covalently immobilize single stranded DNA as a probe 

molecule. The amine-terminated dendrimer (PAMAM) has been employed as a linker 

molecule between nanowire and probe DNA. In-situ monitoring of the DNA hybridization 

process in GaN-PAMAM-probe indicates excellent sensitivity of these nano-matrices over 

10
-9 

to 10
-19

 molar target concentrations. In addition, this sensor shows excellent selectivity 

and specificity. A detailed mechanism for DNA sensing is proposed.   

         GaN NPs induced toxicity and inhibition of biofilm formation in both gram positive 

(Staphylococcus aureus) and gram negative (Escherichia coli, Pseudomonas aeruginosa and 

Pseudomonas putida) bacterial cells over a wide range of nanoparticle concentrations (0.25 -

100 µg/mL) have been demonstrated. The erosion of intracellular material, localized protein 

exudation site and extent of cellular damages upon exposure with GaN NPs has been 

investigated in detail to probe the dynamics prevailing at the nano-bio interface by confocal 

laser Raman microscopy. These studies addressed the interactions at both single and multi-

cellular levels.   
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CHAPTER 1 

INTRODUCTION 

 General interest in reducing the size of a material to nanometer scale arises from the 

manifestation of properties distinct from their three dimensional (3D) counterparts. The 

nanoscale is not only the middle ground between molecular and macroscopic levels but also a 

dimension that is specifically probed over the last decade. This investigative process has 

unraveled fascinating phenomena that eventually interweaved disciplines like physics, 

chemistry, biomedicine, analytical science and engineering.
1-6 

Certain materials in reduced 

length scale of few nanometers exhibit several unexpected properties, such as energy 

quantization, ballistic transport, single electron tunneling, metastable phase formation, 

plasmonic coupling, magnetic/electric behavior,
 
and superhydrophobicity.

7-9 
Magnitude of 

these nanoscale phenomena far exceed those found in corresponding bulk materials. It is 

worthwhile to mention that these intrinsic properties of a nano-material can be modulated as a 

function of length scale. Such scale dependency is gainfully utilized to achieve 

miniaturization of structural components. However, size alone is not the only determining 

parameter to obtain the desired properties. More specifically, it is rather the surface area to 

volume ratio which brings in an upsurge of nanoscale phenomena during the scaling down 

process of materials. As a matter of fact, particles with constant volume but variable shape 

can differ significantly in their physical and chemical properties. Thus, vigorous experimental 

efforts are still being continued worldwide for the synthesis of new types of materials with a 

high degree of shape anisotropy. Such materials are obtained in the form of wires, rods, 

tubes, tips and other multimodal structures. Apart from the control over the size and shape of 

a material, other associated parameters such as depletion of crystal defects, modulation of 

surface roughness and selected exposure of crystal facets also contribute significantly to the 
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enhanced functionality appearing at nanoscale.
10-13

 

 Nanomaterials are classified into three important categories depending on the spatial 

confinement of carrier. These are quantum well (2D), quantum wire (1D) and quantum dot 

(0D). In the long run, 1D semiconductor nanostructures have emerged as one of the 

promising classes of functional materials owing to their large surface to volume ratio, ultra 

high aspect ratio and possession of unidirectional conduction channels.
 
The tremendous 

progress in research has led to a multitude of applications of single crystalline 1D 

nanostructures in the fabrication of noble LEDs,
14 

lasers,
15

 waveguides,
16 

photo detectors,
3
 

solar cells,
17 

communication devices, ultra-small gas sensors, and bio-medical devices.
2,18

 

Full functionality of 1D nanostructure based devices is expected with further miniaturization 

and better functionality in this era of nanotechnology.  

 Recent progress in 1D nanostructures such as nanowires (NW) or nanorod growth 

techniques, including both physical (thermal evaporation, laser ablation and metal organic 

vapor phase epitaxy) and chemical deposition techniques [chemical vapor deposition (CVD), 

molecular beam epitaxy (MBE) and hydride vapor phase epitaxy (HVPE)] have allowed 

development of a broad range of inorganic NW compositions including group III–V, II–VI 

compounds and alloy crystal structures.
2,19

 A typical “bottom up” NW synthesis process 

involves vapor– liquid–solid (VLS) or vapor-solid (VS) growth mechanism. The versatility of 

these techniques allows one to exercise control over a wide range of NW materials, 

superlattices and branched structures. In this regard, VLS mechanism is quite popular as it 

promotes seeding and directional growth by incorporating catalytic liquid alloy phase which 

helps in the rapid conversion of vapor to supersaturation levels.
20 

Although understanding of 

the VLS growth mechanism has become very successful in making semiconductor NWs with 

a wide range of compositions, the use of metal during growth unavoidably introduces the 

potential problem of contamination and formation of defects. It becomes a hindrance for large 
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scale use of NWs in the optoelectronic industry. The problem has been mitigated by efforts 

devoted towards NW growth without using catalyst support. Significant progress has been 

made in realizing catalyst-free growth of compound semiconductor NWs by several methods. 

These catalyst-free growths can be driven by the VS growth mechanism, self catalytic VLS 

mechanism,
21

 dislocation-driven process
22

 or by oxide-assisted methods.
23

 

 The human quest for alternative renewable energy sources and attempt to realize 

miniaturized efficient optoelectronic devices has brought excitement among researchers to 

fabricate new and promising nanostructures bestowed with a high degree of shape anisotropy.  

1.1 Promising Wide Band Gap Material: 

 Every now and then, a new semiconductor material comes along that appears 

promising for varieties of applications in the field of optoelectronics.
24

 GaN is one such 

compound, known for its potential use in future high-performance, high-power optoelectronic 

devices with high carrier mobility, high electrical breakdown voltage, high melting point and 

low chemical reactivity.
2 

It has an unusual capacity to emit green, blue and ultraviolet light. 

This aspect has generated considerable interest over past decades. However, much of the 

potential of GaN is yet to be realized.  

1.1.1 Gallium Nitride (GaN): 

 GaN is a semiconductor having a wide band gap value of ~ 3.47 eV at 0 K.
25

 The 

band gap of the GaN can be tuned with suitable alloying with other group III elements. Thus, 

it is possible to get access to entire visible spectrum and a large part of the ultraviolet region 

which makes it a very exciting optoelectronic material system.
25-27 

At ambient temperature 

and pressure, the stable equilibrium structure of GaN is wurtzite (WZ) 2H polytypes and 

under certain non-equilibrium conditions, they can exist as a zinc-blende 3C polytype 

structure. Moreover, a rock salt or NaCl structure of GaN can be induced at high pressure 
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(~37 GPa). The WZ-nitrides are most widely grown, studied and reported.
25,26

 The WZ 

structure  consists of  two  interpenetrating hexagonal-close-packed  lattices, each  displaced  

 

Fig. 1.1 (a) Schematic diagram of a hexagonal wurtzite crystal structure; The primitive unit cell is 

represented by the thick solid line between the three axial vectors, (b) represents the different 

crystallographic plane orientation in the WZ structure along the [0001] direction.   

from the other by an extent of 0.375 (c0) as represented schematically in figure 1.1(a). The 

WZ lattice is characterized by three distinct parameters: the edge length of the basal hexagon 

(a0), the height of the hexagonal lattice cell (c0), and the cation-anion bond length ratio (u0) 

along the [0001] axis in units of c0 at equilibrium. In an ideal case, the c0/a0 ratio is 1.633 and 

u0 is 0.375. The unit cell of WZ structure contains six group III metal atoms and six group V 

nitrogen atoms and the structure belongs to P63mc ( ) space group symmetry with 

ABABAB type stacking sequence along [0001] direction. The different crystallographic 

orientations and stacking sequence of atoms in WZ structure are shown in figure 1.1(b) The 

non-centrosymmetric nature of  WZ structure exhibits properties such as piezoelectricity and 

pyroelectricity, which are absent in centrosymmetric crystals. A comparison of the major 

properties of GaN with other widely used semiconductors is summarized in table 1.1. 
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Table 1.1 Comparison of basic physical properties between GaN and other widely used 

semiconductors.
25-28

   

Property GaN InN AlN GaAs Si ZnO Diamond 

Energy gap (eV) 3.4 0.6-0.7 6.2 1.4 1.1 3.37 5.47 eV 

Exciton binding energy 

(meV) 
22 3 57 -4.8 -- 60 80 

Bohr radius (nm) 2.9 5 1.9 14 5 1.4 1.5 

Transition n type  

(10
7 
V cm

-1
) 

direct direct direct direct indirect direct indirect 

Breakdown field 

(MV/cm) 

3.0 2.0 1.8 0.4 0.3 -- 4.0 

Saturation electron  

Velocity (Χ 10
7
cm/s) 

2.5 4.2 2.0 2.0 1.0 -- 2.5 

Electron Mobility 

(cm
2
/V.s) 

1,200 4,000 -- 8,500 1,500 2000 1,800 

Thermal conductivity 

(W/cm.K) 

2.1 0.8 2.9 0.5 1.5 0.6-1 20.9 

Relative dielectric 

constant, (εr) 

8.9 15 8.5 12.8 11.8 -- 5.5 

 GaN is generally grown by a thin film deposition process, more popularly, by metal 

organic chemical vapor deposition (MOCVD) and MBE techniques. These techniques 

normally employ certain foreign substrate such as sapphire, and often introducing an 

additional buffer layer on arbitrary substrates. GaN grown over foreign substrates possess a 

high density of threading dislocations (~10
10

 cm
-1

) owing to the larger mismatch in lattice 

constant and thermal expansion coefficient, which have been long regarded as a critical issue 

to improve the efficiency and lifetime of GaN based thin film devices. Notably, GaN NWs or 

nanorods and their heterojunctions are usually dislocation-free and can readily accommodate 

large lattice mismatches. Therefore, NWs can be directly integrated with silicon technology 

as it is also compatible with conventional thin film technology.  
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1.1.2 Progress and Prospects of 1D GaN Nanostructures:  

 Sustained research effort on 1D GaN has resulted synthesis of several nanostructures, 

such as NWs, nanotubes (NTs), nanotips, nanobelts, and nanoparticles (NPs).
2
 As the 

diameter (d) of a material approaches to its exciton Bohr radius, band gap energy can increase 

along with exciton binding energy and oscillatory strength. Phonon dispersion in the reduced 

dimension can also be modified resulting in drastically different transport properties. This 

happens when d of the material becomes comparable with the mean free path of phonon (~ 

100 nm for GaN).
25

 In this context, 1D nanostructures of GaN with small diameter, high 

surface area, high aspect ratio, and tunable electrical and optical properties, makes it as good 

candidates for various applications including optoelectronics, photovoltaic, photocatalysis, 

gas and biosensing.
2
 The potential research areas pertaining to 1D GaN nanostructure are 

summarized in table 1.2.   

Table 1.2 Summarizes potential research area pertaining to 1D GaN nanostructures. 
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 It was Han et al. who first reported the synthesis of GaN NWs by employing carbon 

nanotubes as templates, Ga/Ga2O3 as source materials and NH3 as a reactant gas in a thermal 

CVD technique.
29 

The first VLS growth of the GaN NW was reported by Duan et al.
30 

using a 

laser ablation technique followed by Chen et al.
31 

who employed thermal CVD. The relatively 

simpler instrumentation and operation of thermal CVD technique has made it attractive and 

widely useful. Meanwhile, progress in VLS/VS based growth of various other forms of 1D 

GaN nanostructures, NWs, NTs, nanobelts and nanotips, is being pushed forward on several 

fronts.
2
 Moreover, from a bottom-up perspective, the ability to synthesize complex nanoscale 

objects with hybrid architecture and composition appear to be a formidable challenge in CVD 

based techniques. Optimization of various parameters in understanding the growth 

mechanism in the CVD technique is essential to ensure reproducibility.  

 High flexibility in designing of new optoelectronics devices is due to tunability of 

intrinsic properties coupled to miniaturization. Advances in optical devices made from planar 

GaN and other related semiconductor alloys have already shown success in realizing first 

ever fabrication of high-brightness blue LED, green laser diode, novel solar cells, high 

electron mobility transistor (HEMT) - that can amplify signals at a frequency of 300 GHz, 

smart grid, and ultra small transistor to detect DNA, detection of pH and identification of 

protein associated with breast cancer.
2,24-27

 However, success story of 1D GaN based devices 

is continuing at a rapid pace. These pertain to optically pumped single GaN NW laser, multi 

quantum well NR array based super bright LEDs for lighting and full color displays, coaxial 

NR heterostructures based flexible blue LEDs, photovoltaics, wafer level photocatalysis for 

hydrogen generation with better performance than TiO2 and ZnO NWs and 

gas/biochemical/DNA sensing.
2,32-34 

Applications pertaining to biomedical and chemical 

sensors are still in their infancy, but progress in nitride based electronics is bringing them 

steadily closer to reality. Nevertheless, in  the  nanoscale  miniaturization  process, 1D GaN is 
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expected to outperform the better known silicon optoelectronic components in the long run.  

1.2 Overview of the Thesis:  

 Chapter 1 provides the motivation for the study of one-dimensional semiconductor 

nanostructured materials with a comprehensive review of recent progress and a discussion on 

underlying prospects. The basic physical properties of GaN, various 1D GaN nanostructures 

and their importance, recent developmental effort, key material parameters and other issues 

dealing with potential applications are presented.   

 Chapter 2 briefly covers the experimental and characterization techniques used in the 

present thesis work. The development of an atmospheric-pressure thermal CVD technique is 

detailed. Various characterization tools, such as, field emission scanning electron microscopy 

(FESEM) for morphological, high resolution transmission electron microscopy (HRTEM) for 

structural, Raman and photoluminescence (PL) spectroscopy for optical properties are briefly 

discussed. Kelvin probe force microscopy (KPFM) and impedimetric spectroscopic 

techniques are also covered as these were used for measuring surface and interfacial 

electronic properties.   

 Chapter 3 deals with the growth of various forms of GaN nanostructures using liquid 

Ga metal as a source and NH3 as a reactant gas in thermal CVD technique. Initially, the 

process parameters to synthesize high quality GaN NWs of particular shape and size are 

optimized by interplaying with the incubation time in VLS technique. A simple steady state 

model has been used to correlate the NW growth morphology with the size of the liquid 

catalyst. VS type catalyst free process is used for the growth of various other forms of GaN, 

such as, nanotips, and NPs having a high degree of shape anisotropy. FESEM, HRTEM, 

Raman and PL studies are performed to explore the underlying growth mechanism of these 

GaN nanostructures.  



9 

 

 The self-catalytic growth and physicochemical properties of core-shell Ga2O3@ GaN 

microbelts are presented in Chapter 4. The nanoprotruded surface topographic features of the 

microbelts are explored by FESEM study. The interface of the core-shell structures is 

characterized in detail by focused ion beam (FIB) cross sectioning, HRTEM, and Raman 

imaging techniques. The GaN microbelt shows superhydrophobic properties as a result of the 

formation of inbuilt air-trapped nanocavity within the vicinity of surface protrusion and 

correlated with a mathematical model. High degree of dangling bonds and native defects on 

the nanoprotruded surface of the microbelts has shown enhanced sensitivity to moisture 

levels present in atmosphere as compared to thin film counterparts. This has been monitored 

by measuring the variation of surface potential using KPFM technique. A dissociative 

pathway for the reaction mechanism of water molecules on GaN surfaces is presented.  

 Chapter 5 covers the growth and functionalization of GaN NTs for catalytic oxidation 

and gas sensor application. GaN NTs are synthesized employing a quasi-VS process. In this 

case, Au is used to initiate the nucleation process to form a layer of GaN nanoparticulates that 

drives the further growth of NTs. Functionalization of NTs with Pt nanoclusters via a green 

chemistry route is performed. Laser assisted localized oxidation and photo-fragmentation of a 

single as well as GaN NT arrays is demonstrated and discussed in detail. Gas sensing 

behavior of NTs, co-catalyzed by Pt nanoclusters has been studied for a wide range of 

operating temperature, room temperature (RT) to 300 
o
C. Pt functionalized NTs show 

superior response to H2, down to 25 ppm concentration at RT.    

Chapter 6 deals with the development of an ultra sensitive DNA biosensing technique, 

which utilizes the advantage of narrow conduction channels being present in GaN NWs. The 

necessary reagents, experimental techniques, and subsequent characterization methods used 

during the process are described. A series of functionalization steps undertaken for GaN NWs 

to covalently immobilize single stranded DNA as a probe molecule is presented. This 
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approach uses established molecules like amine terminated dendrimer (PAMAM) for 

obtaining specific probes linkages to NWs. In-situ monitoring of the hybridization in GaN-

PAMAM-probe indicates excellent sensitivity over 10
-9 

to 10
-19

 molar target DNA 

concentration. The presence of single, triple mismatch, and radiation induced damage target-

DNA base pair can be delineated in the hybridization process. This demonstrates the 

excellent selectivity and specificity of PAMAM modified probes. A detail mechanism of 

DNA sensing is proposed which is based on observed band bending at the interface between 

the semiconductor and electrolyte that takes place during surface modification steps.  

        Chapter 7 briefly covers the recent trend in understanding the physicochemical 

interactions at the nano-bio interface, which is essential to trace the safe use of nanomaterials. 

GaN NPs induced toxicity and inhibition of biofilm formation in both gram positive 

(Staphylococcus aureus) and gram negative (Escherichia coli, Pseudomonas aeruginosa and 

Pseudomonas putida) bacterial cells over a wide range of NPs concentrations (0.25 -100 

µg/mL) are demonstrated. The erosion of intracellular material, localized protein exudation 

site and extent of cellular damage upon exposure to GaN NP have been investigated in detail 

by confocal laser Raman microscopy. These studies cover both single and multi-cellular 

levels.  

  A brief summary of this thesis along with the future prospective is given in Chapter 8.  
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CHAPTER 2 

EXPERIMENTAL AND CHARACTERIZATION TECHNIQUES 

 Growth of GaN nanostructures, chemical functionalization and their characterization 

processes were performed using a variety of experimental methodologies. Each method 

provides in depth information about the crystal structure, growth mechanism, and their 

associated surface, optical and electronic properties. This chapter describes each 

methodology employed for growth, characterization, and application of GaN nanostructures, 

and delineates the merits and demerits associated with each technique. 

2.1 Growth Techniques  

2.1.1 Introduction: 

 There are dozens of deposition techniques available to realize a wide variety of 

nanomaterials and their complexes.
1,2

 The concern here is with deposition method, which can 

be made simpler by limiting the number of technologies to be considered as well as 

classifying the task of comparison of physical properties of the resulting materials. In general, 

the growth of nanostructure via catalytic or self-catalytic deposition method consists of 

statistical process of nucleation, surface diffusion controlled growth of 3D nuclei and the 

subsequent ingress of incoming vapor phase species. The differential growth rate among the 

different atomic facets/planes results in a high degree of shape anisotropy. By controlling the 

thermodynamic parameters of the deposited materials and the substrate surface, the initial 

nucleation stage could be monitored that decides where an incoming adatom species will get 

attached. Various important parameters associated with the adatom migration process are 

listed as follows; 
2
  

1. The mean residence time of adatoms:       (1) 
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 where is a period of vibration perpendicular to the surface assumed to be almost 1/v (= 

 s), where v ( 10
13

 Hz) is a frequency of lattice thermal vibration, and Ead is the 

adsorption energy of adatoms on the substrate (= 0.1 to 1 eV).  

2. The thermal equilibrium time of the adatoms:       (2) 

3. The mean travelling distance of the adatoms: X      (3) 

where a0 denotes a lattice spacing of surface atoms of the substrates and Ed is the surface 

diffusion energy for the adatoms against the potential barrier on the substrate surface..  

 The necessary condition for the adatom is to stay at the surface of substrate is Ead >> 

kT, where  >>  otherwise it may disrobe out of the substrate. In case of epitaxial or VS 

growth mode, the initial growth stage of a material is governed by the surface energy content 

of the initial films (  the surface energy of substrates ( and the interfacial energy 

between thin films and substrates ( The island growth will be predominant at (  - ) < 

 which is a necessary condition for anisotropic growth proceeding towards formation of 1D 

nanostructures. In all these cases, the key variable influencing evaporation rate is temperature 

since it has a profound effect on equilibrium vapor pressures. On the other hand, growth of 

materials via a VLS process depends strongly on the catalyst particles as well as other 

messoscopic parameters, which are discussed in detail in Chapter 3. In the present work, we 

have employed chemical and physical vapor deposition methods for the growth of GaN 

nanostructures with varying aspect ratios. 

2.1.2 Thermal Chemical Vapor Deposition (CVD):  

 When a volatile compound of a material of interest to be deposited is vaporized, and 

subsequently decomposed into atoms or molecules, and/or reacted with other gas/vapor 

species, or liquids on the substrate surface to generate non-volatile reactant products on the 

substrate, the process is termed as thermal chemical vapor deposition (CVD). In contrast, 

physical vapor deposition (PVD) technique is based on material transfer process from 
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condensed-phase evaporant or sputter target sources to substrate surface. The fundamental 

sequential steps that occur in every CVD process can be outlined as follows;  

1. Convective and diffusive transport of reactant species to the reaction zone, 

2. Transport of the reactant products from chemical to the substrate surface, 

3. Heterogeneous reactions of these species the substrate surface by means of adsorption  

   diffusion, and desorption process leading to nucleation,  

4. Further rational attachment of reactant species leading to growth of nuclei,  

5. Transport of volatile substances and the reaction by-products away from the reaction zone.  

Important components of the CVD system for the growth of nanostructures:  

 The experimental setup for the growth of various forms of GaN nanostructures is 

described schematically in figure 2.1. The important components of the system are listed as 

follows:  

1) High Temperature Vacuum Tube Furnace (GSL-1300X, MTI Corporation, USA): 

Maximum temperature inside furnace can reach 1400 
o
C under vacuum or flowing gas. 

The furnace temperature profile can be set up by 51 segments and run automatically by the 

708p type advanced PID temperature controller. This system has additional features 

including,     

 Heating element: SiC rod   

 Constant temperature zone: 100 mm 

 Power: 2.5 KW and Voltage: AC 220~240 V (single phase 50/60 Hz)  

 Thermocouples: S type Pt-Rh  

2) Quartz tube reactor of diameter ~2.7 cm, length of ~130 cm and thickness 2 mm  

3) Rotary vacuum evaporator (Edwards RV3 50L/m two-stage rotary pump with oil mist 

filter) for pre-evacuation of the chamber down to 1 mbar pressure  

4) High pure NH3 gas (99.99 %) source  

5) Mass Flow controller (GFC 57/67/77): 1-100 sccm for NH3 and 10-1000 sccm for N2 gas  
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Fig. 2.1 Schematic representation of the thermal CVD system used for the growth of various forms 

of GaN nanostructure; Inset shows the typical temperature profile maintained during the growth 

process.  

6) Pirani Vacuum Gauge: to monitor vacuum inside the chamber in the range of 1000 to 1 x 

10
-3

 mbar.   

 The thermal CVD has been used for the growth of GaN nanostructures. Typical 

temperature profile in the CVD system employed for our growth of various GaN 

nanostructures is shown in the inset in figure 2.1.  

Advantages: 

1) Ability to produce a large variety of films and coatings of metals, semiconductors, and 

inorganic as well as organic compounds  

2) Ability to control stoichiometry of films   

3) Affordable cost of the equipment and operating expenses, 

4) Suitability and compatibility with other growth processing steps 

Limitations:  

1) Controlled and aligned growth of nanostructures  
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2) Maintaining the stoichiometric ratio of the precursors during growth 

3) Difficulties in controlling the various process parameters dependent anisotropic growth 

aspect  

2.1.3 Thermal Physical Vapor Deposition:   

 The PVD process is divided into two categories: (1) thermal evaporation and (2) 

sputtering. Thermal evaporation or vacuum deposition techniques are still widely used in the 

laboratory and in industry for depositing metal and metal alloys. The important steps 

involved in the thermal evaporation process include; (i) generation of reactant vapors by 

boiling or subliming a source material in a vacuum chamber pressure with p < 1 × 10
-6

 Torr, 

(ii) transfer of vapor phase species to the substrate, and (iii) condensation of vapors on the 

substrate leading to the formation of a solid film. The resistive heating process is most 

commonly used to evaporate source materials for thin film deposition. The heating elements 

are either in the form of filaments or boat, generally made of refractory metals such as W, 

Mo, or Ta. The thermal evaporation system (Model 15F6, HINDHIVAC) used for our study 

facilitates coating of single and multilayer films along with Ion cleaning (bombardment) and 

film thickness monitoring. This is a versatile and flexible unit suitable to produce a simple 

metallic film for research.  

Important components of the thermal evaporation system:  

1) Vacuum pumping system:   

 Diffusion pump type and speed: OD-150, 300 Lit/Sec 

 Rotary vacuum pump type and speed: ED-21, 350 Lit/Min. 

 Vacuum gauge : Analog, Pirani, Penning gauge (with sensors to measure vacuum in 

the range of 0.5 mbar to 1 x 10
-3

 mbar and 10
-3

 to 10
-6

 mbar)  

2) Power: 230V AC, 50Hz, 1 Phase 

3) Chamber gadgetories:  
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 LT Evaporation: 3 sets- (200 Amps, 10 V) or (100A, 20V)  

 Ion Bombardment: 1 set, 3.5 KV, 200 mA 

 Work holder size (flat): 340 mm dia (nominal)  

  We have employed this technique to deposit Au films of 3-10 nm thickness on Si or 

sapphire substrates for the growth of NWs and nanotubes. In addition, metal films of single 

(Pd, Pt, or Al) and multilayer (Ti/Au or Cr/Au) are deposited by this system for sensor 

fabrication.    

2.1.4 DC Sputtering:  

 Generally, deposition of material in the sputtering process involves the bombardment 

of energetic ion particles on a solid surface. Among the different sputtering systems 

available, such as rf diode, magnetron, and ion-beam, DC sputtering system is relatively 

simple. The DC sputtering system is composed of a pair of planar electrodes where one of the 

electrodes is a cold cathode and the other one is an anode. The top plasma-facing surface of 

the cathode is covered with a target material of interest whereas substrates are placed in the 

anode. When the sputtering chamber is maintained at 0.1 torr of argon gas, several kilovolts 

of dc voltage with a series resistance of 1 to 10 kare applied between the electrodes, which 

initiate the formation of the glow discharge. The air ions in the glow discharge region are 

accelerated towards the cathode, and sputter the target resulting in the deposition of thin film 

on the substrates. The film-growth rate (G) during DC sputtering can be calculated with the 

help of following equation;
2 
 

                            (4) 

refers to the discharge power-density (W/cm
2
),  is the mean distance from the 

cathode where sputtered atoms travel before they become thermalized,  is the distance 

between the cathode and anode,  is the atomic density (atoms/cm
3
),  is the secondary-
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electron emission coefficient and E is the average sputtering energy.
2
 This expression reflects 

that the deposition rate depends directly with applied power and inversely with electrode 

spacing. Pressure and cathode voltages are assumed constant. We have employed this 

technique to deposit Pd, Pt or Ag films of various thicknesses for sensor application.  

2.2 Structural and Morphological Characterization 

 It is essential to understand and ultimately control the properties of the material. To 

achieve this characterizing the detailed material structure down to the atomic level is 

required. Imaging, measuring, modelling, and manipulating matter at dimensions of roughly 

1 to 100 nm can be accomplished with the help of emerging nanocharacterization techniques 

such as AFM, TEM, STM, and FESEM with the capability to achieve high spatial and 

analytical resolution. 
3
  

2.2.1 Electron Microscopes:  

 Electron microscopes were developed because of the limited image resolution in light 

microscopes imposed by their wavelength range. From the Rayleigh criterion, the smallest 

distance (δ) that can be resolved, is approximately by , where λ is the 

wavelength of light,  the refractive index of the viewing medium, and  the semi-angle of 

collection of the magnifying lens. The resolution limit of a microscope depends on the 

wavelength used to form the image. Short wavelength provides higher resolution than long 

wavelength in otherwise identical systems. The wavelength of an electron can be calculated 

by    

                               (5)   

where h is Plank's constant, p is momentum, is the mass of the electron, e is the charge of  
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the electron and V is the applied electric potential. The is the relativistic 

correction term applied when the incident electron energy is 100 keV.  

 All electron microscopes take advantage of the wave and particle like behavior of 

electrons to obtain high-resolution images. The electron scattering process is a succession of 

particle nature, while electron diffraction is treated by a wave theory. In the scattering 

process, those electrons do not deviate far from the incident-electron direction gives us the 

information we seek about the internal structure and chemistry of the specimen. TEM 

construction allows gathering of these electrons. Another form of scattering where electrons 

are scattered though large angle (e.g. Backscattering electron) and electrons ejected from the 

specimen (e.g. Secondary electrons) are of much greater interest in the SEM. These electrons 

provide atomic number contrast, surface-sensitivity and topographic images.  

2.2.1.1 Transmission Electron Microscopy (TEM): 

 TEM comprises a range of different instruments that make use of the properties of 

electrons, both as particles and as wave.
3
 The TEM generates a wide range of signals which 

can be processed to obtain atomic resolution images, diffraction patterns (DP), and different 

kinds of spectra from the small region of the specimen. It produces a much localized electron 

probe, typically < 5 nm and at best, < 0.1 nm in diameter. The beam current can be as high as 

~0.1-1 µA. The wavelength of an electron accelerated by a 200 kV potential (a typical TEM 

operating parameter) is 2.51 pm which is five orders of magnitude smaller than the 

wavelength of visible light. It provides valuable information about specimen chemistry and 

crystallography. TEM comes in wide variants namely high resolution transmission electron 

microscope (HRTEM), scanning transmission electron microscope (STEM), Analytical 

Electron Microscope (AEM), high voltage electron microscopy (HVEM) and intermediate 

voltage electron microscopy (IVEM).  

http://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0CGAQFjAB&url=http%3A%2F%2Fwww.nist.gov%2Fmml%2Fsurface%2Fmicroanalysis%2Fcm300.cfm&ei=Pn3fT_ryKNHQrQfS0JW2DQ&usg=AFQjCNGIObTddvHGSck8lPSp5qIciO0Onw&sig2=u_GgDre_a_EdS5neoxk6fQ
http://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0CGAQFjAB&url=http%3A%2F%2Fwww.nist.gov%2Fmml%2Fsurface%2Fmicroanalysis%2Fcm300.cfm&ei=Pn3fT_ryKNHQrQfS0JW2DQ&usg=AFQjCNGIObTddvHGSck8lPSp5qIciO0Onw&sig2=u_GgDre_a_EdS5neoxk6fQ
http://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&ved=0CGAQFjAB&url=http%3A%2F%2Fwww.nist.gov%2Fmml%2Fsurface%2Fmicroanalysis%2Fcm300.cfm&ei=Pn3fT_ryKNHQrQfS0JW2DQ&usg=AFQjCNGIObTddvHGSck8lPSp5qIciO0Onw&sig2=u_GgDre_a_EdS5neoxk6fQ
http://www.google.co.in/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=0CHoQFjAA&url=http%3A%2F%2Fwww.uhvem.osaka-u.ac.jp%2Fen%2F&ei=rX3fT-4qxuitB5zuubMN&usg=AFQjCNGVWHDYAERmwfuSY3MKk6XTy2CK1g&sig2=RG3tbs1Ctva8O9SVgaXoGQ
http://acronyms.thefreedictionary.com/Intermediate+Voltage+Electron+Microscopy


21 

 

Important Components:  

 The TEM is divided into three important components: the illumination system, the 

objective lens\stage, and the imaging system. A schematic diagram of the TEM is given in 

the figure 2.2. The illumination system comprises the gun and the condenser lenses and its 

role is to take the electrons from the source and transfer them to the specimen. It can be 

operated in two principal modes; parallel beam [for TEM and selected area electron 

diffraction (SAED)] and convergent beam [for STEM, analysis via X-ray and electron 

spectrometer, and convergent beam electron diffraction (CBED)]. The objective lens/stage 

system is the heart of the TEM, which  extends  over a distance of 10 mm at  the center of the  

 

Fig. 2.2 The highly simplified diagram showing two basic operations of the TEM imaging system 

involving (a) diffraction mode where the DP was projected onto the viewing screen, and (b) image 

mode where the images were projected onto the onto the viewing screen. In each case the 

intermediate lens selects either the back focal point (a) or the image plane (b) of the objective lens 

as its object.  
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column. In this critical region, beam specimen interactions take place and the two 

fundamental TEM operations occur. These pertain to the creation of various images and DPs 

that are subsequently magnified for viewing and recording. The imaging system uses several 

lenses to magnify the image or DP produced by the objective lens and to focus these on the 

viewing screen through a detector, charge coupled detector (CCD), or TV camera.   

Principle of Operation:  

 When beams of electrons are sent through the thin sample within the column of a 

TEM, the atoms in the sample diffract the electrons. If the Bragg condition ( ) 

is satisfied for the diffracted electrons from different planes of the specimen, then the waves 

will constructively interfere. Either, depending on how the electro-magnetic lenses are 

focused, interference patterns (the image of the sample) or the DP can be observed. HRTEM 

can image samples at an atomic resolution, which are formed by allowing many diffracted 

beams as well as the transmitted beam to contribute to the image. However, we are not seeing 

the individual atoms while looking at an HRTEM image. When the beams are combined they 

are constructively and destructively interfere resulting in the phase contrast image, which can 

be described by:  

    = 2A( )        (6) 

where u is a reciprocal lattice vector, A(u) is the aperture function, and  is the phase-

distortion function by taking into account of the fact that spherical aberration, astigmatism, 

and defocus affect the phase of each beam. When T(u) is positive, a negative phase contrast 

results, meaning that atoms would appear bright against a dark background.  

 The DP of a specific area of the sample can be obtained by putting an aperture around 

a selected area of the sample while in imaging mode, and then switching the TEM to 

diffraction mode. This process is known as SAED, which provides crystallographic structure 

in reciprocal space. Indexing the SAED, by comparing the relative distances and angles 
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between the diffraction spots, the crystal structure, symmetry, and the orientation of the 

sample at a particular region can be derived. The SAED contains a bright central spot that 

corresponds to the direct-beam electrons and some scattered electrons, the distribution of 

which will depend on the nature of the specimen. Direct beam can be selected to form a 

bright field image or electrons that are not in the direct beam can be collected to form a dark 

filed image. There is a limit to the size of the area that can be selected with an aperture due to 

the spherical aberration of the objective lens. In cases where the area of interest is too small 

to be imaged using SAED, a fast Fourier transform (FFT) can be applied to an HRTEM 

image of the area of interest to get a pattern similar to the SAED pattern. The Fourier 

transform switches between real space (x) and reciprocal space (1/x). The mathematical 

processing of the interference pattern of an HRTEM image results in the same pattern of 

spots that would be expected from an SAED of the crystal structure.  

Limitation:  

1)  Thin specimen and maximum sampling capability no more than 10
3 

mm
3  

2) Projection limitation  

3) Poor depth sensitivity  

4) Damage to specimen by high energy electrons  

 

 However, there has been progress in overcoming these limitations, which was much 

more of a problem for biologists interested in the shape of complex molecules, cells, and 

other natural structures. Recently, there has been a rapid improvement to create a 3D image 

using electron tomography that uses a sequence of images taken at different tilts.  

 In this thesis work, a Libra 200 Zeiss HRTEM was used to substantiate the growth 

process of various GaN nanostructures and their associated crystallographic information.   
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2.2.1.2 Scanning Electron Microscopy (SEM): 

 Scanning Electron Microscopy is used to produce real space magnified images of the 

surface showing texture, shape, and size of particles by using a beam of electrons. An 

electron beam with primary electron energy typically 0.5 keV to 40 keV is focused by an 

electromagnetic lens system onto a spot of 0.4 to 5 nm in diameter on the sample surface. The 

main difference between a TEM and an SEM is that in a TEM, the electrons go through the 

sample and in an SEM the electrons only interact with the surface of the sample. The 

specimen preparation for SEM studies is rather easy.    

 To acquire an SEM image, the electron beam is rastered across a selected area of the 

sample. The high energy electrons from the electron beam transfer some of their energy to 

electrons of the sample's atoms, causing emission of back scattered electron by elastic 

scattering and secondary electrons by inelastic scattering along with other electromagnetic 

radiations. Each of these can be detected by specialized detectors and the number of electrons 

detected is translated into intensity for each pixel on a computer monitor. Because electrons 

near sharp corners or edges can more easily escape the sample and get to the electron 

detector, SEM images have a 3D appearance. The two most common materials used for 

electron emitting filaments are Tungsten (W) and lanthanun hexaboride (LaB6). Traditional 

SEM normally uses a thermionic electron gun, where electrical heating of a filament emits 

electrons. Thermionic sources have relatively low brightness, high evaporation of cathode 

material and thermal drift during operation. These aspects hinder the resolution limits of a 

conventional SEM. However, adopting field emission gun (FEG) in the SEM provides us 

with a high contrast image having low electrostatic distortion and spatial resolution < 2 nm. 

The FEG has used a tungsten wire with sharp tip of radius ~100 nm. When FEG equipped 

with focused-ion-beam (FIB), it can perform multiple works like TEM sample preparation, 

electrode deposition, in-situ annealing and pattern formation. 
3
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     In this study, a FESEM (Model Zeiss SUPRA 40) was used to examine the 

morphology, interface structure of various GaN nanostructures grown under different 

conditions. It was also used to substantiate the growth mechanism as well as the connectivity 

of nanostructures to the substrate.  

2.3 Optical and Electronic Properties  

 Raman and Photoluminescence spectroscopy are standard optical characterization 

techniques for studying various aspects of solids such as lattice and electronic properties, and 

for direct detection of molecular species. In this dissertation, the optoelectronics properties of 

the as-grown GaN nanostructures were studied by Raman spectroscopy, Photoluminescence 

(PL), and Kelvin probe force microscopy (KPFM).  

2.3.1 Raman Scattering Spectroscopy:  

 Raman scattering is an inelastic scattering process of photon that occurs essentially as 

a result of modulation of the electronic polarizability induced by various elementary 

excitations in a material such as phonons and plasmons.
4,5

 Stokes scattering corresponds to 

the emission of a phonon, while anti-Stokes scattering corresponds to phonon absorption. 

Generally, Raman scattering intensity I can be expressed as:  

               (7) 

 (wave vector k1) and  (wave vector k2) are the incoming and scattering light frequencies 

respectively. and  are the energy of the intermediate states available (e.g. band gap 

energy, exciton, impurity state levels etc.). R is the Raman tensor. and are the 

polarization vectors of the scattered and incident lights, respectively. In this equation, the first 

term represents the dipole transition radiation, the middle term represents the Raman 
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selection rule that is related to the change of polarizability and the crystal symmetry, and the 

last term contributes to the resonance effects.
5
 

 During the scattering process, conservation of energy during the interaction requires 

that   , while conservation of momentum gives; k1= k2 ± q, where  phonon 

frequency (wave vector q). The maximum phonon frequency of a typical crystal is about 10
12

 

- 10
13

 Hz that is approximately two orders of magnitude smaller than the frequency of a 

photon in the visible spectral region. The maximum possible value of |q| {=k1- (- k2)= 2nω/c} 

occurs for the backscattering geometry in which the outgoing photon is emitted in the 

direction backward to the source.
6
 The maximum value of q that can be accessed in an 

inelastic light scattering experiment is of order 10
7
 m

-1
. This is very small compared to the 

size of the Brillouin zone in a typical crystal (~ 10
10

 m
-1

). Inelastic light scattering is thus able 

to probe small wave vector phonons with q  0. Therefore, Raman scattering gives little 

information about the dispersion of optical phonons, and its main use is to determine the 

frequencies of the LO and TO modes near the Brillouin zone center. In addition, the 

momentum transfer from a photon to a phonon is negligible, and hence only the zone-center 

phonons will be Raman active (first-order Raman scattering, q = 0). However, in reduced 

dimension such as in nanomaterials, the momentum conservation is often relaxed. In this 

case, the off-centered phonons can be Raman active and are named as a second-order 

scattering, q  0, which is related to the continuum of phonon density of state and the 

specific second-order scattering process (e.g. overtone and combination).      

 Raman scattering has many advantages when compared with other spectroscopic 

techniques, such as non-destructiveness, contactlessness, and requires no special sample 

preparation technique such as thinning or polishing. However, Raman based techniques like 

resonance Raman scattering (RRS), surface enhance Raman scattering (SERS), tip enhanced 

Raman scattering (TERS), time-resolved Raman scattering (TR
2
S), nonlinear Raman 
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scattering (NRS), coherent anti-stokes Raman scattering (CARS) and stimulated Raman 

scattering (SRS) are also very popular as non-invasive techniques that offer chemical and 

structural information pertaining to a variety of materials inclusive of biomaterials.   

2.3.1.1 Major Components of micro-Raman Spectrometer:   

 The micro-Raman spectrometer (inVia, Renishaw, UK) used for this work is 

facilitated with the following important components:  

1) Excitation source, which is generally a continuous wave laser: Ar
+
 laser with 524.5 and 

488 nm excitation (maximum laser power ~ 40 mW), He-Cd Laser (UV - 325.5 nm, Power 

10 mW), and 788 nm NIR laser.  

 

Fig. 2.3 Schematic arrangement of the micro-Raman spectrometer along with detailed internal and 

external components, laser, and confocal microscopy. 

2) Sample illumination via Leica microscope equipped with 5Х, 20X, 50X and 100Х 

objective lenses. Standard and confocal modes of operation and collection system is in 

backscattering configuration are available.   

3) Wavelength selector and diffraction gratings of 600, 1800, 2400 and 3000 gr.mm
-1
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4) Thermoelectric cooled CCD in visible and InGaAs detectors in the near IR range. 

5) Computerized data processing systems along with additional facilities including optical 

elements for Polarization measurement, Linkum liquid N2 stage for low temperature 

measurement and XYZ movable stage with step size of 0.1 µm capabilities are available.   

 A schematic ray diagram of the typical arrangement of these components is shown in 

figure 2.3. The spectrometer provides true confocal capability by adjusting the detector slit 

and pinhole aperture. According to the Abbe's formula (0.63λ ⁄NA where λ is the wavelength 

and NA the numerical aperture of the objective), the theoretical lateral resolution using 100X 

objective (NA~ 0.85) is about 385 nm.  

2.3.1.2 Raman Imaging and Mapping Study:  

 In Raman mapping, Raman spectra are measured at various spatial locations. After 

data acquisition, it is possible to display individual components of Raman spectra for each 

spatial location or to display a false color image based on the intensities at a selected Raman 

frequency. Three modes of scanning can be used as per the requirement, namely static, 

extended and confocal modes. In static mode, the number of spectra in one image can be 

acquired in less time without the movement of the grating, whereas in extended scanning 

mode the grating moves in order to cover a larger range of wave number resulting in longer 

acquisition times. The spectrometer facilitates mapping of different phase, elemental 

distribution and stress analysis in various hybrid systems including bimolecular and GaN 

nanostructures. The mapping study was performed in a raster scan mode (static/confocal) 

with minimum of 0.1 μm step size and 1 s integration time.  

 Generally, Raman scattering efficiency is higher in covalent crystals than in ionic 

crystals, because the valence electrons are less localized and larger fluctuation of the 

polarizability can be induced by lattice vibration. From this perspective, GaN is suitable for 

Raman scattering studies, since the chemical bonding is a mixture of covalent and ionic 
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bonding. In addition, GaN is generally robust and stand up well to laser irradiation, which is 

another advantage of Raman scattering studies.  

2.3.2 Photoluminescence Spectroscopy:   

 Photoluminescence (PL) is a process of re-emission of light after absorbing a photon 

of higher energy.
6,7

 This is a radiative recombination process among excited carriers, such as, 

electrons/holes or excitons in semiconductor during external optical excitation process. 

Typical band diagram representation of the PL process in a direct gap material is shown in 

figure 2.4. Photons of energy  from an excitation source such as a laser or lamp, when 

impinge on a semiconductor of band gap Eg inject electrons into the 

conduction  band  and  holes  in the valence band.  While absorbing a photon, initially   the  

 

Fig. 2.4 (a) Schematic diagrams of the PL processes happening in case of a direct gap 

semiconductor after optical excitation, (b) Density of states and level occupancies for the electrons 

and holes which obey the Boltzmann distribution functions.   

electron from the valence band creates a state high up in the conduction band. It rapidly loses 

energy by emitting phonons as indicated by the cascade of transition lines within the 

conduction band as shown in figure 2.4(a). The emitted phonon preserves all conservation 

laws of energy and momentum. This process of electron-phonon coupling in most solids is 
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very strong that takes place for a short time scale (~ 100 fs). This time scale is much faster 

than the radiative lifetimes of electrons/holes, which has typical values in the range of 10
-8

 -

10
-9

 s. Therefore, the electrons accumulate at the bottom of the conduction band long before 

they have had time to emit photon by the radiative recombination process. The similar 

relaxation process applies for holes in the valence band. Since the momentum of the photon is 

very small compared to the momentum of the electron, the electron and hole that take part in 

the recombination process must have the same k vector. Therefore, the emission takes place 

near k = 0 that corresponds to a photon of energy Eg. No matter how the electrons and holes 

are excited in the first place, we always obtain luminescence at energies close to the band gap 

of a material of interest. The luminescence property of a material is also strongly affected by 

the presence of native defects, impurity, dopants and absolved molecular species. The shape 

of the band-to-band PL spectra can be calculated. Assuming a direct band gap semiconductor 

with low carrier density, the PL intensity can be expressed as:    

                         (8) 

The first term arises from the joint density of states in the interband transition and the second 

factor arises from the Boltzmann distribution of the electron and holes.
6
 The luminescence 

efficiency of direct band gap semiconductors is relatively higher compared to indirect band 

gap materials. In typical direct gap semiconductors, the optical transitions between the 

valence and conduction bands are dipole-allowed and have large matrix elements. Apart from 

the band-edge transition, there are other possible pathways for the excited carriers to take part 

in the radiative transition process. The following possibilities exist:
7
 

1) Free-to-bound (FB) transition: FB radiative recombination process involves a transition 

from a free carrier (electron) to a charge (hole) bound to an impurity (shallow acceptor) state. 

2) Donor-accepter-pair (DAP) transitions: Quite often, a semiconductor may contain both 

donors and acceptors like states. When electrons from the neutral donors (D
o
) state recombine 
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radiatively with holes in the neutral acceptors (A
o
) state, this is known as DAP transition. The 

energy of the emitted photon in a DAP transition is given by following expression:  

                                  (9)  

where Eg is the band gap energy and ED and EA are the donor and acceptor binding energies,  

respectively. The last term is appeared from coulomb energy provided that the distance (R) 

between two charge states (D
+  

and A
-
) is much larger than the lattice constant, otherwise 

zero.   

3) Free and bound exciton emission: In high purity and high quality semiconductors, the 

photo-excited electrons and holes are often formed as excitons by Coulomb interaction. The 

emission produced during the radioactive annihilation of exciton is so-called free exciton 

emission. However, the emission arising from the exciton attached at the neutral donors or 

acceptor states is called bound exciton emission. It commonly occurs at low temperature.   

  PL spectroscopy is a potential tool in the semiconductor research with an objective to 

develop electroluminescent devices such as light-emitting diodes and lasers. The 

experimental arrangement is same as for Raman spectrometer as shown in figure 2.3. In this 

dissertation, the PL studies of GaN nanostructures were carried out using 325.5 nm excitation 

line of He-Cd UV Laser. Low temperature PL measurements were carried out by a liquid N2 

stage (Linkam).  

2.3.3 Kelvin Probe Force Microscope (KPFM):  

 Kelvin probe force microscopy is based on the principle of an atomic force 

microscopy that uses a conducting tip.
8
 In KPFM mode, the contact potential between sample 

and tip is compensated by applying external bias voltages and thus facilitating the 

simultaneous acquisition of topography and surface potential (SP) images. It is based on a 

two-pass technique. In the first pass the topography is acquired using standard semi-contact 

http://www.ntmdt.com/spm-principles/view/semicontact-mode


32 

 

mode (mechanical excitation of the cantilever). In the second pass this topography is retraced 

at a set lift height from the sample surface to detect the electric surface potential φ(x). During 

this second pass the cantilever is no longer excited mechanically but electrically by applying 

a voltage (Vtip) to the tip, which contains both dc and ac components; Vtip=Vdc + Vac sin(ωact) 

 

Fig. 2.5 Schematic band diagram of the KPFM process steps (1 to 4) of measuring the surface 

potential of a surface using metal tip.   

The ac voltage produces an electrostatic force between the tip and the sample and causes the 

tip to oscillate at the fundamental ac bias frequency (ωac). The resulting capacitive force 

Fcap between the tip and a surface at potential Vs is 
9
  

      Fcap =(1/2) (Vtip - φ(x))
2
(dC/dz)                 (10) 

where C and z are the capacitance and the distance between the tip and sample, respectively. 

The first harmonic force expressed as  

     Fcap ω = (dC/dz(Vdc- φ(x)Vac)sin(ωact)                 (11) 

leads to suitable cantilever oscillations. In KPFM, an additional bucking voltage (Vdc) is 

applied to the tip to null out the ωac component of the cantilever (and accordingly ωac 

component of the tip-force). The dc bias Vdc (x) is then equal to φ(x). The KPFM process for 

SP measurements is depicted schematically in figure 2.5. So mapping Vdc (x) reflects the 

distribution of the SP along the sample surface, which is equal to SP = Δφ /e. Here, ΔФ is the 

difference between tip and sample work functions, and e is the electron charge. If no special 
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tip-sample bias voltage is applied, this distribution becomes a Contact Potential Difference 

(CPD) distribution.   

 In this study, topography and SP images of GaN samples were acquired 

simultaneously using an Agilent 5500 with a three-lock-in amplifier in the amplitude 

modulation KPFM. For the measurements, VAC bias at frequencies in the range 10-15 kHz 

plus a DC bias, VDC, were applied between tip and sample. The change in the SP values with 

moisture level in the environment was correlated to the specific material properties.     

2.4. Electrochemical Impedance Spectroscopy (EIS): 

 Electrochemical impedance spectroscopy (EIS) is a valuable method for the 

characterization of surfaces, functional layers or membranes as well as the exchange and 

diffusion processes by analyzing the complex electrical resistance at the interface at different 

frequencies.
10,11

 In the field of biosensor, it is particularly very sensitive to the detection of a 

variety of target analytes, such as DNAs, proteins, antigens, or antibodies. Impedance based 

biosensors measures the electrical impedance of an interface in the AC steady state with the 

constant DC bias condition. The impedance is a complex value that can be determined by 

applying a sinusoidal voltage of small amplitude ( ) and simultaneously detecting the 

current response.
11 

The impedance can be expressed by   

 =  

where V0 and I0 are the maximum amplitude of voltage and current, respectively. ω is the 

angular frequency, t the time, φ the phase shift between the voltage–time and current–time 

functions. It can be represented in two different ways: 1) using a Bode plot which plots log|Z| 

and φ as a function of log ω; or 2) using a Nyquist plot which plots imaginary impedance 

Z′′(ω) vs real impedance Z′(ω). Depending upon the nature of current flow across the 

interface, all electrochemical sensors are broadly divided into two categories, 1) Faradic type 
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(charge transferred across the interface) and 2) non-Faradic type (transient currents can flow 

without charge transfer).     

 An Eco Chemie Autolab PG STAT 30 model potentiostat was used for our study 

belongs to a conventional three-electrode system as shown in figure 2.6(a). Here, functional 

GaN NWs were used as working electrodes, a platinum foil as a counter electrode and a 

saturated calomel electrode as a reference electrode through a luggin capillary. Impedance 

spectra were recorded at open circuit potential by applying a sinusoidal voltage of small 

amplitude ( 10 mV) in the frequency range of 10
6
- 0.005 Hz. Typical impedance spectrum 

was often represented by the Nyquist plot as shown in figure 2.6(b) which is constituted of a  

 

Fig. 2.6 Schematic representation and working methodology of a three-electrodes based EIS 

technique, (b) typical Randles‟ equivalent circuit and Nyquist plot for an electrode in contact with 

an electrolyte (used for our study).   

semicircle at low frequency side (electron-transfer-dominated process) and a 45
o
 inclined line 

at higher frequency side (diffusion-limited process). The area under the curve represents the 

polarized resistance (RP) whereas the 45° line indicates Warburg-limited behaviour whose 

value can be determined by extrapolating to the real axis. For the situation of an electrode in 

contact with an electrolyte, the so-called Randles circuit were used [as shown in Fig. 2.6(b)], 

comprising of the solution resistance (Rs), polarization resistance (Rp), a constant phase 
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element (Q) and Warburg impedance (W). Constant phase element (CPE), denoted here as Q, 

was used for better fitting for some of the elements instead of true capacitance. The CPE 

reflects non-homogeneity of the layer and the extent of deviation from the Randles model. 

The CPE is a special element whose impedance value is a function of the angular frequency 

 and whose phase is independent of the frequency. Impedance due to CPE is expressed as 

ZCPE = 1/Yo(j)
-n

 where Yo is the magnitude of the CPE,  is the angular frequency and n is 

the exponential term of the CPE. This technique has been employed for in-situ detection of 

DNA undergoing hybridization event.  

2.5. Gas Sensor Measurement System:     

 The gas sensing properties of functionalized GaN nanostructures were studied using a 

custom-built exposure facility for gas sensor (EFGS) testing system. The schematic diagram 

of the EFGS system is shown in figure 2.7. The important components of the system include 

double walled stainless steel chamber, heater stage (which also acts as sample holder), scroll 

pumps, residual gas analyzer (RGA), flow controllers, pressure gauges, readout system, gas 

delivery lines and pneumatically actuated valves. The vacuum is maintained by using dry 

scroll pumps. Gas flow and temperature are controlled by mass flow controller (MFC) and 

PID controller respectively. The entire operation of the exposure facility system can be 

controlled externally using Supervisory Control and Data Acquisition (SCADA) software. A 

residual gas analyzer is used to monitor the gases inside the chamber. The sensor response 

upon exposure to gases manifests as a change in resistance of the sample. This resistance or 

other electrical output can be recorded on a PC via GPIB interface which is configured to 

acquire data at user-defined intervals. The parameters that can be varied are vacuum inside 

the chamber, operation temperature and gas mass flow ratios.  
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Fig. 2.7 Schematic representation of the exposure facility for gas sensor (EFGS) system. 

2.6 Summary:  

 This chapter highlights experimental methodologies used for growth, characterization 

of GaN nanostructures. Several solid state and microscopic analytical techniques were used 

to obtain structure property correlations in nanometer scale. Application potential involving 

hydrophobicity, gas sensing response, and DNA detection capability was studied by using 

techniques like KPFM, EFGS, and EIS, respectively. Brief outline on each analytical method 

is given with appropriate references.   

 2.7 Reference:   

1. Ohring, M. Material Science of thin films, 2002, Academic Press, ISBN: 0-12-524975-6. 

2. Wasa, K.; Kitabatake, M.; Adachi, H.; Thin film materials technology: Sputtering of compound    

materials, 2004, William Andrew, Inc. ISBN: 0-8155-1483-2. 



37 

 

3. Williams, D. B.; Carter, C. B. Transmission Electron Microscopy, 2009, Springer, ISBN 978-0-

387-76502-0  

4. Ferraro, J. R.; Nakamoto K.; Brown, C. W. Introductory Raman Spectroscopy, 2003, Elsevier, 

ISBN: 978-0-12-254105-6.  

5. Weber, W. H.; Merline, R. Raman scattering in material science, 2000, Springer, ISBN 3-540-    

67223-0.  

6. Fox, M. Optical Properties Solids, 2001, Oxford University Press, ISBN 0-19-850613-9.  

7. Yu, P. Y.; Cardona, M. Fundamentals of Semiconductors: Physics and Materials Properties, 

2010, Springer-Verlag Berlin, ISSN 1868-4513.  

8. Mironov, V. L. Fundamentals of scanning probe microscopy, 2004, NT-MDT.  

9. Nonnenmacher, M.; O‟Boyle, M. P.; Wickramasinghe, H. K. Appl. Phys. Lett. 1991, 58, 2921.   

10. Daniels, J. S.; Pourmand, N. Electroanalysis 2007, 12, 1239. 

11. Lisdat, F.; Schafer, D. Anal. Bioanal. Chem. 2008, 391, 1555. 

 

 

 

 

 

 

 

 

 

 

 

 



38 

 

CHAPTER 3 

GENERAL ROUTE OF SYNTHESIS FOR 1D GaN 

NANOSTRUCTURES, CHARACTERIZATION, AND GROWTH 

DYNAMICS 

3.1 Introduction:  

 Several prototype devices have already been realized using GaN and GaN-based alloy 

III-V compounds.
1
 However, large scale applications of 1D GaN nanostructures based 

devices are limited because of the cost and efforts involved in developing there 

nanostructures with necessary purity and alignment.   

 Bulk synthesis of GaN nanostructures mostly involves two typical growth 

mechanisms, namely, VLS and VS processes.
2-5

 The metal catalyst–assisted growth is widely 

known as VLS growth. It was initially proposed for the growth of whiskers by Wagner and 

Ellis.
6
 The growth is driven by a catalyst without interfering with the reaction. In most cases, 

source materials such as liquid Ga are heated in the presence of NH3 to vaporize the source 

material at elevated temperature as well as to cause dissociation of NH3 to take part in 

nitridation reaction. At a fixed temperature, the vapor phase reactants dissolve in the liquid-

phase of metal catalyst. When the liquid metal reaches its solubility limit during the continual 

addition of reactant species, it starts precipitating into a solid phase. As long as the reactant 

supply continues, the precipitation is continuous that leads to formation of NW. Transition 

metals such as Fe, Ni, Co and their oxides are also found to be efficient catalysts for the 

precipitation of GaN materials from a molten catalyst droplet supersaturated with the metal 

vapor. Au is a better choice of catalyst for synthesizing GaN nanostructures owing to its high 

defect formation energy (~4eV) in GaN as compared to Ni substitution (1.2 eV).
7
 Hence, 

product purity is expected to be better while using Au catalyst even though it has poor 
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solubility for N as compared to other transition metals, like Fe and Ni. However, the radial 

size distribution of target NWs is strongly influenced by the catalyst particle size. The 

orientation of the NW can also be controlled via epitaxial growth followed by VLS process.
1
 

The length of the 1D nanomaterials depends on the reaction time and reactant flux. The 

choice of catalysts and dopant concentrations also plays a pivotal role. A schematic 

representation of the VLS based growth process is shown in figure 3.1(a). Catalyst 

nanoparticulates are often observed in negligible amounts at the tip of the NW [Fig. 3.1(b)]. 

 In contrast with above observations, the VS mechanism relies on direct crystallization 

of solid from a vapor or via self-catalytic process. VS process excludes inclusion of foreign 

atoms, which are ubiquitous in the catalytic VLS growth process. In the VLS process, the 

dominant morphology typically observed is NWs because the liquid catalyst droplet defines 

nucleation and growth. In contrast, the VS process often results in more varied morphologies, 

including NWs, NTs, nanotips, NPs, owing to the lack of constraints imposed by the catalyst. 

In addition, the growth is highly anisotropic in nature despite being relatively simple while 

compared to VLS process.   

 

Fig. 3.1 (a) Schematic representation of the growth of GaN NWs via VLS process; (b) a typical 

FESEM image of an Au terminated NWs.  

 However, in all these cases a direct reaction of metallic Ga under flowing NH3 at a 

temperature above 900 
o
C was used for the growth of various GaN nanostructures that 

follows the reaction: 
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  2Ga (g) + 2NH3 (g) = 2GaN (s) + 3H2 (g)                                           (1) 

 From this prospective, VLS process has been widely exploited in demonstrating 

controlled growth of 1-D nanostructures. However, the underlying mechanistic concepts 

involved in the VS growth process for large-scale realization of 1-D GaN nanostructures are 

still in infancy. In fact, reports on VS grown GaN nanostructures with controlled morphology 

are limited owing to the difficulties encountered in controlling important growth parameters 

such as Ga and N flux rates and subsequent switching between the fluxes. Understanding the 

variation of morphology and crystallographic orientation is very important while building 

devices out of these highly anisotropic GaN nanostructures.  

3.2 Surface Polarity in GaN vs Morphology:   

 Generally, WZ-GaN contains polar and nonpolar low-index surfaces. When the 

number ratio between Ga and N of any cleaved surface is 1:1 (i.e. stoichiometric) then, this 

surface is termed as non-polar. On the other hand, any surface on which the number ratio is 

out of 1:1 is termed as polar. In principle, the number of polar surfaces available is infinity.
8
  

 

Fig. 3.2 (a) Atomic geometry of cleaved GaN plane constitutes of polar and non-polar surfaces; (b) 

Schematic diagram showing the dependence of Ga reactant surface diffusion length on the reaction 

condition.
8
 Under the N-rich condition, the surface diffusion lengths of Ga on polar and non-polar 

surface are relatively same that results in a small length scale of polar surface, while Ga-rich 

condition favors a large length scale of polar surface. 

 However, in case of GaN, only energetically favorable polar surfaces are either Ga- or 

N-terminated low index surfaces. As shown in figure 3.2(a), {0001} (c-planes) and {10 1} 
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(slanted against the c-axis) are typical polar surfaces that consists of either Ga or N atoms, 

whereas, {10 0} and { 0} are non-polar surfaces. The difference in growth rates of these 

aforementioned structurally distinct surfaces has a significant influence on the resulting 

nanostructure morphology and growth orientation. Interestingly, Polar surfaces in GaN are 

always favored to be Ga stabilized (one dangling bond per atom in {0001} and three in 

{000 }) irrespective of the chemical environment (Ga or N-rich), whereas the non-polar 

surfaces maintain their Ga-N stoichiometry.
8,9

 

 These Ga-stabilized polar surfaces play a significant role during growth of GaN 

nanostructures. As a matter of fact, the Ga adatoms/reactants have a significantly lower 

diffusion barrier on the polar surface [≈ 0.4 eV along the (0001)] because the adsorbate-

surface interaction is dominated by very weak delocalized metallic Ga–Ga bonds owing to 

the lower melting point of Ga (30 °C).
8
 Notably, it is observed that, in case of GaN thin films 

grown in [0001] direction, Ga-rich condition results in a broad and smooth polar surface 

whereas N-rich condition induces formation of roughness or multiple facets that are 

composed of polar and nonpolar surfaces.
10

 An important consequence is that the effective 

diffusion length of Ga reactant on the Ga stabilized surface is very sensitive to the chemical 

environment. If excess N adatoms/reactants are available (N-rich condition), it will frequently 

interrupt the free surface diffusion of Ga by forming Ga-N covalent bond and reduce the Ga 

diffusion length. Once the diffusion length becomes shorter than the mean distance between 

the binding sites, a statistical roughening and formation of facets is expected. Furthermore, in 

a Ga rich regime, Ga-adatoms are highly mobile and a step flow mode is expected. 

Consequently, a smoother surface morphology with a lower density of stacking faults is 

expected.  

 These reasonings are applied to understand the observed morphological variations in 

our GaN nanostructures. In this regards, various CVD process parameters like incoming 
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Ga/N flux rate and incubation time were varied for the optimization of particular GaN 

nanostructure synthesis such as NW, NT, nanotips and NPs.   

3.3 Vapor-Liquid-Solid Growth: GaN Nanowires 

3.3.1 Synthesis of GaN Nanowires:  

 In all the GaN nanostructure synthesis processes used in the present work, Ga was 

employed source and NH3 as a reactant gas in a thermal CVD system. In detail, molten Ga 

(~0.5 mg) is placed on the up-stream of a high pure ceramic crucible, and at the same time, 

different substrates (for NWs and NTs) coated with 2-10 nm of Au are kept at a distance of 3-

8 cm away from the Ga source. The substrates are often placed in both vertical and horizontal 

directions. The source and the substrates loaded in the ceramic crucible and kept at the centre 

of the quartz tube within a horizontal tube furnace (detailed in the experimental section). The 

system is pre-evacuated at a temperature of 300-400 
o
C down to a base pressure of one mbar 

[Fig. 3.3(a)]. Then, the temperature of the furnace is gradually increased at a rate of 10-50 

°C/min from 400 
o
C to the reaction temperature of 800-1000 °C, and kept for 10 to 300 min 

under a constant flow of 10 sccm of NH3. In all these cases, growth occurs at atmospheric  

 

Fig. 3.3 (a) Temperature profile with respect to the growth time and partial pressure inside the 

chamber; (b) shows the different temperature ramping rate employed for the growth of NWs 

with varying morphology.   



43 

 

pressure. After the reaction gets over, the furnace is cooled down to room temperature and 

the resulting nanostructures are collected for further study. Typical temperature profile with 

respect to the base pressure and growth time in the CVD [Figs. 3.3(a,b)] system employed for 

growth of GaN NWs with varying morphology. Different NWs morphologies, namely, 

cylindrical, hexagonal, triangular, and square types could be realized by precisely controlling 

the ramping rate of temperature [Fig. 3.3(b)] from 400 to 900 
o
C and accurate inclusion of 

NH3 gas flow. The optimum growth parameters used are as follows; 

 Temperature of Substrate = 900 
o
C  

 Base Pressure = 1 mbar 

 Deposition pressure = 1000 mbar 

 NH3 Flow rate: 10 sccm  

 Distance between substrate and source = 30 mm 

3.3.2 Morphological and Structural Variation:  

 In an effort to optimize the growth morphology for a particular set of NW, several 

CVD parameters were considered. Apart from the aforementioned optimized CVD 

parameters, variation of incubation time was carried out, which in turn depended on the 

ramping rate of temperature between 400 to 900 
o
C, as a most decisive parameter. it is found 

that faster ramping rate [Region I, Fig. 3.3(b)] increases the roughness as well as causes 

diameter oscillation along the length of the NWs [Figs. 3.4(a-c)], whereas slow ramping rate 

[Region II and III, Fig. 3.3(b)] gives rise to relatively smooth and controlled NWs [Figs. 

3.4(d-f)]. During the faster ramping rate, it is observed that an amorphous layer is formed 

initially in the base region of the NWs and further growth occurs over this layer irrespective 

of the growth duration. Figures 3.5(a,b) show a cross sectional view of NWs grown on Si 

substrate for 180 min and 30 min, respectively. In both of these samples, an amorphous layer 

of thickness ~ 0.5 to 2 µm is observed. It may be arising due to over supplied of Ga vapor 

species during the nucleation stage. On the other hand, samples grown with a slow ramping  
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Fig. 3.4 FESEM micrographs of GaN NWs grown in (a-c) faster and (d-f) relatively slow ramping 

rate of temperature in the CVD system; Faster temperature ramping rate randomizes the growth 

whereas slow ramping rate gives smooth and well defined geometry of NWs.  

 

Fig. 3.5 Cross-sectional FESEM images of NWs grown under faster temperature ramping rate for 

(a) 180 min and (b) 30 min growth condition; (b) slow ramping rate of 30 min.   

rate (more than 20 min) possess smooth and well defined geometry [Figs. 3.5(c)]. Notably, 

these NWs grow presumably over the Si substrate directed by the metal catalyst while 

maintaining a specific geometry.   

 Apart from the above optimized conditions used for the growth of well-directed NWs, 

it is noticed that catalyst particle size also influences the diameter of the resulting NWs.  
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Fig. 3.6 TEM images of GaN NWs with catalyst particle (a) compared with NW diameter, (b) bigger 

than NW diameter, and (c) for a long NW with small catalyst particle compared to NW diameter.  

Bigger catalyst particles compared to the NW diameter induces severe secondary effects such 

as diameter oscillation and roughness. Figure 3.6(a) shows an optimally sized catalyst particle 

in order to obtain NW of a regular size and atomically smooth sidewalls. Tapering and 

diameter modulation are observed when catalyst particle size exceeds the size of NW 

diameter [Fig. 3.6(b)]. In contrast, the smaller catalyst particles are able to maintain uniform 

cross-section of the NW over several micrometers in length without tapering [Fig. 3.6(c)]. 

Together, choosing a small catalyst particle (3 nm Au film) and slower ramping rate (20 to 35 

min), it is possible to obtain wide control over NWs growth with particular geometry.  

3.3.2.1 Hexagonal GaN Nanowires:     

 Figure 3.7(a) shows lattice resolved TEM image corresponding to the perfectly 

hexagonal GaN NW. A smaller catalyst particle of ~10 nm is observed at the tip of the NW 

as revealed by the FESEM images [as shown in the inset as well as in Fig. 3.4(f)]. The near-

perfect lattice fringes with an inter-planar spacing of 2.76 Å, corresponds to non- 

polar plane of WZ- GaN. The growth of NW is subtended along the c-axis. A relatively  
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Figure 3.7 (a) HRTEM image of a NW grown along [0001] direction of WZ-GaN; inset shows a 

typical FESEM image of a perfectly hexagonal GaN NWs used for this analysis; (c) SAED pattern 

of a single GaN NW obtained along the WZ [0001] zone axis.   

smooth surface termination with very small roughness amplitude extending up to 2-3 atomic 

layers is observed. The corresponding SAED pattern further demonstrates that the NWs are 

single crystalline in character, which can be indexed to [0001] zone axis of the WZ-GaN. The 

clear electron diffraction data reveal that the NW is crystalline and ideally possesses neither 

extended defects like dislocations nor stacking faults.  

3.3.2.2 Triangular GaN Nanowires 

 Figure 3.8(a) shows an HRTEM image of a triangular NW with Au metal catalyst at 

the tip. These NWs are obtained in 1 h growth condition with temperature ramping rate of 25 

min and keeping the substrate in a vertical position that is 30 mm away from the Ga source. 

While resolving the lattice image during the HRTEM analysis, only one face could be seen at 

a time and other inclined face becomes more obscure. This confirms that the NWs are of 

triangular type [Fig. 3.8(a)]. One of the exposed faces is composed of (0001) plane and the 

NW is subtended along [1 00] direction. The NW grown in this direction are enclosed 

with ,  and (0001) side planes. Figure 3.8(b) is the fast Fourier transformed 

(FFT) image corresponding to the dotted square region from the figure 3.8(a). It reveals that   
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Figure 3.8 (a) HRTEM image of a triangular GaN NW with metal catalyst at the tip; (b) FFT 

corresponding to the square region of (a); inverse FT image belongs to (c) WZ-GaN Phase and (d) 

cubic Au phase as shown in the inset, respectively. The Scale bar in (c) and (d) is 5 nm.  

the tip region is composed of two distinct phases which are mostly belongs to WZ-GaN with 

zone axes along [0001] and the encircled region corresponds to cubic Au phase. The inverse 

Fourier transformed (IFT) image reveals that well crystalline WZ-GaN phase is formed only 

beneath the Au droplet [Fig. 3.8(c) and inset], whereas the tip region is mostly dominated by 

cubic Au phase [Fig. 3.8(d) and inset]. The lattice spacing belonging to the catalyst droplet at 

the tip can be indexed to (200) plane of cubic Au. This infers that only Ga precipitates on the 

Au droplet and subsequent nitridation occurs around the neck region forming GaN phase 

because N2 has poor solubility in Au. This result is consistent with the reported arguments 

made by many research groups towards elucidation of the underlying VLS mechanism of 

NW growth process.
7
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3.3.2.3 Wurtzite/Zinc-blende Biphase Homostructure in Triangular GaN Nanowires:  

 A unique WZ and zinc-blende homostructure of GaN was formed in a typical case of 

triangular NW. The HRTEM image of a triangular NW with alternating strips parallel to the 

NW longitudinal direction is shown in the figure 3.9 (a) and in the inset. It indicates a sharp 

transition of ~1-3 atomic layers between phases. An interplanar spacing of 2.68 Å is  

Fig. 3.9 (a) HRTEM image of a biphase GaN NW; inset shows the TEM image of a triangular 

shaped NW (upper right), and (bottom right) showing a schematic representation along with the 

growth direction of the NW; (b) SAED pattern from the biphase region showing the presence of 

WZ and zinc-blende (noted as ZB) phase of GaN; (d) IFT lattice imaging corresponding to the 

zinc-blende phase of GaN.  
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measured from the base region, which has been assigned to the d-spacing of ( ) planes of 

WZ-GaN. The observed value is less than that of the bulk lattice spacing (2.76 Å). However, 

this is assigned as c-plane keeping in mind that these planes are inclined to the electron beam 

position during TEM measurements and hence a reduction of the bulk value is expected.  

 SAED patterns are used to substantiate the presence of biphasic structure inside the 

NW, as shown in figure 3.9(b). The diffraction pattern is composed of both WZ ([0001] zone 

axes) and zinc-blende ([110] zone axes) phase of GaN. It was further confirmed with FFT 

and IFT in the same area where SAED is taken. The IFT lattice images corresponding to the 

zinc-blende phase is shown in figure 3.9(c). By indexing appropriate diffraction spots it is 

concluded that the growth direction of the NW is in the [ ] direction of the WZ phase, 

and in the [110] of zinc-blende phase. On the other hand it is found that triangular NW is 

grown along the [ ] direction [Fig. 3.10(a)] exhibiting a large number of stacking faults 

[Figs. 3.10(a,b)] on the basal plane similar to that reported in the literature.
11

 The formation 

of such structure may arise as a result of any small fluctuation in growth parameters or from 

strain accumulation and relaxation during growth process.
11,12

    

Fig. 3.10 (a) HRTEM image of a triangular NW grown along [ ] direction of WZ-GaN phase; 

Inset showing the SAED pattern index to [ ] zone axis; (b) a typical IFT lattice image of 

transition region which clearly showing the presence of stacking faults on the surface.   
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3.3.2.4 Square Shaped GaN Nanowires:  

 Figure 3.11(a) shows a HRTEM image of a square shaped NW with perfect lattice 

fringes. The corresponding FESEM image [Fig. 3.11(b)] clearly illustrates the presence of 

distinct edges of these NWs which are grown over 1 h duration with 35 min of temperature 

ramping rate where the substrate was kept in a vertical position 30 mm away from the Ga 

source. The observed bright patches over the NW surface emerge from Au nanoparticles 

deposited for the purpose of SEM analysis. Fig. 3.11(c) shows the SAED pattern 

corresponding to the figure 3.11(a), which can be indexed to [0001] zone axis of WZ-GaN. 

By indexing this diffraction pattern, it is found that these square shaped NWs are grown 

along [ ] direction and these are enclosed with {0001} and { } side faces. These  

 

Fig 3.11 (a) HRTEM image of a square shaped GaN NW grown along [ ] direction and 

enclosed with {0001} and { } side faces; (b) Typical cross-sectional FESEM images of the 

vertically aligned square shaped GaN NW, Inset-images are from different set of sample with Au 

nanoparticle at the tip; (c) SAED pattern of a NW, corresponding to the HRTEM image, indexed 

to [0001] zone axis of WZ-GaN phase.    
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NWs grow on the Si(100) substrate via VLS method and vertically aligned with aspect 

ratio reaching around ~350 [Fig. 3.5(c)]. In addition, stacking faults or dislocation lines 

are also not observed in this growth condition used for square shaped NWs. Such materials 

are ideal candidates for NW based optoelectronics.  

3.3.3 Steady State Growth of Nanowires:    

 It is believed that the catalyst mediated VLS mechanism is very stable with the alloy 

droplets which generally do not get consumed even when the reaction conditions change. 

However, recent experiments differ, which suggest that even under cleanest growth 

conditions, VLS mechanism may not  produce long, thin, uniform, single-crystal NWs of 

high purity (Fig. 3.12). The electrical, hydrodynamic, thermodynamic, and surface tension 

related properties have strong influence on NW growth. Furthermore, parameters accruing 

from mesoscopic effects like nanoparticle seeds, charge distribution in catalyst droplets, 

electronegativity difference between catalyst droplet and reactive NW vapor species, growth  

 

Figs. 3.12 (a-e) Schematic representation and the corresponding observed NWs (indicated by 

arrow) grown by VLS mechanism with metal catalyst at the tip.   
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temperature, and chamber pressure also play an important role in VLS based growth 

processes. Indepth analysis on various issues illustrate that the VLS process may generate 

NWs of various shapes and sizes with slight fluctuations in any intriguing parameters (Fig. 

3.12). Most of the NWs exhibit metal droplets at the tip region in varying sizes that dictates 

the resulting morphology as well. The different shapes and morphologies of NWs observed 

include; 1) cylindrical [NW of uniform diameter with catalyst droplet of equal size; Fig. 

3.12(a)], 2) conical at the tip [uniform morphology up to a certain extent but narrow down 

around the tip region with catalyst droplets of smaller size; Fig. 3.12(b)], 3) needle shape [ 

the NW is gradually thinned as it grows, and is pointed at the droplet edge; Fig. 3.12(c)], 4) 

tapered NWs [the catalyst droplet is much bigger than the NW diameter; Fig 3.12(d)] and 5) 

diameter modulated NWs [Fig. 3.12(e)]. Keeping all this in mind, it is found that the 

variation in NW morphologies with growth condition is in close agreement with the simple 

steady state model propounded by Kuo et al.
7
 It explains that the NW with a smaller catalyst 

droplet is ideal for obtaining regulatory growth than an NW with a larger size catalyst 

droplet. It is assumed that Ga is activated through the catalyst and the reaction takes place 

only at the AuGa/GaN interface, and, NH3 does not dissolve into the catalyst, as shown in 

figure 3.13. 

 

Fig. 3.13 Schematic representation showing steady state growth of NWs with (a) a smaller catalyst 

droplet and (b) a larger catalyst droplet; Assuming that Ga is activated through the catalyst and the 

reaction takes place only at the AuGa/GaN interface.  
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When the radius of catalyst particle (rAu) is smaller than the radius of the NW (rNW), as 

illustrated in figure 3.13(a), the conditions;
7
   

                      3.1 

             3.2 

where Rin and RGaN are incoming flux rates for Ga and formation rate of GaN, respectively;  

and  are rate constants, would be applicable. Under these conditions, the growth of NW 

always converges to a certain critical radius meaning thereby that it does not depend much on 

the mean fluctuation of Rin [Figs 3.13(a) and Figs. 3.4(d-e)]. Whereas for rNW < rAu, as shown 

in figure 3.13(b), the growth rate of GaN becomes
7
  

                                                                              3.3 

where  is rate constant. The diffusion of N takes place only in the circumferential region 

between Au and GaN. Here, the growth of the NW is likely to become unstable beyond a 

critical point. This situation often leads to occurrence of diameter oscillation and tapering in 

NWs [Fig. 3.13(d) and Figs. 3.4(a-c)].       

 This study finds that increase in diameter of the droplet with a time of tapered NWs 

results primarily from the gradual incorporation of oversupplied NW species into the catalyst 

mediated droplet. It also finds that optimum compositions of the droplet constituents are 

crucial for VLS NW growth. In general, smaller the size of the catalyst particle lower is the 

probability of formation of disorder and defects in the resulting NWs grown through VLS 

process.  

3.3.4 Optical Properties: 

 The detailed studies of optical phonons and types of native defects present in the as-

grown GaN samples are essential for their further uses as light emitters and detectors. In this 
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regard, optoelectronic properties of NWs are studied using Raman and Photoluminescence 

spectroscopy.  

3.3.4.1 Raman Scattering Study:   

 The phonon dispersion of hexagonal WZ-GaN has a close relation to that of zinc-

blende GaN (cubic) phase. In the hexagonal structure, the primitive cell contains four atoms 

(two Ga-N pairs) while it contains only two atoms in the cubic phase (one Ga-N pair). 

Therefore, the number of phonon branches in the WZ structure is doubled than that of zinc-

blende phase. Furthermore, as shown schematically in figure 3.14, the phonon dispersion 

along Γ → A [0001] direction in the WZ structure can be constructed by simply folding the  

 

Fig. 3.14 (a) Schematic representation of the phonon dispersion in wurtzite and zinc-blende 

structure [with permission, Ref. 14]; Phonon branches along [111] in the zinc-blende structure is 

folded to approximate those of wurtzite structure along [0001] (b) Optical phonon modes in the 

wurtzite structures; (c) Schematic representation of surface phonon and bulk phonons.  

phonon dispersion of the cubic structure along Γ → L [111] direction in half with respect to 

the A point.
14

 Brillouin zone of the zinc-blende extends twice longer than that of WZ owing to 
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 the difference in the length of unit cells along the direction. In addition, in WZ structure, 

some phonon branches are split due to the electrostatic field created by the polar character of 

the phonons. From the group theory analysis, WZ structure has eight sets of phonon normal 

modes at the Γ point, 2A1 + 2E1 + 2B1 + 2E2. These modes are classified into Raman (2A1 + 

2E1 + 2E2), silent (2B1), and infrared active (A1 + E1). Although the GaN is 

noncentrosymmetric, the A1 and E1 modes are further split into LO (longitudinal optical) and 

TO (transverse optical) components. The atomic displacement schemes of these optical 

modes are depicted in figures 3.14(b,c).  

 The typical Raman spectrum of GaN NWs samples using Ar
+
 ion (514.5 nm) laser 

excitation source is shown figure 3.15. The peaks at 533, 560, 569, 725 cm
-1

 agree with the 

phonon vibration frequencies of A1(TO), E1(TO), E2 (high), A1(LO), respectively, of the 

crystalline WZ-GaN.
2
 The frequencies and assignments of the phonon modes corresponding 

to figure 3.15 are listed in Table 3.1. Within the experimental error, our results are agreed 

well with those of reported value for GaN bulk.
14,15

 In polar semiconductor NWs, peaks in 

the Raman spectra are usually identified with the TO and LO phonon modes at zero wave 

vector (q = 0), because the wavelengths of light used as an excitation source were a small  

 

Fig. 3.15 Room-temperature Raman-scattering spectrum of GaN NWs showing the experimentally 

observed data and the Lorentzian fits for the individual peaks. 
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fraction of the Brillouin zone. The frequencies of these peaks are similar to that reported for 

the bulk. However, the long-range nature of the electromagnetic fields associated with the 

phonons has also derived from the “shape effect” for polar semiconducting NWs. The result 

of shape effect can induce new optic modes whose frequency may differ by 2-10 cm
-1

 from 

that of the q = 0 optic mode.
2
 Influence on the intensity of LO mode in the presence of 

surface plasmon resonance of Au nanocluster is insignificant because the amount of Au in the 

catalyst droplet at the tip of the NW is very small.   

Table 3.1 Raman modes in the bulk and various GaN nanostructures reported in this study at 300 

K, and the corresponding phonon lifetime (for NWs) and symmetry assignments; ZB refer to the 

zone-boundary phonon. The Raman spectra of GaN nanotip, nanoparticles, and nanotubes are 

discussed subsequently.   

   

The observed phonon peaks for the GaN NWs broaden substantially. The line width 

(FWHM) of these phonon peaks can be correlated with the phonon lifetime as (2)-1. The 

FWHM increases roughly by a factor of 2 to 5, as compared to that for the bulk. The lifetime 

of optical phonons in these NWs is calculated and found to be a fraction of picoseconds 

(Table 3.1). This shorter lifetime in NWs than that of the bulk (1-10 ps) is due to the 

increased anharmonic interaction of the optical phonons in the former, resulting the 

possibility of the decay into acoustic branches.
2  
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 Four additional modes are also observed at ~ 254, 421, and 652, and 691 cm
-1

, all of 

which are not allowed by the  space group in first-order Raman scattering at the zone 

center. Possible mechanisms that could bring about these features are discussed as follows. In 

the reduced dimension for nanostructured materials, the relaxation of the q=0 selection rule 

due to the effect of finite crystallite size not only broadens the Raman-allowed modes, but 

also causes new modes to appear that correspond to q  0 phonons. Two extra peaks seen at 

~254 and 421 cm
-1

 in GaN NWs could possibly be attributed to the zone boundary (ZB) 

phonons.
16

 It is worth mentioning that the 254 and 421 cm
-1

 features are consistently 

observed for all types of GaN NWs samples. Raman bands around 652 and 691 cm
-1

 may be 

identified with SO modes, as the larger surface-to-volume ratio along with surface 

corrugation and roughness inducing instability in surface potential (SP) along the diameter of 

the NW. The instability in SP may activate the SO phonon in the Raman scattering. This 

phenomenon were also reported extensively for II-VI, and other group III-nitrides.
17

 In all 

these cases the broken translational symmetry of surface wave vector, induced by the surface 

disorder, cause the surface to absorb the phonon momentum in units of q=2/λ, where λ is 

the length of the surface modulation. In case of a perfect surface, the SO modes cannot be 

observed optically due to momentum conservation constraints. However, optical detection of 

the surface modes is possible only if a source of wave vector is supplied through strong 

Fourier components of the surface potential.
17,2

  

 In order to understand the SO band quantitatively in our NWs, theoretical calculation 

was performed considering the cylindrical geometry of GaN NWs. The dispersion relation 

SO(q) for an infinite long cylindrical wire, in the limit where the phonon wave vector q >> 

/c, can be written as
18 
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where TO is the frequency of the TO phonon, 0 and  are the static and high frequency 

dielectric constant of the material, and m is the dielectric constant of the medium. nx is 

given by  

)()(

)()(

01

01

xKxI

xIxK
nx                                                (3.5) 

Where Ij, and Kj are the modified Bessel functions and x=qr (r being radius of the 

nanostructure). From the Lyddane-Sache-Teller relation, 
2

LO/ 
2

TO=0/, the LO-TO 

splitting of E1 mode gives a static dielectric constant of 0=10.2 using =5.8.
18

 The SO 

phonons associated with A1(TO) at 533 cm
–1

 and E1(TO) at 560 cm
–1

 are calculated for GaN 

by taking the qr value of 1.07, which yields SO phonon frequencies  (so) pertaining to A1 

(654 cm
-1

) and E1 (688 cm
-1

) characters [Fig. 3.15]. Hence, the observed peaks around 652 

and 691 cm
-1

 may be assigned to SO modes in GaN.  

Fig. 3.16 (a) Calculated SO phonon frequencies as a function of qr, full curve: SO(E1), dashed 

curve: SO(A1), horizontal lines are the LO and TO frequencies of E1 and A1 modes, Vertical dotted 

line is marked for qr=1.07; (b) Morphological study at high resolution for the GaN nanowire with 

arrows showing the modulation of the surface in the range of 150-300 nm.  

 The magnitude of surface roughness determines the SO peak intensity owing to the 

breakdown of the translational symmetry of the SP.
 
The wavelength λ = 2π/q (qr=1.07; r 
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~250) corresponding to the perturbation of surface potential can be estimated as ~ 1500 nm 

for the GaN nanostructures (using the dispersion relations in Fig. 3.16(a) and for typical 

nanostructure of diameter of ~300 nm). Surface roughness with a modulation of ~150-300 

nm is observed [indicated by the arrows in Fig. 3.16(b)] with any integral multiple equivalent 

to the  (10x150 nm=5x300 nm=1500 nm) will be sufficient to initiate the breakdown of 

translational symmetry for the contribution of SP toward SO modes. This makes the intensity 

of the surface mode comparable to that of the other phonons. This surface modulation or self-

oscillating nature of the NW cross section, stemming via VLS mechanism, is related to 

growth conditions such as temperature, impurities, and supersaturation. Moreover, the 

appearance of SO modes in the phonon spectra should be a general indicator of the presence 

of a corrugated surface along the wire cross section.  

3.3.4.2 Photoluminescence Study:  

 Typical Low temperature micro-PL spectra of NWs grown under optimized condition 

(grown for 1 h) show strong emission in the region of photon energy 3.1 - 3.5 eV [Fig. 

3.17(a)]. The PL emission line at 80 K is dominated by a strong peak at 3.394 eV which has 

been assigned to the near band-edge-emission (NBE) line of WZ-GaN.
3,19,20

 As the 

temperature increases, its intensity gradually decreases, due to the thermal dissociation of 

carriers. It is interesting to note that the NBE is the only dominating emission process in the 

as-grown NWs even at 300 K. The NBE is blue shifted by 20 meV while decreasing the 

temperature from 300 to 80 K. In addition, the intensity of NBE at 80 K is increased by ~ 

95% to that observed at 300 K. It is observed that as temperature decrease from 300 to 80 K, 

an additional shoulder appears at 3.43 eV and on the lower-lying side of NBE. The peak at 

3.43 eV corresponds to the recombination of exciton bound to neutral donors (I2).
20

 The 

additional peaks observed at 3.31, 3.28 eV and 3.19 eV have been assigned to zero phonon 

line and their phonon replica of the free-to-bound (FB) emission, respectively.
20

 The broad 
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full-width-half-maximum (FWHM) of the PL spectra probably reflects to the wide size 

distribution of GaN NWs as well as to the small crystallite sizes. 

 

Fig. 3.17 Low temperature micro-PL spectra of (a) WZ-GaN NWs (b) WZ/zinc-blende (noted here 

as ZB) biphase homostructure in triangular GaN NWs using 325 nm laser excitation; the 

corresponding schematic representation of the emission mechanism in (c) WZ-GaN NWs and (d) 

WZ/zinc-blende (noted here as ZB)  biphase GaN.  

 In the case of WZ/zinc-blende biphase homostructure in triangular GaN NWs, 

however, peculiar PL spectra are observed [Fig. 3.17(b)]. Two broad peaks at 3.51 and 3.27-

3.3 eV are dominated in the room temperature PL spectrum. Interestingly, the relative 
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intensity of the two leading peaks increases simultaneously while decreasing the temperature 

from 300 K to 80 K. The peak at 3.51 eV corresponds to I2 line of WZ-GaN, which is blue 

shifted by ~70 meV. On the other hand, zinc-blende GaN phase usually shows near-band-

edge emissions at 3.27–3.30 eV at low temperatures.
21,22

 Therefore, the peak around 3.27-3.3 

eV is assigned to the NBE emission of cubic GaN. It is in good agreement with the observed 

HRTEM results [Fig. 3.9], which indicates the existence of cubic GaN layers in the 

hexagonal GaN NW matrix. In contrary, a donor-acceptor pair (DAP) emission often appears 

at 3.28 eV in the low temperature PL spectra of WZ-GaN.
3
 However, the uniform increase in 

the intensity of relevant bands does not support DAP as the origin of the observed 3.27-3.3 

eV peaks.
22

 In fact, the very thin zinc-blende layers embedded in the WZ matrix may be 

regarded as stacking faults in which electrons can be confined in zinc-blende layers that 

further attract holes via Coulomb interactions to form excitons.
22

 All these process are 

responsible for the observed blue shift of I2 line as well the broadening of all the relevant 

emission bands. The schematic representation of the various emission processes in the WZ-

GaN and the WZ/zinc-blende biphase homostructure of GaN NWs are shown in figures 

3.17(c) and (d), respectively.    

3.4 Vapor-Solid (VS) Growth: GaN Nanotips and GaN Nanoparticles   

  VS process excludes inclusion of foreign atoms, which are ubiquitous in the catalytic 

VLS process. In this context, efforts are being made worldwide to grow uniformly distributed 

1-D GaN nanostructures in a self catalyzed process via molecular beam epitaxy using a 

template approach along with controlling the Ga and N flux rates.
23-26

 It is based on the fact 

that large anisotropy with respect to Ga and N adatom diffusion along the polar and non-polar 

surfaces leads to formation of 1D NWs and NRs. However, the underlying mechanistic 

concept involved in uniaxial self-catalyzed growth of 1D GaN nanostructures is still in 
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infancy. As a matter of fact, reports on self-catalyzed CVD grown GaN nanostructures with 

controlled morphology are limited owing to the difficulties encountered in controlling 

important parameters such as Ga and N flux rates and subsequent switching between the 

fluxes. Growth modes significantly influence the properties of resulting nanostructures, 

which include shape, size, and crystal structure. Apart from NWs, there are considerable 

interests in exploring various other forms of GaN nanostructures.
1
 Here, an effort has been 

made to cast light on the evolutionary stages of the nucleation mediated morphology of 

nanotips, NPs and NTs.   

 Wide band gap nitride based nanotips with low work function are known to be hard 

and chemically stable. These qualities make it potentially useful for applications in the field 

emission devices and scanning near field optical microscopy.
1,27 

Until now, electron beam or 

focused-ion-beam (FIB) lithography and dry etching techniques, employing SiO2 nanomask 

and subsequent reactive ion etching, are widely used for large area growth of aligned 

nanotips.
28,29 

The processes are limited to specific substrates only. Syntheses of well-aligned 

GaN nanotips in self-catalytic process have raised sufficient scientific excitement. 

3.4.1 Materials and Methodology:  

 Nanotips and NPs, were synthesized employing same CVD reactor used for the 

growth of NW.
3 

The only difference employed here is the choice of substrate without 

catalyst. In this case, the Alumina boat itself act as substrate for the growth of nanotips and 

NPs by playing with the incubation time alone in the optimum growth conditions used for 

NW growth. For the growth of ultra-long nanotips, a slow temperature ramping rate of ~15 

o
C per min was maintained, whereas a faster rate of ~ 40 

o
C per min was maintained for the 

growth of NPs. In both the cases, 10 sccm of NH3 was bleeding after the temperature reached 

around 850 
o
C, and the growth was carried out at atmospheric pressure. Reaction times and 

temperatures were varied from 1-3 h to obtain substantial amounts of nanotips/NPs. After the 
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reaction was over, large quantity of nanotips/NPs were collected from the alumina boat 

around the source material. The reaction parameters, namely, growth rate, temperature, 

growth time, and NH3 partial pressure were varied independently to identify the growth 

mechanism of nanotips. Growth temperature dependent evolution of NPs morphology was 

studied by varying growth temperature between 880-950 
o
C. Moreover, the optimized values 

for the growth of nanotips/NPs were found only at the temperature of 900
 o

C and NH3 flow 

rate of 10 sccm.   

3.4.2 Characterization  

3.4.2.1 Morphological and Structural Properties:  

 The high-yield, free standing nanotips grow over a large area around the Ga source 

kept inside alumina boat as substrate [Figs. 3.18(a,b) for 1 h and (c) for 3 h]. The magnified  

Fig. 3.18 (a) Large scale growth of nanotips over an area of 10 mm; (b) a set of nanotips grown in 

1 hour and (c) in 3 h; (d) Magnified optical microscopic image of nanotips grown for 1 h, FESEM 

image (d) of a 3 h grown nanotips; inset shows the broken part of the tip region; (f) the transition 

of the Ga-rich base region of the N-rich smooth conical region.     

optical micrograph of 1 h grown nanotips is shown in figures 3.18(d). Figure 3.18(e) shows 

typical FESEM images of a 3 h grown single nanotip and a magnified image of the base 
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region that depicts smooth transition from columnar to conical morphology [Fig 3.18(f)]. 

Most of the conical nanotips are solid and homogeneous [inset of Fig. 3.18(e)].The samples 

grown over 1 h duration possess a base diameter of ~20 µm, tip diameter having a value less 

than 200 nm and lengths extending up to hundreds of micrometers. The aspect ratio 

(length/base diameter) is of the order of 20 which is one order of magnitude less than the  

 

Fig. 3.19 Optical microscopy images of the formation of (a) Ga droplet by annealing Ga nodule in 

10 min; Nucleation of GaN by self agglomeration followed by growth of nanotips after (b) 20 min, 

(c) 30 min, (d) 60 min, (e) 90 min and (f) 180 min. The nanotip grown above 1 h possesses sharp 

tip type morphology.  

sample grown over 3 h duration. At the same time, the base diameter of 1 h grown nanotips is 

nearly half that of 3 h grown nanotips. Nanotips are grown with varying time to observe the 

evolution of the tip structure over a period of 10 to 180 min [Fig. 3.19(a-f)]. The formation of 

Ga droplet of size ~5-20 µm from the Ga nodule and further growth of nanotips are shown 

with increasing growth period.  

 Morphological features for GaN NPs are shown in figures 3.20(a-c). The FESEM 

image [Fig. 3.20(a)] of the sample grown at 900 
o
C and the corresponding TEM image [Fig. 
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3.20(b)] show that the as-grown samples have platelet type surface morphology with average 

particle size of ~ 50 nm and thickness less than 15 nm whereas the sample grown at 950 
o
C 

mostly exhibit elongated morphology. All the samples are crystalline in nature. 

 

Fig. 3.20 (a) FESEM image of the NPs grown at 900
o
C, the corresponding TEM image of NPs 

grown at (b) 900 
o
C and (c) 950 

o
C.  

From EDX analysis, along the longitudinal direction of nanotip, it is found that the Ga/N 

ratio decreases from 4.8 to 0.64 in atomic percentage (data not shown).
3
 It indicates that the 

growth that occurs in the Ga rich condition eventually ends up with N rich condition. 

HRTEM image along the basal plane shows that the surface is relatively smooth and consists 

of lattice fringes [Fig. 3.21(a)]. The near-perfect lattice spacing, with an inter-planar spacing 

of 2.598 Å, corresponds to (0002) plane of WZ-GaN. Growth occurs along [0001] direction 

with relatively smooth surface termination having a minimal amount of extended defects like 

dislocations and stacking faults along the surface. However, two distinct interfaces are 

observed around the tip region of the nanotips [Figs. 3.21(b,c)]. It is found that the surface 

layer is consisting of mostly non-polar, and few polar planes. These planes 

are presumably grown over (0002) polar surface belonging to WZ-GaN phase. The transition 

from polar to non-polar surface results in accumulating large amounts of stacking faults at the 

interface [inset of Fig. 3.21(c)]. The Formation of these stacking faults may have been 

favored by the N rich condition.
10 

The lattice images became obscured towards the core 

region as the thickness increases. Figure 3.22(a) shows the typical lattice images of NPs  
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Fig. 3.21 HRTEM image of a single nanotips around (a) base region, (b) tip region and (c) high 

resolution image of the transition region between polar (0001) and non-polar ( ) surface, 

around the tip region of the nanotips. Inset in (c) shows the magnified region of the transition 

region with large stacking faults.  

 

Fig. 3.22 (a) HRTEM image of the NPs grown at 900 
o
C, (b) SAED pattern of single NPs obtained 

along the WZ < > zone axis.  

grown at 900 
o
C. Inter-planar spacing of 2.76 Å corresponds to the  polar surface of 

WZ-GaN. The corresponding SAED pattern is taken from a NP [Fig. 3.22(b)] which is 

indexed to < > zone axis of the WZ-GaN. 
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3.4.2.2 Raman Scattering Study:   

 Typical micro-Raman spectrum [Fig. 3.23(a)] for nanotip shows mode frequencies 

around 535, 567 and 726 cm
-1

. Raman spectrum for NPs shows [Fig. 3.23(b)] modes around 

533, 569 and 732 cm
-1

. All these peaks correspond to A1(TO), E2(high) and A1(LO) phonon 

modes of WZ-GaN phase.
2
 All the spectra exhibit strong E2(high) mode. A relatively smaller 

 

 Fig. 3.23 Raman spectra for (a) nanotips and (b) nanoparticles showing wurtzite GaN phase. 

line width of 8 cm
-1 

of the nanotips than that of NPs (11.9 cm
-1

) proves the superior 

crystalline quality of nanotips. Broad line width of NPs may arise due to the small grain size. 

LO modes are blue shifted to 9 cm
-1 

(line width ~ 17 cm
-1

) and 3 cm
-1 

(line width ~18 cm
-1

) 

for nanotips and NPs, respectively. Additional peaks at 253-265 cm
-1

, 421 cm
-1 

are primarily 

attributed to ZB phonons arising from the finite size effect. The peaks at 96, 609 and 702 cm
-
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1 
in NPs may be related to acoustic phonon overtones. The broad peaks around 634 and 693 

cm
-1 

in NTs are surface disorder induced SO modes.
2
 

3.4.2.3 Stress Analysis:   

 
Typical phonon modes along the lateral cross-section are shown in figure 3.24(a). 

Similar phonon spectra, as recorded in the surface region of nanotips [Fig. 3.23(a)], are 

observed around the shell region. However, a blue shift of 18 cm
-1 

for the E2(High) mode is 

 

Fig. 3.24 (a) Typical Raman spectra along the diameter of a GaN nanotip at three different 

locations, surface, middle and core region; Cross-sectional Raman area mapping of a nanotip (b) 

along the diameter and (c) intensity distribution at 569 cm
-1

; (d) differential stress mapping image 

corresponding to peak intensity observed at 569 cm−1
 and the shifted peak at 587 cm−1

.   

estimated at the core region of the nanotips. It shows the presence of a compressive strain 

developed along the core direction during the radial growth. The relation between the 

frequency shift ∆ω (cm
-1

) of E2 (high) mode and biaxial stress ζ(GPa) is estimated to be 

∆ω=(4.2±0.3)ζ.
30 

Thus, the compressive stress developed inside the nanotip core is nearly 

equal to 4.29 GPa. Furthermore, the alternation of LO mode from A1 to E1 symmetry in the 
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core region may be of geometric origin. The asymmetric behavior of optical phonons along 

the lateral cross section [Fig. 3.24(b)] of the nanotips is further analyzed by 3D mapping over 

an area of 20×20 μm. The map of the intense band of GaN phase with 568 cm
-1

, E2(high) 

mode frequency for the bulk GaN, illustrates [Fig. 3.24(c)] that strain free GaN phase is 

intensely distributed along the surface region with a contrast in the core region due to strain 

accumulation. A differential image [Fig. 3.24(d)], obtained by comparing the 2D mapping of 

peak intensity corresponding to observed E2(high) mode at 569 cm
-1

 and the shifted peak at 

587 cm
-1 

depicting the strained region in the core, is also shown as further evidence.    

3.4.2.4 Photoluminescence Study:  

 RT micro-PL spectra of a single nanotip and NPs show strong emission in the photon 

energy in the range of 3.0 - 3.6 eV [Figs. 25(a,b)]. All the observed emission lines possess a 

broad and asymmetric line shape with weak band-edge-emissions.  

 

 

Fig. 3.25 Typical micro-PL spectrum shows for (a) nanotips and (b) NPs; Inset in a) shows the PL 

spectrum at the base region of nanotips.  
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The peak at 3.54 eV for the nanotip corresponds to I2 emission line of WZ-GaN which is blue 

shifted by 80 meV with a broad line shape of ~105 meV [Fig. 3.25(a)]. Such a shift in this 

system is not expected due to quantum confinement effect. However, PL line shift and 

additional broadening possibly arises due to strain in the system.
30 

The relation between the 

change in the excitonic PL, δE (meV) and biaxial stress ζ(GPa) is estimated to be 

δE=(20±3)ζ.
30 

Thus, a compressive stress of 4 GPa in the nanotip is estimated. This is in 

close agreement with the previously calculated value of compressive stress using a Raman 

shift of E2(high) mode. The I2 line in the PL spectrum of GaN NPs shows a broad line shape 

(~124 meV) with a blue shift of 30 meV. Since the NPs are grown in the vapor phase without 

using any substrate, the effect of stress is ruled out. The ambiguity of the observed blue shift, 

broad line width and the asymmetric line shape of the I2 line of the NPs may be attributed to 

small sized crystallites. In addition, strong broad bands centered at 3.29 and 3.27 eV are 

observed for the nanotip and NPs, respectively, with similar line widths of ~134 MeV. The 

peak at 3.29 EV of the nanotip has been assigned to the FB emission line. The FB transition 

is mediated by the free to a deep acceptor (DA) state. This possibly stems from Ga vacancy 

(VGa) formed under N-rich condition and will be discussed later. However, additional peaks 

appearing in the spectra of NPs belong to various electronic origins. The peaks centered at 

3.27 eV and 3.128 eV are due to recombination of neutral donor acceptor pairs (D
0
A

0
) and 

their LO phonon replica (D
0
A

0
-LO), respectively.

3,19
 Additional peak at 3 eV may be 

assigned to a blue band (BB).
 
The well-known yellow band centered at 2.2 eV is not 

noticeable in both these samples, indicating high purity and crystallinity.
 
Overtones of LO 

phonon modes upto 3rd-order are also observed in the right arm of the PL spectra [Figs. 

3.25(a,b)]. Higher order phonon modes arise due to strong electron-phonon coupling 

mediated Frolich interaction with excitations above the band gap (325 nm, ~3.81 eV). This 

supports the above argument of higher crystalline quality in the nanostructures.
 
On the other 
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hand, PL spectrum [inset in Fig. 3.25(a)] from the base region of the nanotip shows a 

broadband emission around 3.1 eV. It is observed from EDX and Raman study (data not 

shown)
3
 that the base region of the nanotip is Ga rich and contains oxide phases. Significant 

amount of nitrogen vacancies (VN) is present in the base region, which act as shallow donors.
 

The transition from a shallow donor state (VN) to a deep acceptor state is expected to occur 

around 3.26 eV in case of GaN epilayers.
19,31

 Nevertheless, it is assigned to DAP 

recombination lines after taking into account the transition from a shallow donor state VN to a 

deep acceptor state, such as, VGaON type defect complex present in the nucleating region. The 

broad DAP line is red shifted by 100 MeV indicating presence of significant amounts of 

defect in the base region. Nevertheless, oxide related native defects might have supported the 

foundation of strong nucleation sites for nanotips as incubation time with low N2 

concentration is found to be high in the initial stage for a low ramping rate. The issue will be 

further elaborated in the subsequent paragraph. 

3.4.3 Polarity Driven Growth Mechanism:   

 It is observed that the Ga/N ratio in the vapor phase plays an important role in 

determining the resulting morphology of nanotips and NPs.
23-26 

During the vacuum annealing 

of Ga precursor and subsequent increase in temperature from 800 to 900 
o
C at 200 mbar 

pressure, nano-sized Ga liquid droplets might have formed around the source material. This is 

supported by the recent reports, where small uniform sized Ga droplets have been used as an 

effective catalyst for the growth of the aligned SiO2 NW.
32 

Weak Ga-Ga bond, the longest 

liquid range and high vapor pressure of Ga might have helped the nucleation process. In the 

present study, different ramping rates of temperature of the reactor have been used in order to 

control incubation time of incoming adatom species. These are detrimental in controlling the 

size for forming nano-sized Ga droplets. These nano-droplets of Ga are likely to be used as 

nucleating center for formation of nanotips and NPs.
25 

In case of nanotips, the slow ramping 



72 

 

rate of temperature of the reactor (~15 
o
C/min) leads to formation of large Ga droplets of size 

~1-20 μm as a result of self-agglomeration process. Energy stored in the defects and dangling 

bonds on the surface of Ga droplets might act as possible nucleating centers for the growth of 

GaN phase. In addition, it is observed that the formation of a dilute amount of oxide phase at 

the nucleation site is also occurring during slow ramping rate that cannot be avoided as 

nitride formation temperature at ~900 
o
C is delayed. During this process the residual and the 

adsorbed O2 species from the alumina surface reacted simultaneously and helped in the 

nucleation process with a formation of complex oxy-nitride phase.
33

 There are several reports 

exits based on oxide assisted nucleation process for the growth of GaN nanostructures.
33,34

 

Reduction or conversion of Ga2O3 phase to GaN phase at moderator temperature between 

900-950 
o
C, is also reported during ammoniation process.

35
 Being a low symmetric crystal 

oxide phase, Ga2O3 accelerates the nucleation process. Upon increasing the local ambient 

from Ga rich to N2 rich condition, the oxygen contents reduced subsequently. It can be stated 

alternatively, that the N2 overpressure may have helped in the nucleation of GaN inhibiting 

the further formation of oxide phase. The sub-micron sized GaN column grows from the GaN 

seeds in a diffusion limited self-agglomeration process promoted possibly by high vapor 

pressure of Ga and slow ramping rate towards reaction temperature.
36 

Furthermore, the 

conically shaped nanotips grow smoothly over the GaN column up to several millimeters. 

The growth is favored in the longitudinal direction due to the fact that vapor pressure at the 

conical-shape convex surface of the nanotips is much higher than that on the top-edge.
36

 The 

growth, can possibly, be explained by VS mechanism which is very sensitive to gas phase 

kinetics during the growth process.  

 The observed conical shape of nanotip morphology can further be elucidated by 

considering the characteristic length scale of polar surface with respect to different reaction 

conditions (either Ga-rich or N-rich). It is observed that Ga-rich condition results in a broad 
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polar faces while in N-rich condition, morphology mainly contains rough surfaces and 

facets.
23-26 

Ga-stabilized polar surfaces play an important role during GaN growth because Ga 

atoms have a significantly lower diffusion barrier on this polar surface.
8
 The effective 

diffusion length of Ga reactant on the Ga-stabilized polar surface is sensitive to the chemical 

environment. If an excess N reactant is available, as in N-rich condition, the free surface 

diffusion of Ga is disrupted owing to the formation of Ga-N covalent bonds which ultimately 

inhibits Ga diffusion length. 

  However, a rapid ramping rate (about 3 times more than that used in case of nanotip 

growth) of the temperature of the reactor is employed in the formation of NPs. The rapid 

ramping rate of the temperature on the substrate reduces the effective adatom migration 

period. This hinders self-agglomeration, and limits the size of Ga droplets to a smaller size 

than what is encountered during nanotip growth.
 
Meanwhile, NH3 is introduced before the 

small Ga droplet ripens into big cluster and helps in the nucleation process at the vapor phase 

itself. This occurs before the onset of incubation time.
 
Thus, small Ga droplets react with NH3 

in forming a large number of GaN islands and subsequent formation of NPs in the N-rich 

condition.  

 Interestingly, we can notice a unique relationship among the Ga and N flux rates, 

growth orientation and the resulting morphologies of nanotips and NPs. HRTEM data reveal 

that the nanotips growth occurs along [0001] polar direction (Fig. 3.21). The characteristic 

length of the polar surface of the base region is ~20 μm. However, after a typical distance 

from the base region ( 1μm) the surface layers of the nanotips are mostly non-polar. It is 

basically dominated by  planes [Fig. 3.21(c)]. The polar surface is found to shrink 

gradually towards the tip region. This variation of growth orientation is strongly supported by 

our growth conditions in which Ga and N flux rates have been altered after a typical 

incubation time of ~ 10 min during the growth.
 
In case of nanotip growth, the reaction 
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condition is initially Ga-rich which favors growth of polar surfaces. This can be explained by 

the fact that the interaction between adsorbate and surface is predominately realized by very 

weak delocalized metallic Ga-Ga bonds, which are isotropic with low diffusion barriers ≈ 0.4 

eV along the (0001) polar surface.
23-26 

However, anisotropic and differential growth 

orientations with the shrunken polar surface is expected when the reaction condition becomes 

relatively N-rich upon NH3 flow. It is known that N-rich condition increases the nucleation 

rate of GaN due to the higher strength of the Ga - N bond and shorter diffusion length of Ga 

than that of Ga-Ga bond. Therefore, the Ga atoms will be bonded to N atoms before they 

complete their migration to step edges, to promote 3D growth and introduce roughness.
10,25 

Apart from this, recently first principle calculation by Lymperakis et al.
37 

have revealed that 

N-rich condition promotes island nucleation and the Ga adatom incorporation is more 

probable on the (0001) polar surface than that of other non-polar surface (a- and m-planes). 

Thus, the diffusion-induced mechanism of adatom migration on the polar surface promotes 

faster material transport occurring from the side facets (non-polar surface) towards the top. 

Thus, the higher nucleation rate towards the top is expected to stimulate and favors the axial 

growth over radial growth for the nanotips.
38

 In other words, the observed nanotip 

morphology can be thought of driving by the strain, as indicated from the Raman [Fig. 

3.24(a)] peak positions shift, in the system appearing due to the differential growth rate 

among competitive facets.  

 To summarize our model, three important consequences can be listed. These are 1) 

incubation time, 2) anisotropy of diffusion and 3) rate limiting factor of Ga and N adatoms in 

polar (0001) and non-polar ( ) surfaces of GaN facets play significant roles in deciding 

the final morphology of nanotips [schematic in Figs. 3.26(a,b)] and NPs [schematic in Figs. 

3.26(c,d)]. Molecular N flux is found to have a stronger influence on the growth rate than 

nucleation.
3 

It is also found that few nanotips have branches at the end of the tip during 
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longer (3 h) growth period. These branches may be due to the formation of facets that occurs 

during N-rich condition [schematic in Fig. 3.26(a)]. On the other hand, NPs grown initially in 

N-rich condition, show appearance of nanometric seeds with a multitude of facets as shown 

in figure 3.26(c). These facets are made up of non-polar surfaces of 

 [Fig. 3.26(d)]. Such phenomena limit isotropic growth that 

invariably results in platelet morphology. 

 

Fig. 3.26 Schematic showing the possible growth mechanism of (a) GaN nanotips in different Ga-

rich and N-rich growth conditions, b) growth on polar surface; (c) GaN NPs in N rich condition; 

(d) growth on non-polar surface. 

  Apart from NWs, nanotips and NPs, other forms of GaN nanostructures, namely, 

core-shell Ga2O3@ GaN microbelts and GaN nanotubes are described in the subsequent 

chapters.  

3.5. Summary:  

 High yield single crystalline GaN NWs of varying morphology are synthesized 

employing standard VLS mechanism in the CVD system. Various process parameters are 

optimized to realize NWs of particular morphology, including hexagonal, triangular, 
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wurtzite/zinc-blende biphase, and square shaped forms. A simple steady state model has been 

used to correlate the nanowire growth morphology with the catalyst droplet size. The detailed 

morphological and structural studies are performed by FESEM and HRTEM. Phonon spectra 

of GaN NWs reveal the presence of dominating WZ phase in all the as-grown samples. 

Surface optical modes associated with the surface modulation in GaN NWs are identified and 

validated with the theoretical calculation. The as-grown NWs show strong band edge 

luminescence and hence can be used as ideal materials for optoelectronics and sensor 

applications.  

 On the other hand, catalyst free vapor-solid process is employed for the growth of 

single crystalline GaN nanotips and nanoparticles. The nanotips nucleate in the Ga-rich 

condition and get converted to N-rich condition as the reaction moves forward. N2 

overpressure is proposed to play an important role in the nucleation of GaN phase inhibiting 

the further formation of oxide phase nucleated during long incubation time with the slow 

ramp rate for nanotips. The conical shape of the nanotips is explained in terms of reduced 

surface diffusion length in the N-rich condition than that of Ga-rich core region. 

Unidirectional growth of the nanotips is proposed to be driven by the strain developed due to 

the differential growth rate among different competitive facets. On the other hand, 

nanoparticles are nucleated initially in N-rich condition with the relatively smaller incubation 

time that does not favor formation of facets, and consequently limits the growth. The ability 

to control growth of nanotips and nanoparticles stemming via self-catalyzed process is 

expected to be advantageous in realization further complex structures.  
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CHAPTER 4  

SINGLE-STEP GROWTH DYNAMICS AND 

PHYSICOCHEMICAL PROPERTIES OF CORE–SHELL 

Ga2O3@GaN MICROBELTS 

4.1 Introduction:    

 Over the past several years, technological and scientific excitement has stimulated the 

synthesis of various forms of 1D GaN nanostructures such as core-shell, radial and axial 

heterostructurs.
1
 1D core–shell heterostructures of group III-V compound semiconductor with 

compositional tunability provide unique functionality leading to various applications, which 

include single photon detector, solar cell, LEDs, one-dimensional electron waveguides, laser, 

and metal-oxide-semiconductor devices.
2-5

 Limited reports on GaN and Ga2O3 core shell 

nanostructures are available in the literatures; including 1D coaxial metal-

oxide−semiconductor (Au−Ga2O3−GaN) heterostructures grown by VLS method,
5 

GaN-

Ga2O3 core shell nanocable
6
 and nanoparticles by thermal oxidation methods.

7,8
 The 

widespread use of it, however, has been limited because of the difficulties encountered in 

synthesizing well aligned structures. In most of the cases materials are grown in the form of 

percolated networks. Many methods have been used in synthesizing GaN belts in the catalyst 

assisted reaction of Ga in NH3 ambience.
9-10

 Mostly, all these methods are based on vapor–

liquid–solid (VLS) growth mechanism or assisted with template, which would introduce 

impurities unavoidably. Catalyst-free synthesis may exclude the possibility of metallic 

impurities providing better control of chemistry towards building functional devices.
11

 

Moreover, micron sized belts have the advantage of getting integrated into practical devices 

more easily over nanobelts which require sophisticated techniques to be used.
12
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 Direct single step syntheses of GaN over Ga2O3 with well define interfaces and 

geometry, employing VS process, is limited. A single step technique to grow large quantities 

of uniformly distributed, high purity freestanding GaN microbelts with nanoprotrusions on 

distinctively shaped Ga2O3 as core is demonstrated.
13

 The growth mechanism of the core-

shell formation is elucidated using morphological and structural studies. The self-affine 

nanoprotrusions on the microbelt surface can be used as an ideal surface for sensing, 

nanodelivery and for nanofluidic applications.   

4.2 Growth of Core-Shell Ga2O3@GaN Microbelts: 

4.2.1 Materials and Methodology: 

 Free standing, ultralong belt like core-shell microstructures of GaN on Ga2O3 were 

synthesized using CVD technique at atmospheric pressure. Ga (99.999%, Aldrich) nodule, 

placed inside a high purity alumina boat was annealed above 850 
o
C for 10 minutes with a 

base pressure of 1  mbar. Then, the temperature of the Ga source was set at 900 
o
C 

with the subsequent introduction of high pure NH3 at a flow rate of 10 sccm for 3-5 hours. 

The system was allowed to cool down up to room temperature in the same NH3 ambient. A 

large quantity of free standing ultra-long belt like microstructure was found on the alumina 

boat around the source material without the use of any catalyst. Reaction time varied from 3 

to 5 h to obtain substantial amounts of micrometer sized belts, keeping all other parameters 

same.  

 Morphological features of the belts were examined with visible-light microscope and 

FESEM. Two thin cross sections (from longitudinal and transverse direction) of the belt were 

lifted off for structural characterization by a dual beam focused ion beam (FIB). HRTEM 

(JEOL 2010 at 200 KV) was used for microstructural characterization and structure 

determination. Micro-Raman (514.5 nm excitation) and Raman phase mapping studies were 
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performed for structural characterization. A single microbelt was kept like a microcantilever 

in order to study its wetting behavior.   

4.2.2 Morphological and Structural Studies:  

 Typical visible-light micrographs of free standing microbelts corresponding to 3 h and 

5 h deposition periods are shown [Figs. 4.1(a) and 4.1(b)]. The high-yield, free standing 

microbelts grew over a large area around the Ga source. Figure 4.1(c) shows a typical 

FESEM image of a single microbelt grown on the walls of the alumina boat at 5 h. These 

belts are uniform in width (10-100 µm), thickness (1-10 µm) and possess a length up to a few  

 

Fig. 4.1 Visible-light image of the large scale growth of microbelts with growth time of (a) 3 h, 

and (b) 5 h; (c) low high magnification FESEM image of the 5 h grown microbelt; high 

magnification FESEM image of the microbelt surface features with the presence of 

nanoprotrusions for (d) 3 h and (e) 5 h grown samples.  
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millimeters (1-7 mm). The thickness is nearly same but the width varies for a fixed growth 

time with other growth parameters remaining constant. However, a distinct surface 

morphology for 3 h grown samples is observed on the belt surface revealing nanoprotrusions 

with rms roughness of 30 nm and average inter island separation ~125 nm [Fig. 4.1(d)]. The 

similar surface structure was observed for samples grown for 5 h with rms roughness of 50 

nm [Fig. 4.1(e)]. Further structural analysis, discussed later, confirms that these belts are 

indeed composed of wurtzite GaN crystal with Ga2O3 core. Two FIB sections in the 

longitudinal and vertical direction are taken from the microbelt. The cross section of the core-

shell structure was prepared by a lift-up technique using FIB as shown in the schematic 

representation [Figs. 4.2(a-c)]. The high-resolution images of the Ga2O3 phase from both the 

sections are reconstructed to obtain a 3D picture of the microbelt.  

 

Fig. 4.2 Schematic representation shows (a) the formation of wurtzite GaN structure over 

monoclinic Ga2O3 core; (b) cross-sectional view of a single Ga2O3@GaN microbelt; (c) the 

viewing direction after FIB sectioning.  
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 A typical TEM micrograph of the FIB section of the belt is shown in figure 4.3(a). It 

is observed that GaN layer is ~1000 nm in thickness. The top surface of the GaN layer is 

undulated and the interface between GaN and Ga2O3 is fairly sharp and distinct. The GaN 

grains are columnar with a width of ~100 nm. The diffraction pattern of the GaN layer close 

to the interface layer [inset in Fig. 4.3(a)] consists of a number of Debye rings with uniform 

intensity distribution indicating poly-crystallinity in the sample having randomly oriented 

crystallite with no preferred orientation. The d-spacing calculated from the diffraction pattern 

matches closely with the hP4 WZ-GaN with a= 3.18 Å and c= 5.18 Å. A high magnification 

 

Fig. 4.3 (a) Cross-sectional image of the belts showing GaN and Ga2O3 interface. The inset shows 

the diffraction pattern of the GaN layers; (b) High magnification image of the Ga2O3 layer showing 

the presence of alternating bright and dark contrast representing planar defects; The inset shows 

the diffraction pattern of the GaN and Ga2O3 layers; (c) High-resolution image of the GaN-Ga2O3 

interface.  

image of the Ga2O3 layer is given with the hP4 WZ-GaN with a= 3.18 Å and c= 5.18 Å. A 

high magnification image of the Ga2O3 layer is given in the figure 4.3(b) with the electron 

diffraction pattern from the Ga2O3 layer having sharp and distinct spots in the inset of figure 

4.3(b). This necessarily proves that Ga2O3 layer is either single-crystalline or the grain size is 

so large that at one time only one grain can be captured for diffraction pattern. The diffraction 
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pattern closely matches with monoclinic mC20 Ga2O3 phase with a= 12.27 Å, b= 3.03 Å, c= 

5.80 Å and β= 103.82
0
. Analysis of the diffraction pattern indicates that the grains are 

oriented along the zone axis [0 0]. A number of bands with alternating bright and dark 

contrast are present in the grain body [Fig. 4.3(b)] indicating presence of planar faults in the 

Ga2O3 phase. The planar faults are inclined to the viewing direction of the microscope and 

due to the local changes in thickness over which the faults appear, alternating bright and dark 

bands are observed. A high-resolution image with a further magnified view of the GaN-

Ga2O3 interface is shown [Fig. 4.3(c)]. In Ga2O3 side of the micrograph 1D lattice fringe is 

observed with spacing of 5.94 Å, which is close to the reported 200 spacing of mC20 Ga2O3. 

A high-resolution micrograph and the corresponding electron diffraction pattern from the top 

of a columnar GaN grain is given in figure 4.4. In the high resolution image multiple lattice 

planes are observed together [Fig. 4.4(b)]. The spacing between the fringes is 2.78 Å and 2.51 

Å, which corresponds to the (10 1) and (10 0) lattice spacing of hexagonal GaN. As 

observed, the GaN crystal is defect free and the top surface is faceted. The facets are mostly 

parallel to the (10 1) and the (10 0) planes of GaN. The analysis of the diffraction pattern 

indicates that grain is oriented along <1 13> zone axis where 10 1 and 10 0 reciprocal 

lattice spots are visible [Fig. 4.4(c)]. Apart from that a few faint spots very close to the 

original spots are also visible. Analysis of the spots indicates that they are also from the 

(10 0) and (10 1) planes of GaN. It is concluded from this observation that these extra spots 

come from another GaN grain which is lying below the original grain which is rotated by 

~12
o
. As the original and the faint spots are having some rotational relationship, it can be 

concluded that the two grains are having a rotational relationship along the 1 13 axis. 

 From the detailed structural analysis, it can be concluded that GaN grows on the bc-

plane of the monoclinic Ga2O3. The GaN-Ga2O3 interface can easily be recognized, as the 

change in orientation on the GaN planes can be observed at the interface. The Ga2O3 to GaN  
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Fig. 4.4 (a) A TEM image the top columnar GaN grain and (b) the corresponding HRTEM lattice 

image; (c) Diffraction pattern shows the wurtzite phase of GaN layer with [1 13] zone axis.  

transition takes place rather smoothly at the interface. It is assumed from this observation and 

also discussed later that a sharp transition in chemistry might have taken place at the 

interface. This observation further substantiates that GaN independently nucleates on the 

Ga2O3 surface and it is not a nitridation of Ga2O3 surfaces. In case of nitridation the GaN-

Ga2O3 interface would have been non-uniform and undulated. Protrusions on the GaN surface 

may also originate from the local change in polarity of GaN due to the presence of surface 

steps on Ga2O3 core. These structural features are explained in terms of inversion domain 

boundaries (IDB) or stacking mismatch boundaries (SMB). None of these boundaries were 

observed in the present study. This clearly indicates that independent nucleation processes 

lead to the observed core-shell structure formation. 
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4.2.3 Optical Properties   

4.2.3.1 Raman Scattering Study:    

 Typical micro-Raman spectra of a single GaN belt are shown in figure 4.5(a) at 

different spots across the belt [Fig. 4.5(b)], as well as on epitaxial GaN thin film (Lumilog, 

Germany, grown by metal-organic CVD technique) used for comparison. The Raman peaks 

appear at about 530 [A1(TO)], 553 [E1(TO)], 568 [E2 (high)], and 729 [A1(LO)] cm
−1 

correspond to the WZ-GaN [top spectra in Fig. 4.5(a)].
14

 The peaks at 252 and 422 cm
−1

, 

assigned to the ZB phonons, are observed due to the presence of crystalline imperfections 

including finite size effect. Finally two broad peaks belonging to SO modes are observed 

around 653 and 690 cm
–1

. The SO modes arise due to the breakdown of translational 

symmetry of surface potential as a result of corrugations and disorders along the surface. 

Significantly broadened Raman peaks for the GaN microbelts, as compared to that observed 

 

Fig. 4.5 Raman spectra (a) at different locations of the belt as shown in (b) the outset indicating 

crystalline phases present; (c) flat and tip side of the belt as shown by the (d) optical micrograph 

images with a laser spot of < 1 µm.  
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for GaN thin film [top spectra in Fig. 4.5(a)], are attributed to the nano-features along the belt 

surface. However, a complex Raman spectrum is captured from the base of the belts [bottom 

spectra in Fig. 4.5(a). The peaks originated in 147, 168, 200, 347, 416, 630, 653, 766 cm
-1

 are 

attributed to β-Ga2O3 phase,
15

 essentially found at the base of the belt along with peaks of 

WZ-GaN phase. Furthermore, the feasible peaks pointed out by star mark (*) in the bottom 

spectra of Fig. 4.5(a) may originate from the complex phases of Ga oxy-nitrides (GaOxNy).
16 

Raman study provides information on the surface states (up to few microns) of the belts. 

There is no change in the Raman spectra [Fig. 4.5(c)] of a microbelt recorded from the flat 

and the width side [Fig. 4.5(d)]. Therefore, it is clearly evidenced that the nucleated oxide 

phase is predominantly observed only in the base region of the microbelt while GaN phase is 

uniformly distributed.  

4.2.3.2 Raman Phase Mapping:   

 The core-shell structure of the microbelt is further explored by Raman phase 

mapping. Figure 4.6(a) shows the FESEM image of a core-shell Ga2O3@GaN microbelt and  

 

Fig. 4.6 (a) FESEM image of a core-shell Ga2O3@GaN microbelt; (b) Cross-sectional view of a 

microbelt showing the area of Raman mapping for (c) GaN shell and (d)  Ga2O3 core in the same 

scale.  
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the corresponding optical image of the cross section of a vertically kept microbelt used for 

Raman mapping is shown in figure 4.6(b). The Raman phase mapping is performed over an 

area of 15x18 μm [Figs. 4.6(c,d)] with 1 μm steps. Raman area mapping of the shell structure 

using 569 cm
-1

 is shown in figure 4.6(c) which reveals that GaN phase is distributed in the 

shell region only. Whereas, Ga2O3 phase is found from the core region of the belt by Raman 

area mapping with 200 cm
-1

 [Fig. 4.6(d)] mode of monoclinic-Ga2O3 phase.
15

 The Raman 

maps illustrate that the GaN phase is uniformly distributed over the Ga2O3 core.  

4.2.3.3 Photoluminescence Study:  

  In order to understand the GaN defect states in this core-shell structure micro-PL 

spectra are taken at different locations of a single belt using a He-Cd laser (~325 nm) 

excitation. The spectra exhibit emission in the ultraviolet range at 3.47 eV [Fig. 4.7(a)] which 

is attributed to the direct band-to-band transition peak of GaN. The second dominant 

emission peak has been observed around 3.1~3.25 eV from different parts of the microbelt; 

base region corresponds to spot 1 and spot 2, 3 are referred to middle and tip region [inset in 

Fig. 4.7(a)] of the belts, respectively. This emission has been assigned to DAP lines.
17,18

 The 

strong red shift in the emission (3.1~3.25 eV) band may be attributed to the rough surfaces of 

belts, having a high level of defects on the surface. We have observed a quenching of the 

direct band-to-band transition peak intensity than that of DAP originated peaks. The 

undesirable broad emission band, centered on 2.2 eV, is so-called yellow luminescence (YL) 

[Fig. 4.7(b)]. The key factor responsible for YL band results from the native defects. The VGa 

is the most likely candidate from an energetic point of view.
19

 The atomic geometry of the 

VGa is characterized by a strong outward relaxation of the surrounding N atoms. The VGa 

corresponds to a transition of 3
-
 to the 2

-
 charge state, ~ ≈1.1 eV above the valence 

band, and thus indicative of a deep acceptor level.
17

 A schematic of the VGa formation is 

shown in figure 4.7(c). However, an alternative defect configuration of VGa and oxygen  
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Fig. 4.7 (a) Micro-PL spectra of GaN belt at different locations; The insets show a single belt with 

spots 1, 2 and 3 marked; (b) typical YL band at ~ 2.2 eV corresponding to spot 2 in the low energy 

region of the spectra and schematic representation of the atomic geometry of VGa-ON complex 

defects; (c) Temperature dependent PL spectra of the microbelt show blueshift with decreasing 

temperature.  

antisite (ON) complex corresponding to the similar energy transition ~1.1 eV is also 

reported as the origin of YL band. Presence of oxygen related defects in the GaN microbelts 

can be correlated to the quenching of intensity for band edge transition with respect to that for 

the DAP originated peaks. Native oxide may lead to non-radiative recombination process in 

GaN,
20

 and may cause the Fermi level to be pinned at a slightly deeper position. Thus, the YL 

band in the microbelt may be accounted due the formation of VGa-ON complex [Fig. 4.7(c)]. 

Temperature dependent PL studies of a single GaN microbelt have been carried out and show 

an expected blue shift with decreasing temperature corresponding to the band edge transition 

[Fig. 4.7(d). The band edge emission peak at 300 K is ~60% of that at 80K. However, 

electro-optical applications of radiative processes will require careful control of the type and 

number density of such defects.    
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4.2.4 Single Step Growth Mechanism:  

 Hence, it is possible to elucidate a growth mechanism of the core-shell microbelts 

from the above observations. Ga, evaporated above 850 
o
C, reacts with the residual and 

adsorbed O2 available in the chamber and on the boat surface to nucleate Ga2O3. Monoclinic 

Ga2O3 being a low symmetry crystal, further atomic attachments on all exposed surfaces is 

not equally probable. This leads to anisotropic growth of Ga2O3 in the longitudinal direction 

leading to belt morphology. Subsequently, GaN nucleates on the belt surface leading to the 

formation of GaN layer onto Ga2O3. Thus, formation of both core oxide and surface nitride 

phases occur simultaneously in a progressive manner during the growth period to form the 

Ga2O3@GaN microbelts. The sharp interface structure between GaN and Ga2O3 and the 

absence of IDB or SMB in GaN indicates that GaN nucleates on Ga2O3. At the interface of 

GaN and Ga2O3, incorporation of O2 into the GaN lattice might take place to a certain extent.  

 

Fig. 4.8 Energy dispersive X-Ray spectra shown across the GaN-Ga2O3 interface. Spot 1 

corresponds to Ga2O3 phase of the core-shell Ga2O3@GaN microbelts. The percentage of O2 was 

reduced and N2 concentration increases significantly while moving towards the surface of the GaN 

phase (spots 2 to 4).  
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As evidenced from EDX [Fig. 4.8], O2
- 
concentration drop off gradually from the interface 

and N2 concentration goes up. So the interface region compositionally may be an oxy-nitride 

phase of Ga. The GaN phase grows on the {100} face of Ga2O3. It has been reported that the 

growth of micrometer sized belts and ribbons (size in the micrometer to millimeter) could be 

achieved via metal-catalyzed VLS method or by a twin-plane growth mechanism.
9-11,21-23 

Catalyst free growth of microbelts excludes the necessity of the above mentioned 

mechanisms. Instead, a conventional VS mechanism following the principle of self-catalysis 

is best suited to explain the growth of Ga2O3@GaN microbelts reported in the study. Figure 

4.9 shows the schematic representation of the growth of the core-shell Ga2O3@GaN 

microbelts in the CVD technique.     

 

Fig. 4.9 Schematic representation of the growth mechanism of the core-shell Ga2O3@GaN GaN 

microbelts.  

4.3 Physicochemical Properties of Core–Shell Ga2O3@GaN microbelts  

 Along with other applications, GaN and its alloys with other group III metal are of 

great interest for sensors because of their surface sensitivity, high mobility, low drift current, 

optical transparency, and high thermal breakdown temperature. Its implementation in high 

performance electronic and photonic devices, gas, bio-chemical sensors, and other surface 

sensitive devices requires a thorough understanding of the surface and interfacial properties 

for their optimal performances. In this contest, the detailed physical properties associated 

with the nanoprotruded GaN microbelts surface are studied for possible application in the 

field of sensor.
18
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4.3.1 Study of Surface Potential on Single GaN Microbelt by Kelvin probe 

 force microscope (KPFM)    

4.3.1.1 Importance of the Study:   

 To date, mats of GaN NWs and AlGaN/GaN high electron mobility transistor 

structure are particularly used for hydrogen and other gas sensing.
24,25

 In most of the cases 

sensing studies have been conducted with dry nitrogen. A few experiments were performed in 

dry air conditions. However, in real applications for detecting gas, humidity may play a 

significant role because water vapor in the air sometimes perturbs the response of the other 

sensing components. Therefore, intensive investigation on the effect of humidity of GaN 

based nanostructure is required. Here, we report the response of nanoprotruded GaN 

microbelts for the detection of humidity using KPFM. We found, SP is strongly dependent on 

the humidity, suggesting that attention to control moisture is essential for sensing applications 

of chemical species other than water vapor. 

4.3.1.2 Methodology:  

 In KPFM mode, the contact potential between sample and tip is compensated by 

applying external bias voltages and thus facilitating the simultaneous acquisition of 

topography and surface potential (SP) images, SP = Δφ/e. Here, Δφ is the difference between 

tip and sample work functions and e is the electron charge. For the SP measurement, the GaN 

belts were transferred to clean Cu substrates, which were electrically grounded. 

Commercially available metallorganic chemical vapor-deposited GaN films (6-7 μm thick) 

on sapphire were electrically contacted through the top layer to avoid capacitance effects. 

Topography and SP images were acquired simultaneously using an Agilent 5500 with a 

three-lock-in amplifier in the amplitude modulation KPFM.
26,27

 For the measurements, VAC 

bias at frequencies in the range 10-15 kHz plus a DC bias, VDC, were applied between tip and 

sample. The detector signal amplitude at the VAC frequency should be proportional to (VDC-
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)VAC C/z, where C and z are the capacitance and distance between tip and sample, 

respectively.
28

 The SP images thus show the values of the DC bias which minimize this 

amplitude at each measured point. These images show only SP variations along the image, 

since the lock-in adjustments are made so that the initial SP value is close to zero. The KPFM 

measurements were carried out in an environmental chamber where humidity levels in the 

atmosphere could be controlled by injecting pure N2 flow. Dry atmosphere refers to humidity 

levels below 15%.  

4.3.1.3 Surface Potential Variation:  

 Topography and KPFM potential fluctuation maps of the nanoprotruded microbelts 

are shown in figures 4.10(a,b). The rms roughness of these surfaces is in the range 30-40 nm. 

A clear evidence for the presence of nanoprotrusion along the surface of the microbelts is 

shown in the FESEM image [inset of Fig. 4.10(a)]. Moreover, large steps (between 0.1 and 

0.4 μm in height) can also be observed [marked as dotted lines in Fig. 4.10(a) and  

 

Fig. 4.10 (a) Topography (left) and (b) SP (right) images of the GaN microbelt with 

nanoprotrusions (inset, scale bar 300 nm), both under a dry atmosphere. Dotted lines and circles 

are guided to surface features mentioned in the text. Solid circle and box represent surface features 

related to extended defects discussed in the text. 

corresponding KPFM image Fig. 4.10(a)] along the belt surface with enhanced roughness due 

to larger crystallites exposed at the edges. Topographic and the corresponding SP value of an 

isolated surface feature are marked with dotted circle. The electrical images acquired 
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simultaneously on dry atmospheres show a more uniform background with smaller SP values 

associated with the larger grains and to the step edges present in the image. The decrease in 

SP values at these regions reaches over 1 V. In this context, it is worth mentioning that the SP 

images show minimal artifacts or signal crosstalk due to the large roughness variation in the 

images,
29

 as indicated by the presence of steps in figure 4.10(a,b). 

 We compare our result with commercially available GaN films. The topography [Fig. 

4.11(a)] and SP images [Fig. 4.11(b)] of the GaN film under dry atmosphere. The film is 

completely different from the belts, showing very smooth morphologies where mono or 

bilayer step edges [along the dotted line drawn in Fig. 4.11(a)] are observed. The SP image 

[Fig. 4.11(b)] shows that the potential values are lower (~50 mV) in some regions closer to  

 

Fig. 4.11 (a) Topography (left) and (b) SP (right) images of the GaN thin film both under a dry 

atmosphere. The regular variations of height in (a) are steps on the surface of the GaN film. The 

inset in (b) shows the atomic configuration of the VGa in the 3
-
 and 2

-
 charge states; Dotted lines 

and circles are guided to surface features mentioned in the text. Solid circle and box represent 

surface features related to extended defects discussed in the text.  

step edge. A lower SP value means it is lower in electron potential, i.e. excess negative fixed 

charges as indicated by the dark spot in the squared region [Fig. 4.11(b)]. The most likely 

origin of these extended defects is clustering of Ga vacancies [VGa; inset in Fig. 4.11(b) 

showing a possible configuration for a single vacancy], which is discussed later in details. 

Some small depressions, or pits, which can be associated to threading dislocations [marked 

with a circle in Fig. 4.11(a)], are also observed in the GaN film. The total dislocation density 
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in the film is estimated as 2×10
8
 cm

-2
. The SP value increases at the pit [Fig. 4.11(b)], 

indicating a carrier depleted region - a higher SP signal corresponds to regions with higher 

value in an electron energy diagram i.e., the presence of positive charges or depletion of 

electrons.
30

 Our result is in agreement with earlier observations of Hansen et al.
31

 of similar 

surface structures, where a smaller capacitance  consistent with a larger depletion depth was 

observed near the dislocations relative to the regions between dislocations. The variation in 

SP values in nanoprotruded microbelts, however, is at least one order of magnitude larger 

than those from the GaN film. This indicates a variation of Fermi level energy, which 

generally speaking may arise from different crystallographic phases, dopant levels or defect 

densities present in these regions towards the mid gap of the semiconductor.  

 High magnification AFM images of topography, phase, and SP [Figs. 4.12(a, b, c)] 

provide significant input in order to understand this material issue. Large variations of phase 

[Fig. 4.12(b)] are observed at the nanoprotrusions, indicating a drastic change in the 

viscoelastic properties of the surface. The corresponding electrical image [Fig. 4.12(c)] shows 

that the larger SP variation is localized in these same regions and not necessarily correlated to 

 

Fig. 4.12 (a) Topography, (b) Phase and (c) SP images attributed to the oxide and oxynitride 

phases of the nanoprotruded region on GaN microbelts. 

the height variation along the surface. When a large number of such regions are present in the 

images, the SP profile around them is also minimized with regard to the surrounding surface. 

These features altogether indicate the presence of a different material within the microbelt. 

The differences in SP value larger than 500 mV can be attributed to the presence of Ga2O3 



96 

 

phases on the surface.
32

 However, both the resulting strain at the interface with GaN as well 

as the compositional variation (e.g., formation of intermediate GaOxNy phase) can originate 

the gradual increase in SP as one move away from the oxide core.
32 

As observed from the PL 

spectra of the GaN microbelts [Fig. 4.7(a)], the native VGa-ON complex certainly alters the 

electron shielding containing a negative fixed or interface charge and hence may be 

consistent with the observed enhanced SP variation along the sample surface.  

4.3.1.4 Enhanced Variation of Surface Potential with Humidity Levels: 

 The scenario changes when SP images are acquired under larger humidity levels. In 

that case, the average SP variation on the surface drops, and the localized regions attributed 

to the oxide cores can no longer be clearly observed. Even a small humidity variation [Figs. 

4.13(a, b)] can alter the electrostatic profile of the sample as compared to the dry image. The  

 

Fig. 4.13 SP surface profiles at (a) dry atmosphere and (b) 20% humidity level. The normalized 

density of SP points in each image is shown at (c); outset shows variation with a 5% increase in 

moisture condition over a small SP range (> 100 mV). The inset in (c) shows the schematic of 

water adsorption on GaN screening the electrical features of the original surface.  
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Fig. 4.14 SP images of the same region with different (a) 46%, (b) <15% humidity levels  and the 

corresponding normalized density of points as indicated by the arrow; (c) The normalized density 

of SP points for three different humidity levels showing the decrease in SP values with increasing 

humidity in the AFM chamber.  

normalized density of points in each image [Fig. 4.13(c)] provides statistical average SP 

value on exposure of moisture over an extended region. A variation in density of SP value is 

readily deconvoluted with even a 5% increase in the moisture condition shown over a small 

SP range >100 mV [outset of Fig. 4.13(c)]. This behavior indicates a screening of the original 

surface electrical features due to water adsorption. It is also observed for GaN films, but the 

enhanced SP variation along the nanoprotruded belt surface provides a distinct 

phenomenological evidence for the screening process. The prominent presence of VGa-ON 

complexes [inset in Fig. 4.13(c)] in the belt may be assumed to be responsible for the 

accumulation of negative charges on the surface and the subsequent increase in the band 

bending leading to an enhanced response of humidity in the microbelt. Moreover, the 

diminished contrast in SP images with larger moisture levels, shown generally and specially 
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in the encircled region, is also a clear indication of screening by surface charges.
30

 We have 

also studied the normalized density of SP points corresponding to the humidity levels of 46% 

as compared to that <15% [Figs. 4.14(a,b)] and for other three different humidity levels [Fig. 

4.14(c)] showing the decrease in SP values with increasing humidity in the AFM chamber.  

4.3.1.5 Molecular Mechanism of Surface Potential Variation in the GaN Microbelts:  

 It often occurs that the adsorption pathway (associative versus dissociative) depends 

on surface morphology, with atomically rough surfaces being more active for H2O 

dissociation than atomically smooth surfaces. The rough surface of the microbelt offers an 

effective strong interaction with H2O molecule, as these molecules on a stepped or corrugated 

surface probably occupy positions at the top of the ridges or steps.
33

 A comprehensive 

experimental investigation of the reaction of molecular water on GaN surfaces has been 

reported and shows that water adsorbs in a dissociative way on the GaN surface, even at low 

coverage.
34,35

 However, it may be understood that the enhanced SP variation on the 

microbelts occurs from the dissociation of H2O, dominated by the reaction at defect sites and 

facet edges of the protruded region associated to the presence of an oxide phase. With an 

increase in humidity, the lack of saturation of adsorbed H2O at various locations/coordinates 

on the belts suppresses the charge accumulation (electron deficient). A typical schematic for 

the interaction of H2O with native defect is shown in the inset of figure 4.13(c). Furthermore, 

the influence of defect lattice sites and "nonlattice" oxygen atoms at surfaces appears to be 

quite important. Like native defects, chemisorbed oxygen makes surfaces more reactive 

toward water decomposition and subsequent hydroxylation. The presence of different phases 

and crystalline orientations will also influence a quantitative spatial correlation. The surface, 

saturated with H2O, is anticipated to end up in flatband conditions or even in a slight 

downward band bending.
36

 However, pronounced dislocation densities, surface strain, other 

contaminant surface states, surface relaxation, and/or dipole layer from the charge leakage 
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could contribute to the band bending. All these physical properties are significantly observed 

in belts, and hence, it provides a pragmatic sensitivity of SP to moisture ambience. 

4.3.2 Superhydrophobicity in Single GaN Microbelt  

4.3.2.1 Introduction:   

 Nature has learnt to control liquid in a myriad of ways with regard to design of 

biosurface having special wetting characteristics.
37 

Recently, self-cleaning or water-repellent 

properties emanating from superhydrophobicity have become significant for several 

applications in biotechnology and micro-/nano-fluidics. It is believed that the excellent water 

repellent properties of lotus leaf are attributed to a unique combination of micro- and nano-

hierarchical surface morphology.
 
Surface protrusions create an energetically unfavorable 

situation for a liquid to be sucked or „imbibed‟ into the surface texture of the 

superhydrophobic surfaces leading to an increased beading-up tendency. The effectiveness of 

this process for any given textured surface depends on both the roughness amplitude and the 

wetting property of the liquid. On the other hand, the liquid should penetrate into the bed in 

case of hydrophilic surfaces, having a tendency to spread the liquid. In this process the 

additional surface area from the sides of the nails causes a force that sucks the liquid into the 

texture. So, in turn roughness should amplify the hydrophilicity.  

 However, some recent reports demonstrate that roughness can also lead to formation 

of a superhydrophobic contact angle on a hydrophilic substrate.
38

 For example, the leaves of 

Lady‟s Mantle show superhydrophobic properties owing to the elasticity of the hydrophilic 

hairs on the leaves.
39 

Some report had shown a transition from hydrophilicity domain to 

superhydrophobicity region by decorating the substrate with organic polymer surfaces.
40 

Mostly, the above results have been explained by the Cassie–Baxter model by assuming a 

small value of φs, which denotes the fraction of the wetted solid area to the total area under 
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the droplet. In all these cases, the salient feature to promote a favorable non-wetting 

thermodynamic state is to form a composite state having entrapment of air within the trenches 

of rough surface. The phenomenon of entrapment of air indicates that the geometrical 

parameters of a nanostructure have an influence on the wetting behavior and contribute to the 

reversible switching between hydrophilicity to superhydrophobicity. 
38 

The challenge here is 

to demonstrate a superhydrophobic surface irrespective of the nature of the surface by merely 

controlling the geometry of the microstructure.   

  In this regard, a superhydrophobicity state in a single microbelt of GaN is 

demonstrated, which is otherwise hydrophilic in nature. 
41 

The changeover from 

hydrophilicity to superhydrophobicity on GaN microbelts are examined from the viewpoint 

of the geometry of the surface, and surface energy.  

4.3.2.2 Materials and Methodology:  

 Free standing, ultralong GaN microbelt used for this study is taken from the 5 h 

grown set of sample. Each belt is ~ 100 µm in breadth, 10 µm in width and several millimeter 

~3-7 mm in length [Figs. 4.15(a,b)]. Figure 4.15(c) shows the presence of nano-metric 

surface protrusions on the surface of GaN microbelts as revealed by the FESEM image 

analysis. The root mean square value of roughness was measured using an AFM microscope 

(Agilent 5500 with 3 lockin module, Pt-coated Si tips). A single microbelt was kept like a 

microcantilever with one end fixed and the other end hanging in the air [Fig. 4.15(b)]. A drop 

of water about few nanoliter amount, was delivered smoothly on to the microbelts using a 

micro-syringe. The shape of water droplet on the belt was recorded using optical microscopy 

in both vertical and glazing view. The effect of droplet size, and evaporation rate was taken 

into consideration. The contact angle measurements of GaN thin film were evaluated at room 

temperature using a First Ten Angstroms contact angle goniometer and a water drop of 

volume ~8 µL.   
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Fig. 4.15 Optical image of the microbelts (a) Optical microscopic image of free standing GaN 

microbelts; (b) show a comparative size of the microbelt to that of the silicon micro cantilever 

(width ≈100 µm); (c) FESEM image (tilted view) shows the presence of nanometer-sizes surface 

protrusions on the microbelts.  

4.3.2.3 Wetting Properties of a Single Microbelt: 

 In-situ optical microscopic images show the liquid droplets delivered onto the 

commercially grown epitaxial GaN film [Fig. 4.16(a)] and  microbelt [Figs. 4.16(b,c)]. As 

discussed earlier, roughness contributing to wetting properties, the area of the solid-liquid 

interface in the water drop is influenced by a factor of roughness parameter r, as described by 

the Wenzel model,
37 

Cos θ
* 

= r Cos θ                         (1) 

Where, θ
* 
is the resulting contact angle for a rough surface, θ corresponds to the contact angle 

on the equivalent flat surface. The roughness parameter r is the ratio of the real surface area 

to the projected flat surface area, thus always r >1. This condition holds if there is no air 

entrained in the cavities of the roughness below the liquid. It can easily be understood from a 

Wenzel model that roughness drives the original contact angle, i.e., a hydrophilic surface (θ < 

90°) that becomes more hydrophilic when the surface is rough (θ
*
 < θ). Conversely, a  

hydrophobic solid (θ > 90°) shows increased hydrophobicity (θ* > θ). In the case of a  

composite surface, however, a reduced contact area, φs between solid and liquid is 

introduced. At equilibrium, the apparent contact angle is given by the Cassie – Baxter model,
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Cos Θ = -1 + φs (Cos θ + 1)      (2)  

Contact angle for the GaN epitaxial film (rms roughness 5 nm) is found to be θ =83° [Fig. 

4.16(a)].  However, a contact angle Θ  150° (±5°) is obtained for microbelts [Fig. 4.16(c)]. 

It still needs to be explained why a large contact angle ~ 150°, is found if the water droplet is  

 

Fig. 4.16 Contact angle measurements a) GaN epitaxial thin film, b) Top view of a water drop on a 

single belt, c) contact angle of the liquid drop on the single micro belt. Scale bars are 200 µm.  

deposited onto the microbelt at ambient condition. This discrepancy may reflect the 

inadequacy of the Wenzel‟s and Cassi-Baxer model. However, a sinusoidal model with 

special air entrapped cavity microstructure was being used to describe this discrepancy along 

with the actual shape of the meniscus present at the opening of the cavity.
38

 A hint can be 

gained by looking at grazing incidence through the drop onto its lower interface [Figs. 

4.16(b,c)]. One observes a shiny layer which is due to reflection of light at some air trapped 

in the surface structure.  In this case, Wenzel‟s and Cassi-Baxer models are not anymore 

valid, and it has been shown that the contact angle can be increased if the air pockets 

underneath the liquid are allowed.
42

 There are multiple equilibrium states for a drop on a 

rough surface. A particular shape of a drop, and therefore, the corresponding energy minima, 

strongly depend on the process by which the drop is formed as well as the special air-proof  

microstructure.  
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4.3.3.4 Mechanism of Superhydrophobicity:    

              Nanoprotruded surface is processed by the ImageJ software analysis and correlated 

with the AFM data. The 3D interacting volume plot of the microstructure, analyzed using 

ImageJ software, reveals a sinusoidal [Figs. 4.17(a)] surface topography in all directions.
43 

 

Fig. 4.17 (a) 3D interracting volum plot of the GaN microbelt surface by microscopic image 

analysis (ImageJ software) corresponding to the FESEM surface topography (inset, left corner); 

Inset (right corner) shows the magnified view as an indication of sinusoidal surface pattern, L (≈ 

200 nm) is the length between each post and h (≈ 115 nm) being the height, (b) AFM microscopic 

image of GaN microbelt.  

The sinusoidal pattern surface has an average amplitude of ~50 nm and the separations 

between two post is nearly ~200 nm with microstructure open to air. In analogous to AFM 

data, the rms value of roughness on the surface of the mcrobelts is found to be 115 nm [Figs. 

4.17(b)]. This value is nearly equal to the calculated value of rms from the 3D interacting 

volume plot with a difference of ± 10 nm. The half of the rms value of roughness (~ 50 nm) 

is taken as the amplitude of each post which holds up the liquid for further calculation 

purpose. A careful observation from the from the 3D interacting volume plot reveals that 

there are formation of nanocavities in the vicinity of sinusoidal posts as shown in the figure 

4.18(a).  
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Fig. 4.18 Image analysis of microbelt surface (a) 3D surface plot of the typical microbelt, 

indicating the presence of nanocavities and (b) The shape of the meniscus at the triple contact 

point (x0) within the sinusoidal surface.  

 The wettability could be better explained by considering a sinusoidal surface with a 

shape function of the form,
8 

where the characteristic sizes are much smaller than that of the 

liquid droplet on it;  

Y(x) = −A cos (kx)          (3) 

Here, A is the roughness amplitude (~50 nm), k = 2π/L the wavenumber, and L the 

wavelength (~200 nm). The local contact state of the solid/liquid/vapor interface is 

schematically shown in figure 4.18(b), where the air between the liquid and the substrate is 

open to the atmosphere via the interconnecting microstructure. Such a state is governed by 

Cassie–Baxter model (or composite model). Young‟s equation is satisfied at the triple contact 

point x0 [Fig. 4.18(b)].  

 Across the liquid/vapor interface, there is an over-pressure (Laplace pressure 

difference) in the liquid with respect to the exterior pressure, which is related to the surface 

curvature by,
44 

ΔΡ = pin − pout = , where, pin and pout are the pressures in the liquid drop and 

the vapor phase, respectively, γ is the surface tension of liquid/vapor interfaces and R is the 

radius of curvature. The validation of the Cassie–Baxter model as well as the Wenzel model 
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on a sinusoidal substrate requires ΔΡ >0 and should satisfy Young‟s equation, which predicts 

an invariably downward-concave meniscus to the hydrophobic surface. From the viewpoints 

of geometry and energy, in other words, a downward-concave vapor–liquid interface cannot 

exist within the period of the hydrophilic sinusoidal substrate, and the liquid must wet the 

whole substrate region beneath the droplet. As a result of the above geometrical restrictions, 

the Cassie–Baxter model cannot hold good for such a hydrophilic substrate with a sinusoidal 

surface microstructure. On the other hand, the Wenzel model can be always valid. So in case 

of a sinusoidal surface, open to air, the existence of Cassie–Baxter state of a hydrophilic 

substrate tends to be invalid.  

 Considering a special air proofed sinusoidal surface, Liu et al,
38

 predicted a model to 

get a complete understanding of superhydrophobic states, no matter whether the substrate is 

hydrophobic or hydrophilic. The shape function of the meniscus formed within the airproofed 

sinusoidal microstructures can be written as;  

Y = -A cos (kx0) –  +            (4) 

where Rc is the radius of the arc and xo is the triple contact point.  For several specified values 

of the triple-point locations  = 0.4, 0.3, 0.2 and 0.1 beneath the liquid droplet in a 

single valley, the corresponding meniscus shapes [Fig. 4.19(a)], where we set θ = 83
0
. It is 

seen that different contact positions of the triple line can be achieved with the variation of the 

Laplace pressure difference induced by the trapped air. This shows a convex meniscus shape 

of the liquid drop at the interface and reasonable validation of the Cassie–Baxter model. 

Besides geometrical limitation, the macroscopic Cassie-Baxter contact angle (  is expressed 

considering the surface energy,
38 

,     (5) 
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where =x/L,  and . Accordingly, different triple-point positions produce 

different macroscopic contact angles. The underlying principle of the model describes the  

 

Fig. 4.19 (a) Shape of the meniscus formed in the vicinity of nanocavity at different x/L ratios, (b) 

The macroscopic contact angle () predicted by the Cassie–Baxter model as a function of the 

triple-point locations (x/L), calculated for a local contact angle θ = 83°. 

trapped air within the microstructure may generate a negative Laplace pressure difference 

across the interface. These isolated trapped air pockets by the liquid drop keep the balance at 

the interface, and cause to induce the superhydrophobic properties on a hydrophilic surface. 

The macroscopic contact angle is predictable from the Cassie–Baxter model, as shown in the 

plot [Fig. 4.19(b)] and in the schematic [Fig. 4.18(b)]. It is found that with increase in the 

absolute value of the negative Laplace pressure difference,   increases along with the value 

of Θ. When is sufficiently large, a high contact angle of Θ = 150° is achieved on a 

hydrophilic belt.   

 From energy consideration, wetting surfaces are high energy ~ 0.5 – 5 Nm
-1

 (0.3-3 

eVÅ
-2

) surfaces where chemical binding energy is in the range of a few electron volts. The 

surface tension between GaN epitaxial thin film to air (GaN/Air=1.89 Nm
-1

)
45

 is 27 times 

higher than that of water to air (water/Air= 0.0719 Nm
-1

),
 
and thus it should show a hydrophilic 

behavior. In contrary, superhydrophobic behavior is observed with a contact angle of nearly 

150°
 
on the microbelts. The dynamics of switching between hydrophilic to superhydrophobic 
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is due to the presence of special air trapped cavity within the surface protrusions.  In this 

case, by approximating the average cavity size of 80 nm [Fig. 4.18(a)], the pressure is 

calculated to be around 36 atm for water/air interface using Laplace pressure imbalance 

formula.
44

 This extra pressure inside the bubble may lead to the transition from hydrophilicity 

to hydrophobicity.  

4.3 Summary:  

 We have synthesized high-yield ultra-long single-crystalline and catalyst-free core–

shell Ga2O3@GaN microbelts by a self-catalyzed vapor–solid growth process using chemical 

vapor deposition technique. FESEM, FIB, HRTEM, Raman and Photoluminoscence 

techniques are employed to characterize the detailed structural and optoelectronic properties 

of the as-grown core-shell Ga2O3@GaN microbelts. Most of these microbelts are well-

ordered, and have a distinct shape with nanoprotrusions on their surface that are likely to be a 

model material over many compound semiconductor belts.   

 The existence of nanoprotrusion on the surface of the microbelt is shown to be very 

sensitive to humidity level in the atmosphere as compared to GaN thin films. We have 

demonstrated the variation of surface potential as a function of humidity level using Kelvin 

probe force microscopy. Oxide and oxinitride phases, as well as native defect complexes 

comprising of Ga vacancies and oxygen antisite, are assumed to be responsible for the 

surface charge accumulation leading to enhanced response to the surface potential variation 

as a measure of humidity. Furthermore, this study is particularly useful for calibration 

purpose for GaN based field-effect transistor sensors, where the sensor active area (GaN) is 

exposed to the electrochemical sensing of an environment. The outcome of this work shows 

that the electrical properties of GaN microbelts are sensitive to changes in compositional 
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homogeneity as well as humidity. Therefore, a special attention should be given to humidity 

levels in the air to achieve the optimal value of GaN-based optoelectronic devices.  

 The self-affine topography and presence of air-trapped region within the vicinity of 

the nanoprotrusions of the microbelts are shown to be an ideal surface to generate 

superhydrophobic state. Surface microstructures have a significant influence on the wetting 

properties of solid surfaces. The mechanisms of superhydrophobic state stemming from a 

hydrophilic substrate is well explained after taking into account the presence of trapped air 

bubble presence in nanometer-sized cavities of GaN microbelts. The nanotextured surface 

described here shows a high degree of hydrophobicity and may find applications, e.g., in 

nanofluidics and will be useful in developing biocompatible nanobiosensor.  
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CHAPTER 5  

GROWTH AND FUNCTIONALIZATION OF GaN 

NANOTUBES FOR CATALYTIC AND GAS SENSING 

APPLICATION 

5.1 Introduction:  

 Hollow nanostructures with tailored structural, optical, and surface properties, has 

received considerable interest in a wide range of applications pertaining to catalysis, chemical 

sensing, nanocapillary electrophoresis, nanofluidics, drug delivery, fillers, and nano-

optoelectronics.
1-4

 Among different nanostructures, nanotubes (NTs) exhibit unique 

properties because of the unidirectional curvature and large surface areas. There is only a few 

published work on the growth of amorphous, polycrystalline, and single-crystalline GaN 

NTs, which are mostly realized by employing template, or using metal catalysts.
5-8 

However, 

incomplete removal of template material, partial inclusion of catalyst into the tube annulus 

and high porosity in as-grown samples were major blocks in the fabrication process of high 

pure GaN NTs. To date, contamination-free direct fabrication of a GaN tubular structure has 

been a technical challenge. In the present work, an effort has been made to synthesize 

catalyst-free growth of GaN NTs via a quasi-VS process elucidating the underlying growth 

mechanism.   

 While looking towards the device performance using NTs, the role played by various 

functional groups in interface with zero-dimensional nanocrystallities assumes enormous 

importance.
9
 Decoration of compound semiconductors with novel metal nanoclusters like Pd 

or Pt are of specific interest since these metals act as catalysts for numerous surface chemical 

reactions. An oxidation step is usually employed to specifically impart photocatalytic H2 

generation capability,
10

 and to produce continuous hot electron flow in nanodiodes.
11-12

 In 

addition, such a step usually enhances electrochemical activity
13

 and H2 sensing response 
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across wide range of temperatures.
14,15 

For example, there were several reports from 

Somorjai‟s group on the generation of steady state chemicurrent using a novel planar 

nanodiode device which employs 5-8 nm sputtered thin film of Pt over thick GaN film, and 

also often using metal-oxide bases.
11,12

 They have achieved hot electron generation induced 

chemicurrent yield of (3.5 ± 0.8)  under catalytic reaction of O2 or CO gas. Above 

value is found to be one order of magnitude higher than that for Pt/Pd-TiO2.
11

 There are 

several reports on Pt catalyzed carbon materials, metal oxides and metal-oxynitrides used in 

large scale solar energy assisted H2 production from water.
16

 Pt-loaded metal nitride 

nanoclusters depict superior quantum yield than oxide counterpart with respect to solar 

energy assisted H2 production. However, studies on the metal-semiconductor interface 

structures, focusing morphology, crystallinity, and roughness and the local environments are 

important from several viewpoints as these aspects will ultimately control the efficiency of 

the end product generation process. 

 For some applications involving noble metals Pt or Au like hadron therapy,
17 

radiotherapy, photo-thermolysis of cancer
18

 and photocatalysis, it is often necessary to expose 

the materials to high levels of ionizing radiation such as laser light. This process is likely to 

induce secondary effects like phase transformation, melting or cleavage of materials. It is 

therefore, essential to know the thermal stability of the nanostructured materials in a catalytic 

environment. Recently, photo-assisted localized oxidation of group III- nitride thin films has 

been reported by Hwang et al. employing laser light onto water bridge between GaN thin film 

and Pt-coated atomic force microscopic (AFM) tip.
19

 Several groups have also reported 

oxidation of GaN thin film using AFM, UV light assisted photo-induced wet chemical 

oxidation, anodic treatment, and often by high power laser irradiation.
20

 Breakdown in single 

GaN NWs were reported by in-situ TEM characterizations.
21,22

 These studies revealed that 

the semiconductor NWs break at the mid-point by means of thermal heating under the 
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influence of high electric bias voltage (~35 V).
21

 Individual NW breaks at a maximum 

temperature of ~ 1000 K via thermal decomposition.
22

 However, the influences of catalysts 

on heat dissipation of GaN upon scaling down to lower dimensions and the effect on 

morphological evolution by laser power irradiation are not studied in detail. 

5.2 Quasi Vapor-Solid Growth of GaN Nanotube:  

5.2.1 Materials and Methodology:   

       NTs were synthesized using same CVD reactor used for the growth of GaN 

NWs.
23,24

 The only difference maintained here is that the 3 nm Au coated Si substrate was 

kept horizontally at a height of 10 mm from the Ga source, whereas, the substrates were 

usually kept vertically from the Ga source for the growth of NWs. In addition, a faster 

temperature ramping rate of ~ 40 
o
C per min was maintained while increasing the 

temperature from 500 
o
C to 900 

o
C at a base pressure of 1 mbar. After the chamber 

temperature reached at 900 
o
C, the base pressure was slowly increased to 1 atm pressure in 10 

minutes by bleeding high purity NH3 gas at a flow rate of 10 sccm. The reaction was 

terminated after duration of 2 h. The system was allowed to cool down slowly to room 

temperature in the same NH3 ambient. A large quantity of light yellowish material was found 

to be uniformly coated throughout the Si substrate. To identify the growth mechanism of 

NTs, the role of the most decisive growth parameters, namely, growth rate, temperature, and 

NH3 partial pressure was taken into consideration.  

5.2.2 Morphological and Structural Properties:  

  Figures 5.1(a-c) show typical FESEM images of the NTs on Si substrate. A highly 

dense GaN layer of thickness ~40 µm is seen over the Si substrate, as revealed from the 

cross-sectional image [Fig. 5.1(a)]. A close view of the magnified image at middle region 

[Fig. 5.1(b)] reveals that NTs are homoepitaxially grown over a layer of GaN nanoclusters 

with overall thickness ~5 µm [Fig. 5.1(c)]. The underlying GaN nanoclusters layer may have  
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Fig. 5.1 FESEM image of GaN NTs grown on Si substrates; (a) cross-sectional view and (b) top 

view, (c) magnified view of the transition region from nanoclusters to NTs; Top view of GaN NTs 

grown over a thin layer of GaN nanoclusters by focusing on (d) GaN nanoclusters, (e) top surface 

of NTs.  

acted like a buffer layer, which has initiated the NT formation. On mechanical scratching, it 

is found that the as-grown GaN NT layer can be smoothly removed from the nanocluster 

interface region. This is observed while focusing the of top and bottom part of as-grown GaN 

NT sample through FESEM [Figs. 5.1(d,e)]. It is worthwhile mentioning that NTs can be 

isolated without being contaminated with nanocluster impurity. The surface layer, as 

observed from the side [Fig. 5.1(b)] reveals that the GaN NTs are homogeneously distributed 

throughout the surface. Most of the NTs exhibit nearly square shaped cross-section [Fig. 

5.2(a)] with wall thickness of about ~10-15 nm and average lateral dimensions of nearly ~ 50 

nm [Fig. 5.2(b)]. A typical length extends to several micrometers. These images are recorded 

from the Pt nanocluster functionalized GaN NT samples (detailed in subsequent sections).   
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Fig. 5.2 FESEM images of the NTs with (a) and (b) square shaped (c) nearly square shaped facets.  

 Figure 5.3 shows the X-ray diffraction (GIXRD; Bruker D8 Discover) pattern of the 

as-synthesized GaN NTs. The peaks correspond to (100), (002), (101), (102), (110), (103) 

and (112) planes of hexagonal WZ-GaN phase with lattice parameter of a = 0.318 nm and c = 

0.518 nm (JCPDS: 50-0792), while no cubic phase is found. All the peaks of the as-grown 

GaN NTs are relatively sharp and the value of the full width at half maximum (FWHM) has 

narrow peak width. The GIXRD analyses show that the GaN NTs possess well developed  

 

 

Fig. 5.3 GIXRD pattern of the as synthesized GaN NTs. The corresponding peaks are indexed to 

WZ-GaN phase. 

crystalline character. The structures of the individual GaN NT are further investigated by 

HRTEM analysis. The typical tube like contrast is observed [Fig. 5.4(a)]. The areas close to 

the edge are appearing darker than the central zone. The NTs exhibit uniform cross-section 
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Fig. 5.4 (a) TEM images of a NT with visible side facets, (b) tube with open end, (c) lattice images 

of the NT shows presence of family of m-planes and growth direction along , (d) smooth 

transition between side facets and (e) corresponding lattice image; (f) SAED pattern of NTs shows 

WZ-GaN phase; Inset shows the region from which the pattern is generated.  

and extend to several micrometers in length [inset Fig. 5.4(a)]. The external surface is 

relatively rough as seen from the HRTEM image [Fig. 5.4(b)]. The typical segment of the 

open end of a NT is shown in figure 5.4(c). Lattice pattern shows a family of m-planes with 

growth direction along . A smooth transition takes place between the side faces of the 

NT as indicated by the HRTEM image [Fig. 5.4(d)]. Further studies suggest that the tube 

surfaces are composed of (0001) planes and the tube axis is subtended along [  

direction, which is normal to a plane. The high resolution lattice image of the transition 

region, with the interface region at the corner over ~2 nm, is shown in figure 5.4(e). The m 

planes, orthogonal to c plane are indicated in the high resolution image. A typical SAED 

pattern along one of the facets shows zone axes along [0001] of WZ-GaN phase [Fig. 5.4(f)]. 
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Faint spots close to the indexed diffraction spots in the SAED pattern indicate twin like 

features, which are essentially from the opposite facet of the NT having same crystalline 

orientation ([0001]) with a small tilt. The tilt is likely as the facets are not exactly parallel to 

each other. The observation, however, establishes the fact that all the facets are oriented 

along [0001] direction.  

5.2.3 Growth Mechanism:  

The growth mechanism of GaN NTs proceeds via a quasi-VS process. As depicted 

schematically in figure 5.5, it is postulated that the nucleation and further growth of the NTs 

might occur in following stages: 1) generation of ultra-small, nanosized GaN clusters on the 

substrate surface, 2) self-agglomeration and coalescence induced formation of facets, and 3) 

further oriented attachment of incoming vapor phase clusters to specific crystallographic 

facets.
8,24-26

 In the present study, experiments are conducted with faster ramping rates, 

initially, to provide enough population density of Ga followed by the atomic nitrogen flux to 

 

Fig. 5.5 Schematic representation of NT growth mechanism via quasi vapor-solid process in the 

CVD technique.  

start the nucleation process aided by Au catalyst. Under this condition, unlike the VLS 

process the reaction occurs faster than the effective incubation time, stimulating the 

formation of agglomerated nanoclusters. A longer incubation time is anticipated in the VLS 

process and Au-Ga interfacial energy drives a directional growth. Upon increasing the 
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incoming Ga and N flux rate, the nanoclustes undergo further self-agglomeration process. 

The nucleation of facets leading to NT formation possibly stems from agglomeration of GaN 

clusters leading to coalescence process, which might form ring shaped nucleation front. 

Further, reactant species from the vapor phase is exposed continually over these nucleated 

facets leading to the formation of GaN NTs. The observed square or rectangular shape of NTs 

possibly results due to the differential adatom migration behavior among different 

crystallographic faces.
24

 Faceting of nucleated grains stems from the fact that certain crystal 

faces are energetically disfavored for co-ordination with adatoms thereby restricting growth 

directions. The calculated surface energy for polar (0001) and non-polar (11  surfaces of 

GaN are 100 and 123 meV/Å, respectively.
27 

Although, the difference of surface energy 

between the non-polar and polar surface is relatively small, nevertheless, they do behave 

differently to incoming adatom species. As a matter of fact, polar surfaces prefer systematic 

adsorptions, whereas non-polar surfaces maintain their stoichiometry by systematic atomic 

diffusions. The interaction between adsorbate and surface is strongly dependent on the most 

decisive parameter such as incoming Ga or N flux ratio. In Ga rich condition, a 

nonstoichiometric surface having Ga-Ga dimers is stable.
24,28

 N-rich condition increases the 

nucleation rate of GaN due to the higher strength of the Ga-N bond and shorter diffusion 

length of Ga than that of Ga-Ga bond. It is thus apparent that, N-rich condition promotes 

stoichiometric growth of non-polar surface. The higher nucleation rate in the (11 surface 

over (0001) surface is expected to stimulate the axial growth of the NTs along [ . On the 

other hand, relatively lower surface energy along (0001) planes than that of the (11 plane 

promote formation of (0001) facets in the square symmetry, while the GaN system is in the 

hexagonal symmetry.  

 

 



119 

 

5.3 Functionalization of GaN Nanotube with Platinum Nanoclusters:  
 

5.3.1 Materials and Methodology  

 For catalytic and sensor application, the as-grown NTs were functionalized with Pt 

nanoclusters using lysine [HO2CCH(NH2)(CH2)4NH2] as a capping agent. Initially, GaN NTs 

were treated with 50% aqueous solution that contained a mixture of H2SO4: H2O2 (ratio 3:1) 

for a period of 5 min, and then washed with double distilled water followed by drying using 

N2 gas. This process was often used for cleaning nitride surfaces as well as to activate 

hydroxyl groups on the surface. The hydroxylated samples were further dipped inside 3 ml of 

H2O solution containing 1mM of lysine followed by addition of another 3ml of H2O 

containing 1mM of HPtCl4. The suspension was gently stirred for a period of 30 min, and 

then 3 ml of 0.1 M fresh NaBH4 (slightly in excess) solution was added to reduce HPtCl4 to 

metallic Pt. After stirring for further 30 min, the samples were washed with water and dried 

with flowing N2 gas. This reduction invariably results in nanocrystallites of Pt.  

5.3.2 Morphological and Structural Properties:  

   Figures 5.6(a,b) shows the FESEM image of Pt nanocluster functionalized GaN NTs 

(Pt-GaN) from top view and side view, respectively. The typical high-resolution image 

reveals that the Pt nanoclusters are uniformly spread over the GaN NT with different  

 

Fig. 5.6 FESEM image of Pt nanocluster functionalized GaN NTs (a) from top and (b) side view.  
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crystalline orientations [Fig. 5.7(a)]. The corresponding d-spacings are indexed to cubic Pt 

along with the presence of WZ-GaN calculated from the SAED pattern [Fig. 5.7(b)]. Figure 

5.7(c) shows the bright field image of Pt decorated NTs and the corresponding dark field 

image is depicted in figure 5.7(d). These images are recorded by taking <111> diffraction 

spot of the Pt nanoclusters. The Pt-GaN NT exhibit relatively rough external surface as 

compared to that for the pristine NTs, as shown in the inset of figure 5.7(c). By analyzing a   

 

Fig. 5.7 (a) HRTEM images of Pt nanoclusters functionalized NT decorated on NT walls with 

different crystalline planes; (b) SAED pattern showing the presence of both the phases of WZ-GaN 

nanotube and cubic Pt nanoclusters; Corresponding bright (e) and (f) dark field image of Pt-

decorated GaN NTs recorded by taking <111> diffraction spot of Pt; Inset shows a pristine NT.   

number of samples, the average size distribution of Pt nanoclusters is found to be ~1.6 nm 

(Fig. 5.8). It is further inferred from EDX analysis that along with the depth of the bulk 

sample, the present method of Pt functionalization provides an excellent spatial  distribution 

of Pt (~ 1.5 atomic percentage) across a depth extending to well over 10 µm from the surface 

layer [Figs. 5.9(a-c)].   
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Fig. 5.8 shows the average size distribution of Pt cluster decorated on the NTs wall.  

 

Fig. 5.9 Cross-sectional FESEM images and the corresponding EDX analysis showing the 

distribution of Pt nanocluster in the (a) surface, (b) middle and (c) close to the substrate region of 

the GaN NTs.   

5.4 Optical Properties:   

 Figure 5.10(a) shows the typical micro-Raman spectra of control NTs at incident laser 

power of 2 mW using 514.5 nm laser line. The Raman spectra reveal three fundamental 

modes with frequencies around 541, 571 and 732 cm
-1

, which correspond to A1(TO), E2(high) 
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and A1(LO) phonon modes of WZ-GaN phase, respectively.
29 

 The spectra exhibit strong 

E2(high) mode, blue shifted by 2 cm
-1

 with a broad line width of ~10 cm
-1

. This may be 

attributed to small crystallite size. Similarly, LO mode is also blue shifted by 8 cm
-1 

with line 

width ~ 14 cm
-1

. Additional peaks are attributed to ZB and SO phonons as described earlier. 

Low temperature micro-PL spectra of NTs show strong emission in the region of photon    

 

Fig. 5.10 (a) Raman spectra of GaN NTs at room temperature corresponding to WZ-GaN phase; 

(b) Low temperature micro-PL spectra of GaN NTs using 325 nm laser excitation. The spectra 

possess a strong I2 line at low temperatures. 

energy 3.0-3.6 eV [Fig. 5.10(b)]. The PL emission lines at 300 K (RT) possesses a broad and 

asymmetric line shape with weak band-edge-emission. Pt functionalization leads to a 

decrease of emission line by two orders of magnitude compared to the emission spectra of 

control NTs because of the quenching effect due to carrier transfer taking place between GaN 

and Pt nanoclusters. As temperature decreases to 80 K, the emission is dominated by a peak 

at 3.47 eV with a series of emission peaks centered at 3.24 and 3.30 eV. The peak at 3.47 eV 

corresponds to I2 emission.
24

 The I2 emission possesses broad line shape of ~ 65 meV, which 

is blue shifted by 18 meV. This is attributed to the size effect in the NTs. The prominent 
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peaks observed at 3.3 and 3.24 eV have been assigned to zero phonon line and their phonon 

replica of the FB emission line, respectively.
30 

5.5 Laser Assisted Catalysis   

 The Pt nanoparticles are known to act as catalyst for numerous applications. Here, the 

catalytic activities of Pt nanoclusters functionalized over GaN NTs are demonstrated by 

coupling with high laser power and appropriate local ambience. Understanding the mode of 

catalytic action induced by the laser power is important from many technical points of view 

and for advanced optoelectronic applications.     

5.5.1 Laser Induced Localized Oxidation and Photofragmentation of GaN Nanotube:   

 Figure 5.11(a) shows the typical micro-Raman spectra of control NTs at different 

incident laser power (2 - 40 mW) using 514.5 nm laser line. At low laser power (2 mW), all 

the Raman modes are corresponding to WZ-GaN phase. Upon increasing the laser power 

from 2 to 40 mW, while maintaining the same exposure time, it is observed that all primary 

modes are red shifted and asymmetrically broadened on the low frequency side, as plotted in 

figure 5.11(b). The E2(high) mode, recorded at 40 mW laser power, is red shifted by ~4 cm
-1

 

and the corresponding intensity increases by a factor of 12. The observed red shift can be 

attributed to the laser heating effect of the NTs and that the asymmetric line shape is 

apparently originated from Fano resonance, which arises as a result of interference between 

scattering from the k = 0 optical phonon and electronic continuum scattering from photo-

generated carriers in the conduction bands.
31 

However, there is no observation of structural 

evolution during the laser exposure. Notably, a peculiar scenario is observed on Pt-decorated 

NTs upon exposure with different laser power [Fig. 5.11(b)]. A structural change from WZ-

GaN phase to monoclinic (β-) Ga2O3 phase occurs after irradiation with a threshold of laser 

power exposure above 4 mW [Figs. 5.11(c,d)]. The new peaks those evolveed, upon 20-40 
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mW of laser power exposure, correspond to mode frequencies of 147, 168, 200, 347, 416, 

476, 630, 653, 766 cm
-1 

of  β-Ga2O3 phase.
32

 The origin of such chemical-structural evolution 

is deliberated in forthcoming sections.    

 

Fig. 5.11 Raman spectra recorded by varying the laser power from 2 to 40 mW of (a) control GaN 

NTs, (b) Pt decorated NTs; (c) laser power dependent change in the line width and Raman peak 

shift corresponding to E2(high) mode of as-grown samples; (d) Raman intensity plots 

corresponding to β-Ga2O3 and WZ-GaN phases showing the evolution of the latter over the former.  

 Laser induced morphological transformation of NTs is clearly elucidated by analyzing 

the laser treated zone by FESEM [Fig. 5.12(a)] analysis. Pt-decorated GaN NTs, exposed to 

20-40 mW laser irradiations, undergo immediate melting and fragmentation in ambient 

conditions. Hole burnt into the specimen is depicted in figure 5.12(a). A hole of diameter ~ 2 

µm, which is nearly equal to the size of the laser beam gets engraved [Figs. 5.12(b,c)]. 

However, there was no noticeable mark of melting or damage corresponding to the exposure  
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Fig. 5.12 (a) Laser induced photo-fragmentation of NTs with different laser power (4-40 mW), 

magnified image of the hole region at (b) 40 mW and (c) 20 mW laser power irradiation; (d) high 

resolution image of the photo-fragmented NTs and (e) along the close proximity of laser heated 

 

Fig. 5.13 Single Pt-decorated GaN NT before and after (a) 40 mW, (b) 20 mW laser irradiation; (c) 

Raman spectra of single Pt-decorated GaN NT within and outside of the laser heated area; (d) 

single control GaN NT before and after laser irradiation with 40 mW laser power.   

below 4 mW laser power. Magnified image within the hole regions [Fig. 5.12(b) at 40 mW, 

and Fig. 5.12(c) at 20 mW] reveal that the NTs cleave into fragments. These fragments are 

constituted by Ga2O3 phase. Interestingly, a similar effect has been observed in case of a 
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single Pt-decorated GaN NT dispersed over HOPG substrate [Fig. 5.13(a)]. Pt-decorated NT 

melts down in the vicinity of the laser exposed (40 mW) zone in less than 1 second duration, 

as indicated by the arrow in the microscopic images, recorded in a confocal mode [Figs. 

5.13(a,b)]. Typical Raman spectra [Fig. 5.13(c)] of a single Pt-decorated GaN NT shows 

oxide phase formation within laser heated area. However, increase in laser power does not 

bring about any morphological changes for NTs [Fig. 5.13(d)]. As usual, no structural 

transformation was also observed (not shown in figure) without Pt decoration. From the 

aforementioned observations, a photocatalytically motivated local oxidation seems to have 

caused the crystallo-chemical transformation.   

 A photo-thermal process causing the enhanced rate of oxidation of the Pt-decorated 

surface is quite feasible. In order to further understand the synergistic effect of Pt catalyst and 

laser power dependent local oxidation, as well as melting of GaN NTs, the measurement 

temperature is varied from RT to 773 K while keeping the laser power below the threshold  

 

Fig. 5.14 Raman spectra of Pt-GaN NTs with increasing substrate temperature from RT to 773 K 

with 4 mW laser irradiation in air ambient. All the spectra correspond to WZ-GaN. 

limit (4 mW) in air ambient (Fig. 5.14). The thermal heating process neither affects the 

oxidation nor induces any structural changes, as it is observed in the Raman spectra [Fig. 

5.11(c)] for the case of RT laser exposure with power  20 mW. Hence, the observed 
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oxidation and melting of GaN NTs is definitively not as a result of localized thermal heating 

effect.
33

 However, it is believed to be photocatalytic in origin. Figure 5.15(a) shows the low 

temperature Raman spectrum of Pt-decorated GaN NTs using 40 mW of 514.5 nm excitation 

acquired over 80- 473 K span under N2 flow condition [Fig. 5.15(a)]. Remarkably, the 

oxidative process of transformation, presumably aided by catalytic process, is apparent even 

at 80 K. The spectra show two distinct phases, namely, β-Ga2O3 and WZ-GaN [Fig. 5.15(a)]. 

The relative intensities of the Ga2O3 phases are nearly similar over the full range of 

temperature [Fig. 5.15(b)]. It is to be noted that GaN phase is still observed in the N2 ambient  

 

Fig. 5.15 (a) Raman spectra of Pt-decorated GaN NTs recorded from 80 K to 473 K with 40 mW 

laser irradiation in N2 flow condition. All the spectra are indexed to two distinct phases, WZ-GaN 

and β-Ga2O3 (*); (b) The Raman intensity of 200 cm
-1

 peak corresponds to β-Ga2O3 phase with 

varying temperature.   

even after exposure with 40 mW laser power in the presence of Pt catalyst. Interestingly, any 

surface structural damage like melting and fragmentation of NTs is not noticed under 

aforementioned condition despite local oxidation. Hence, by suitably choosing the local 

ambience, catalyst and laser power, it is possible to oxidize localized pockets. This novel 

methodology, although simple, can find potential applications in nanoelectronics, namely, in 

CMOS devices and in-situ gate dielectrics.  
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5.5.2 Mechanism of Photocatalyzed Oxidation in Pt-GaN Nanotube:   

 The quantitative data obtained here is used to gain further insight into the mechanism 

of photocatalyzed oxidation of GaN NTs. There is a change in mode of catalytic action 

induced by the laser power in the presence of different local ambient; O2 or N2. It was shown 

by Baker et al.
34

 that Pt nanocluster with diameter less than 25 nm could catalytically oxidize 

graphite in dry O2 at temperature above 600 
o
C. It was found that Pt nanoclusters initiated 

formation of pits followed by channel propagation, usually along direction, 

making 60 or 120 degree angle between them. Photo-thermal-catalytic processes initiated by 

laser incidence appear to preponderate over thermally activated process. Since the coverage 

of Pt nanocluster is uniform over the NTs, and the NTs possess a large number of dangling 

bonds and relatively small wall thickness (~10 nm), it is expected that the rate of oxidation is 

more appreciable. The process may form pits and channels, which may have initiated the 

rapid breakdown of specimens. The rate of channel propagation indeed depends on catalyst 

particle size. Smaller the particle size higher is the rate of channel formation due to an 

additional increase in the mobility, as observed in our case for Pt nanoclusters with diameter 

~1.6 nm. The mode of action of the Pt nanocluster is further enlightened from the 

phenomenological view point of laser matter interaction. A photo-catalytic oxidative pathway 

appears mechanistically feasible. Recent studies reveal that high power laser irradiation raises 

local temperature of the metal nanocluster surface above the melting point leading to shape 

deformation.
18,35

 In addition, there is a high probability of generation of multiple ionization 

states in noble metal nanoclusters as a result of high plasmon resonance  absorption, during 

laser irradiation. For ultra short laser pulse, the high production of multiphoton ionization 

state leads to the Coulomb explosion and subsequent photo-fragmentation of the material.
18 

Generation of multiple ionization states, mediated wide thermionic emission during laser 

irradiation, raises the temperature of metal nanoclusters higher than that of the surrounding 
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medium. Meanwhile, the available native O2 species may be oxidized and emits the hot 

electron that flows at the interface between nanocluster and NTs. The catalytically activated 

exothermic process can cause partial melting of GaN NT surface, which ballistically 

combines with ionized/radical O2 to result in topographic transformation of a surface 

containing channels and pits.  

 Two distinct mechanisms are involved in bringing about the photo-fragmentation 

process. The exothermic step generates thermal energy that fails to get dissipated quickly in 

the GaN NT matrix due to poor thermal conduction. This eventually causes surface cracks 

and fragmentation which reveal a multitude of surface dangling bonds. These bonds 

ballistically combine with available photo-generated O2 ionic / radical species, represented 

schematically in figure 5.16, to yield chemisorbed oxide layer of Ga2O3.
 
Control of local 

ambience (flow of N2 gas) by reducing the number of reactive O2 species can reduce the rate  

 

Fig. 5.16 Schematic representation of laser induced catalytic oxidation and photo-fragmentation 

region of Pt-decorated GaN NTs. 

of photocatalytic activity, which can modulate the photo-fragmentation process. Only a few 

literature are available on melting behavior of GaN NTs using molecular dynamic 

simulation.
36,37

 The results reveal that NTs begin to melt at the surface, and then the melting 

rapidly extends to the interior of the NTs with increase in temperature. The anomalies in the 

melting behavior were reported by Wang et al., which showed that NT with [10 0] oriented 

lateral facets was having higher propensity towards melting than that for [11 0] oriented 
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lateral facets for a given wall thickness.
36

 Furthermore, surface roughness and phonon 

confinement can also contribute significantly to the reduction of the lattice thermal 

conduction, and the latter is more prominent at low temperatures. All the above phenomena 

significantly cause energy imbalance, which results in photo-fragmentation as a consequent 

dissipative pathway.  

5.6 Hydrogen Sensing Properties of GaN Nanotube   

 There has been significant recent interest in the development of nanomaterial based 

gas and chemical sensor for the benefits of health, safety, and environments. In particular, H2 

sensors are of increasing importance in connection with its uses in fuel cells, nuclear reactor 

and in industrial applications.
42

 Performance of any sensor is based on few important 

parameters, such as measuring range, sensitivity, selectivity, and response time. Apart from 

this, sensor operation at room temperature is of considerable interest in many areas of sensor 

technology. Comparative H2 sensing performance of widely used materials with GaN NTs 

functionalized with Pt nanocluster is enlisted in table 5.1.  

5.6.1 Materials and Methodology:  

 Mats of Pt functionalized GaN NTs were used for H2 sensor. Prior to sensor 

application, the Pt coated samples were heated at 300 
o
C for 30 minutes to remove any 

unwanted lysine, used as a linker molecule between GaN NT and Pt nanocluster. H2 sensor 

contact probes were made by sputtering a 5 nm Cr followed by 80 nm Au films on 

interdigitated electrodes with 1 mm spacing.  

5.6.2 Pt Catalysed Hydrogen Sensing Properties of GaN Nanotube:  

  The H2 oxidation on the Pt-decorated GaN NTs is investigated as a function of time 

over a wide range of H2 concentration (25 - 200 ppm) in N2 background, and temperature (RT 

to 473 K) as shown in figures 5.17(a,b). The material shows good sensitivity to H2 with  
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response time of 120 sec and recovery time of about 5 min at RT. At RT, Pt-decorated GaN 

NTs show relative sensitivities of 0.4 at 25 ppm, and 0.95 at 100 ppm level for H2, which are 

factors of 10 as compared to that shown by control NTs. However, the relative sensitivities of 

H2 increased to 3.8 at 25 ppm and 10.8 at 100 ppm at 373 K [Fig. 5.17(c)]. The reported value 

of 25 ppm of H2 at RT using the NTs, in the present study, is the lowest ever reported in the 

GaN system. Wright et al.
14

 reported the previous lowest value with a relative response of 1.7 

at 200 ppm of H2 for 7 nm Pt sputter-coated GaN NWs  with longer exposure time ~10 min at 

RT and 0.1 V bias condition. By comparison, Pt functionalized GaN NTs are found to be 

more sensitive than Pt sputter-coated on GaN NWs. Thus the uniform distribution of Pt 

 

Fig. 5.17 Time dependent changes in resistance of Pt decorated GaN NTs at (a) RT and (b) 373 K 

with different H2 concentration; (c) relative sensitivity to H2 at different temperatures for Pt coated 

and control NTs; (d) Arrhenius plot of the rate of change in resistances for the highest change in 

resistance (10-30 sec) with temperature.   
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nanoclusters over NTs, using green chemistry methodology in the present study, is 

advantageous over sputter-coated film, and found to be more effective in catalytic 

dissociation of molecular H2 at RT. An Arrhenius plot of the rate of change of resistance in 

Pt-decorated NTs with temperature is used to calculate the adsorption activation energy of 

0.35 meV [Fig. 5.17(d)]. The value obtained here is found to be the lowest ever reported, as 

compared to other GaN systems. The calculated activation energy is well below the reported 

value of ~ 300 meV for Pt and Pd sputtered GaN NWs,
14,15

 which confirms the superiority in 

sensitivity and responsivity of our GaN NT based H2 sensor. 

5.6.3 Mechanism of Hydrogen Sensing in GaN Nanotube:  

 There is growing evidence which indicates that Schottky barrier formed between the 

metal and semiconductor surface gets altered as a result of a chemical reaction at the 

interface.
45

 Upon interaction with H2 the excess electrons, generated as a result of catalytic 

oxidation of H2 on Pt active sites, can easily exceed the Schottky barrier, and travel 

ballistically through the metal conduction band. These electrons possibly reach at the 

semiconductor surface where it would contribute to the conduction process resulting in the 

decrease of resistance at Pt-decorated GaN NTs interface. The low activation energy of Pt-

decorated GaN NTs interface and small Pt nanocluster size distribution enhance the catalytic 

dissociation of H2 through a non-adiabatic energy transfer route leading to a high value of 

sensitivity. Such H2 sensor has also an important advantage over others in terms of the fact 

that the sensing elements can be effectively integrated with GaN based electronics leading to 

further miniaturization.  

5.7 Summary:  

 Single crystalline GaN NTs with regular square facets are synthesized using the CVD 

technique. The NTs nucleate via a quasi VS process followed by self-agglomeration induced 
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facet formation limited by the differential growth rate along crystallographic faces. Green 

way of functionalizing NTs with well dispersed Pt nanoclusters exhibit noble catalytic 

properties. Catastrophic sensitization of Pt nanoclusters in GaN NTs matrix, leading to the 

rapid oxidation and photo-fragmentation process, can be controlled by modulating the gas 

phase kinetics as well as tuning the laser power irradiation. It is, thus, apparent that the 

sensitization of Pt nanoclusters is enhanced due to auto-amplified electronic cascades inside 

the nanoclusters, which reinforces the energy deposition in the close vicinity of the metal and 

semiconductor interface during gas phase kinetics as well as on high power laser irradiation. 

The process can be termed as laser-assisted catalysis. 

  H2 induced decrease in resistance has been measured to the lowest value of 25 ppm 

level at RT with activation energy of 0.35 meV for Pt-decorated GaN NT surfaces, as 

compared to other GaN systems. These ideal surfaces can be used for multiple applications in 

realizing high throughput optoelectronic devices and sensors. The integration of 

nanoelectronic components with inbuilt sensing potential in a single microchip can go hand 

in hand.    
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CHAPTER 6 

IN-SITU LABEL FREE IMPEDIMETRIC NANOWIRE BASED 

DNA BIOSENSOR  

6.1 Introduction    

6.1.1 Impedimetric Biosensor:  

 A biosensor is an analytical device that detects or quantifies a biological molecule of 

interest such as a particular DNA sequence or particular virus.
1,2

 It consists of two important 

components, namely a biochemical molecule that serves as a receptor and a transducer for 

selective recognition of the bio-event at the readout system. Most of the biosensors are 

affinity-based, in which a probe molecule is used to capture a target or analyte. It leaves 

several challenges to selectively detect a target in solution thereby detecting a specific change 

at a localized surface that can be measured in a variety of ways. In a long run, electrical 

biosensors appears to be promising that depends only on the change in currents and/or 

voltages to detect a bioevent.
2-4

 This method is relatively simpler than sensors that require 

light (e.g., surface plasmon resonance, fluorescence or absorption), mechanical motion (e.g., 

quartz crystal microbalance, piezoelectric or resonant cantilever), magnetic particles, and so 

on. In addition, electrical biosensor provides several advantages, including, low cost, low 

power, small instrument size and speed of analysis that hold great promise for applications 

pertaining to point-of-care diagnostics at bedside, screening of various cancer cells and 

diseases, bio-warfare agent detection, bioprocess monitoring, and water quality testing.   

 Depending on the mode of electrical measurement, electrical biosensors are 

subdivided into many forms, namely Voltametric, Amperometric, Coulometric, 

potentiometric, conductometric, impedimetric and field-effect transistor based biosensor. In 
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Voltametric and Amperometric measurement processes, a DC or pseudo-DC voltage is 

generally applied to measure the current that intentionally changes the electrode condition. 

On the other hand, impedimetric biosensor measures the impedance at the interface in the AC 

steady state at a constant DC bias condition by imposing a small sinusoidal voltage at a 

particular frequency.
3
 By suitable choosing the frequency range and peak potential, any 

irreversible change in the electrode surface can be avoided. This will allow the device to be 

reproducibility used for several times.   

6.1.2  Electrochemical Impedance Spectroscopic (EIS) Technique for Label-free DNA 

 Biosensor:  

 EIS is an effective and simple technique both for understanding the nature of surface-

modified electrodes and for analytical applications. This technique has the inherent potential 

for label-free and real time detection capability without the use of any fluorescence dyes, 

enzymes, redox, or radioactivelabels. Impedance biosensors can detect a variety of target 

analytes, including DNA, nucleic acids, proteins, whole cells, microorganisms, antibodies, 

and antigens.  

 However, in the real-world application various issues related to sensitivity, stability 

and reliability of a biosensor are of technical importance because the actual samples typically 

contain uncontrolled as well as non-target molecules. Apart from this, the nature and 

sensitivity of the transducer/electrode plays a critical role while looking towards the ultimate 

limits of detection down to single molecular level. In this regards, various efforts have been 

directed towards realization of a highly efficient and stable electrode surface to read out the 

appropriate bioevent. These electrodes are classified according to the electrode material 

(metals/metal oxides, glassy carbon, semiconductors, nanomaterials, organic and inorganic 

layers), geometry of the electrode (conventional electrode arrangement, interdigitated 

electrodes or array system), the analyte (proteins, antibodies, nucleic acids, etc.), or the 



139 

 

amplification protocol used (label-free, enzyme labels, florescent dyes, conducting polymer 

films, nanoparticles, etc.). The choice of semiconductor as electrode is advantageous over 

metal based electrode in terms of surface band bending and reduced electron transfer rate 

across the interface between analyte and electrode.
5,6

 Moreover, the interfacial charge transfer 

resistance and capacitance change significantly when any bio-recognition event takes place at 

the electrode surface. The effect is used as the fundamental basis for EIS based DNA 

biosensor. 

6.1.3 Progress and Prospects of Nanowire Based DNA Biosensor:     

 NWs have emerged as one of the promising class of functional materials for their 

versatile roles, not only in high throughput optoelectronic device but also in ultrasensitive, 

direct electrical detection of biological and chemical species.
7-11

 Compared to thin film 

counterpart, NWs possess large surface-to-volume ratio, unidirectional conduction channels 

and diameters comparable to the sizes of molecules being sensed. These aspects have 

generated considerable interest to use NWs as an effective bio-electrochemical transducer. 

Remarkably, the conductance in NWs is very sensitive to small surface perturbations.
5
 The 

NW based field-effect-transistor (FET) is most widely used for biosensing purposes, such as 

the detection of particular DNA sequence, pH, protein, viral and cancer markers.
7-10

 

However, progress in successful implementation of FET based NW biosensing devices is 

hindered by several challenges, including precise and reproducible placement of NWs during 

the large-scale miniaturization processes, specificity in the surface modification processes for 

selective recognition of a biological species or chemicals of interest, and precise transduction 

of the signal from the bio-event to the readout system. Without the requirement of expensive 

instruments and reagents, NW based electrochemical sensing techniques can allow in-situ, 

real-time, non-destructive, and label-free detection of specific biomolecule of interest by 

exercising appropriate control over the physical properties and surface functionality.
1,3,12,13
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 The current approach towards biosensor is focused on single nanowire based devices. 

The cost and difficulties involved in the integration of individual NWs into thin-film-based 

sensor-chips can be simplified by using as-synthesized NWs directly after appropriate surface 

modification. However, most of the reports on GaN based applications in biosensing are 

limited to the thin film configuration; for example GaN based planar transistor has been 

reported to detect specific DNA sequence, changes in pH, glucose, and even detecting 

proteins associated with breast cancer.
14,15 

Nonetheless, GaN NWs based DNA sensor has 

been recently demonstrated by Chen et al. employing electrochemical impedance 

spectroscopy (EIS) technique.
16,17

 It is found that selective detection of a particular DNA 

sequence can be achieved by suitable functionalization of GaN NWs with 3-merkapto-tri-

methoxy-silane (MPTS). Moreover, the sensitivity and stability of DNA biosensor can be 

enriched by modulating the surface chemistry and choosing appropriate tether molecule in 

order to generate multiple docking sites to immobilize significant amount of probe (p-) DNA 

molecules. In this context, dendrimer can serve as a tether for surface confinement of the 

large amount of probe DNA.
18,19

  Zhu's et al. demonstrated that fourth generation 

poly(amidoamine)dendrimer (G4-PAMAM) modified Au electrode increases the sensitivity 

and also lower the detection limit of the electrochemical based DNA biosensor as compared 

to the similar kind of biosensors where oligonucleotides are directly immobilized on Au 

electrodes.
18

 Similar behavior is observed for (PAMAM) modified carbon nanotubes (CNT) 

dip coated onto a glassy carbon electrode.
19

 The use of G4-PAMAM monolayer on Au 

electrode for covalent DNA immobilization and further signal amplification by Au NPs is 

also reported.
20

 However, in most of the cases, the maximum achievable detection of target 

(t-)DNA is traced down to few fM levels. Several factors limit the ultra low detection 

capability as well as further development of the above mentioned report, which includes the 

difficulties involved in (1) separating metallic and semiconducting CNTs because metallic 
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components do not function like semiconductor counterpart, (2) selective surface 

modification of CNT for binding a wide range of analytes, and (3) appropriate interface with 

the readout system for both CNT and Au nanoparticle based sensor probe. Thus, it is 

expected that the integration of dendrimer based surface chemistry onto NW based electrodes 

will lower the detection limit for the electrochemical DNA biosensing.    

 We have demonstrated a very simple and generic protocol for ultrasensitive in-situ 

label-free detection of DNA hybridization with a high degree of selectivity and specificity 

spanning over a wide range of DNA detection. A case study using EIS method is performed 

to explore the possibility for detecting and to quantify the extent of cellular damage in 

complementary target (ct-)DNA molecules upon irradiation with ionized radiation such as -

rays. Finally, a realistic picture of DNA sensing methodology at the 

semiconductor/electrolyte interface is discussed. 

6.2 Experimental Protocols and Methodology:   

 For this study, a correlated DNA sequence of influenza A (H1N1) Swine flu virus (24 

base pair) was employed as a model. The human influenza A (H1N1) virus corresponds to the 

orthomyxoviridae family, which is still creating pandemic concern as of now.
21,22

 One of the 

maximum used laboratory tests for confirmation of novel influenza A (H1N1) cases are based 

on real-time reverse transcription-polymer chain reaction.
23

 Other methodologies, based on 

antigen, immune-fluorescence or viral culture, are also often used.
24

 However, impedance 

based detection can also provide a parallel and consistent response.
24  

6.2.1 Chemicals and Reagents:  

 The following chemicals and reagents were used in the experiments: sulfuric acid 

(98%), and hydrogen peroxide (H2O2) from Merck; 1,10-decanedicarboxylic acid 

[HOOC(CH2)10 COOH; 99.9%] from Lancaster UK; 1-Ethyl-3-(3-dimethylaminopropyl) 
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carbodimide (EDC), G3-PAMAM dendrimer (99.9%) with an ethylenediamine core 

containing 32 surface primary amine groups, phosphate buffered saline (PBS) buffer (0.30M 

NaCl, 10mM sodium phosphate buffer; pH 7.4; 99.9%) and TE buffer (10mM Tris–HCl and 

1mM ethylenediaminetetraacetate (EDTA); pH 8.0; 99.9%) from Sigma-Aldrich, USA; 

Duplex buffer (30 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) + 100 

mM potassium acetate; pH 7.5; 99:99.5%)  from SRL, India. All other chemicals were of at 

least analytical reagent grade and used without further purification. Aqueous solutions were 

prepared with deionized water (resistivity ≈ 16.8 MΩ cm
-1

) from Millipore.  

H1N1 Swain-flu Gene Sequences:    

 The probe DNA (p-DNA) and complementary target DNA (ct-DNA) used for this 

experiment were adopted from the H1N1 swine flu gene. The details are enlisted in table 1 

along with single and triple base mismatch target (t-)DNA. All the oligonucleotides were 

high-performance liquid chromatography (HPLC) purified for accuracy in the measurement 

system, and purchased from Metabion International Matrinsried Deutschland, Germany. 

DNA stock solutions were prepared with TE Buffer solution with pH 8.0 and stored in freezer 

below 0 
o
C while not in use.  

Table 6.1 : DNA protocols used in this study 

DNA type Sequence 

PO4- DNA : (p-DNA) PO4-5`-TGC AGT CCT CGC TCA CTG 

GGCACG-3` 

Complementary t-DNA: (ct-DNA) 3`-ACG TCA GGA GCG AGT GAC CCG TGC-5`  

Single mismatch t-DNA : (sm-DNA) 3`-GCG TCA GGA GCG AGT GAC CCG TGC-5` 

Triple mismatch t-DNA : (tm-DNA)  3`-TAG TCA GGA GCG AGT GAC CCG TGA-5`  
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6.2.2 Surface Functionalization of Nanowires:   

 Prior to DNA sensing, a series of functionalization steps were employed over NWs. 

Initially, GaN NWs were treated with Piranha solution (H2SO4: H2O2 :: 3:1) for a period of 10 

min, and then washed with double distilled water followed by drying with N2 gas. This 

process was often used for cleaning nitride surfaces, removing native oxides, as well as to 

activate hydroxyl group on the surface of NW. The hydroxylated samples were further treated 

with 5 ml of H2O solution containing 1mM of 1,10-decanedicarboxylic acid for 6 h under 

gently stirring condition. Then the samples were washed three times with deionized water to 

remove all residual acids and dried with N2 gas. This process generates –COOH functional 

group on the GaN surface.
25

 For dendrimer functionalization, COOH terminated NWs were 

mixed with 2mg/ml G3-PAMAM solution containing 1mM EDC for 8 h at room temperature 

under gentle stirring which leaves the surface with NH2 groups. Then, the samples were 

washed three times with deionized water as a linker to p-DNA.  

6.2.3 DNA Probe Immobilization:   

 The p-DNA immobilized surface is a necessary step to selectively detect ct-DNA 

during the hybridization process. The G3-PAMAM-modified GaN NWs were incubated in 10 

nM of p-DNA (diluted in 1 mM TE buffer) solution containing 1 mM EDC for 12 h at room 

temperature (RT) to immobilize the p-DNA on the GaN surface. The p-DNA modified 

substrates were finally rinsed with 1mM phosphate buffer solution followed by double 

distilled water to remove non-specific adsorbed molecules. These p-DNA/PAMAM/GaN 

NWs modified electrode were used for in-situ sensing of different t-DNA molecules.    

6.2.4 In-Situ Detection of DNA Hybridization:  

The in-situ impedance study of DNA hybridization was performed using the p-

DNA/PAMAM/GaN NWs electrode within 10 mL of duplex buffer solution medium as the 

background electrolyte without any use of redox marker. Duplex buffer was used to maintain 
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a constant pH (7.5) and the ion concentrations of these solutions generally match those of the 

human body. For in-situ measurement, ct-DNA of various concentrations ranging from 10
-9

 

to 10
-19 

M levels were added slowly and allowed to hybridize for 2 h at RT. The selectivity of 

the sensor probe was performed in the same procedure by adding single and triple base-pare 

miss matched t-DNA of various concentrations. The specificity of the sensor probe, subjected 

to any radiation induced damage, was studied by monitoring the hybridization response from 

the -irradiated ct-DNA sequence. The -rays dose of 1Gy and 10 Gy were carried out over 

the ct-DNA from a Co-60 Gamma Chamber-900 source.  

6.2.5 Methodologies:  

 Micro-Raman scattering with the 514.5 nm line of Ar
+
 laser excitation and micro-PL 

with the 325 nm line of He-Cd excitation was used for identification of different surface 

functional groups on the modified NWs sample. During Raman and PL measurement, the 

incident laser power was kept below a threshold limit of 1 mW with the faster scan rate in 

order to avoid any unwanted damage to DNA. AC impedance measurements were carried out 

with Eco Chemie Autolab PG STAT 30 in a conventional three-electrode mode where a 

platinum foil was used as a counter electrode and a saturated calomel electrode through a 

luggin capillary as a reference electrode. GaN NWs of 6x8 mm area grown over n
+
-Si 

substrate were used as a working electrode (WE). All the impedance spectra were recorded at 

a stable open circuit potential and applying a sinusoidal voltage of amplitude  10 mV in the 

frequency range of 100 - 0.005 Hz.  

6.3 Characterization    

 GaN NWs grown directly over the Si substrate with an average diameter of 20 nm are 

used as a transducer for the DNA biosensor. The detailed surface modification steps and 

subsequent DNA hybridization process are schematically illustrated in figure 6.1.  
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Fig. 6.1 Schematic representation showing all the series of functionalization steps involved for 

immobilization and hybridization of specific DNA on the PAMAM dendrimer modified GaN 

nanowire.   

Luminescence quenching/enhancement in semiconductor nanostructures is a useful signal of 

binding (or adsorption) of molecular species to surface. PL and Raman spectroscopic studies 

are performed to ensure the covalent bonding of the functional groups with the NW surface 

molecules. Figure 6.2(a) shows the typical PL spectra of NWs with subsequent surface 

modification. Room temperature PL spectrum of pristine GaN NWs is composed of two 

broad peaks around 3.46 and 3.29 eV. The peak at 3.46 eV corresponds to I2 line. The broad 

peak at 3.25 eV corresponds to a recombination of carriers from a shallow donor state [N2 

vacancy (VN)] to a deep accepter state (DAP) line. These two peaks are consistent with the 

PL figure print of GaN.
26,27

 The quenching of I2 line is attributed to the presence of native 

defects, which takes part in the nonradiative  recombination process in GaN by trapping 

carriers at the defect states. The defects which can directly serve as radiative centers   
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Fig. 6.2 (a) Low temperature micro-PL spectra of GaN NWs functionalized with different 

bioorganic molecules and DNA using 325 nm laser excitation; (b) Schematic PL band diagram of 

the various transition processes involved before and (c) after surface functionalization of NWs.  

correspond to 3.25 eV. PL spectra of NWs recorded at 100 K show an expected blue shift 

with an increase in the intensities of the corresponding bands. The observed blue shift, broad 

and asymmetric line shape in the half width at half-maximum at the lower energy side of the 

PL peaks of NWs are accredited to the largest concentration of carriers.
27

 Notably, CVD 

grown GaN NWs usually possess higher carrier density, as compared to that of MBE grown 

NWs. These inherent properties of CVD grown GaN NWs confer it to be used as an effective 

transducer for biosensing applications.
17

 In order to confirm the presence of functional groups 
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on the NW surface, all the PL spectra are recorded at 100 K. Low temperature measurements 

have been performed to avoid the secondary effect on functional groups induced by local 

heating by incident laser light. It is observed that the band edge emission has not been 

significantly affected by the chemical modification. However, the DAP emission band has 

shown spectacular variation with every stage of the chemical functionalization process. The 

DAP line is blue shifted and intensity gets enhanced after the hydroxylation process carried 

out on NW samples. It may arise as a result of surface state passivation during the acidic 

treatment, which helps in removing the absorbed oxygen and surface defects from NW 

surface. A subsequent enhancement in the intensity of DAP line is also observed during 

carboxylic acid treatment followed by the dendrimer modification of the hydroxylated 

surface. Notably, the DAP peaks are red shifted compared to hydroxylated sample. The red 

shift may be attributed to the creation of sallow donor states in the hydroxylation process 

playing its role in the DAP recombination process. With subsequent p-DNA modification, the 

DAP line is enhanced by three times of magnitude, and further red-shifted by 170 meV as 

compared to the pristine NWs at 100 K. A new shoulder at 2.9 eV appears only in the case of 

DNA modified sample. The formation of DNA molecular layer on the functional NW surface 

would have helped in activating the blue band at 2.9 eV, and amplified further after the 

hybridization process. Moreover, the observed enhancement in PL intensity and band shift in 

GaN NWs substantiates the covalent attachment of the functional molecules on the NW 

surface. A schematic representation of the detailed transition state in functional GaN NWs, 

before and after DNA modification steps has been depicted in figures 6. 2(b,c), respectively. 

As indicated in the figures 6.2(c), the molecular orbitals of organic layers may have generated 

multiple radiative states in the proximity of DAP transition level, which result in the 

enhancement of emission from DAP states. Immobilization, as well as hybridization of DNA 

molecules may be responsible in creating alternative nonradiative states for the observed blue 



148 

 

band at 2.9 eV. The systematic changes in the PL spectra that occure with surface 

functionalization using DNA molecules require further investigation for confirmation. The 

DNA modification on the NW surface is also confirmed by Raman spectroscopy. Along with 

characteristic Raman features of GaN, the typical Raman spectrum of p-DNA modified GaN 

NW (Fig. 6.3) shows additional phonon modes at 745 cm
-1

 (Adenine), 751 cm
-1 

(nucleic 

acid), 784 cm
-1

 (cytosine) and 890 cm
-1

 [ν C-C starching, ν (C-O-C) 1,4 glycosidic link].
28

 

These additional peaks correspond to various vibrational modes of DNA base pairs. Thus, it 

provides necessary proof for the immobilization of p-DNA on GaN NW surface.   

 

Fig. 6.3 Raman spectra of p-DNA immobilized GaN NWs. The sharp peaks in the range of 740 to 

890 are corresponding to different vibrational modes of the DNA molecule. 

6.4 GaN Nanowire Based Impedimetric DNA Biosensor 

6.4.1 In-Situ Detection of H1N1 DNA Hybridization: 

 In-situ detection of the DNA-hybridization process is carried out by employing the p-

DNA/PAMAM/GaN NWs as working electrode in the EIS technique and using the duplex 

buffer as a support medium without using any redox marker. The Nyquist plots, imaginary 
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impedance Z′′(ω) vs real impedance Z′(ω), of pristine GaN NWs and p-DNA modified NWs 

are shown in figure 6.4(a).
3,4

 The impedance spectra are constituted by semicircle at low 

frequency side (electron-transfer-dominated process) and a 45
o
 inclined line at the higher 

frequency side (diffusion-limited process). It shows the typical Faradaic type behavior. For 

this situation, a Randles equivalent circuit is used as shown in the inset of figure 6.4(a). It 

comprises of the solution resistance Rs, polarization resistance Rp, a constant phase element 

Q for better fitting for some of the elements instead of true capacitance (generally used due to 

the electrode surface non-idealities) and Warburg impedance W. Impedance due to Q is 

expressed as ZQ = 1/Yo(j)
-n

 where Yo is the magnitude of the Q,  is the angular frequency 

and n the exponential term of the Q. The value of Rp has been used as the parameter of 

interest for the present impedimetric DNA sensor. Figure 6.4(a) reveals that the Rp value 

increases after p-DNA immobilization over PAMAM/GaN NWs tether. Remarkably, the 

interfacial diffusion related process is suppressed in case of pristine GaN NWs. The increase 

in the value of Rp and appearance of strong tail in the impedance spectra of p-

DNA/PAMAM/GaN NWs electrode reveals that there is an efficient charge transfer process  

 

Fig. 6.4 (a) Nyquist plots, imaginary impedance Z′′(ω) vs real impedance Z′(ω), of pristine GaN 

NWs and p-DNA modified NWs. Inset shows the Randles equivalent circuit comprised of Rs, Rp, 

Q and Warburg resistance W; (b) Optimum change in the Rp value of the p-DNA/PAMAM/GaN 

NWs sensor probe in the Duplex buffer medium over a time period of 24 h without and with the 

presence of ct-DNA. 
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occurs owing to the strong covalent bio-binding on the NW surface. These signatures are 

reflected as fingerprint for DNA modification occurring on GaN NWs.  

 Prior to the in-situ hybridization process, the stability of p-DNA/PAMAM/GaN NWs 

electrode in the duplex buffer environment has examined over 24 h without any addition of t-

DNA solution to observe any noticeable change occurring over the Rp value [Fig. 6.4(b)]. It is 

found that this sensor probe provides a stable Rp value over a substantial time without any 

damage or leaching out of functional materials from the surface of the electrode. Further, 

addition of ct-DNA (1 pM concentration) onto the solution containing p-DNA probe, a 

significant change in the impedance spectra is observed within a period of 2 to 3 h and 

saturates over a substantial time [Fig. 6.4(b)]. On this basis, the optimum saturation time for 

the DNA hybridization has been taken as 2 h for carrying out further in-situ detection of t-

DNA over a wide range of concentration. The in-situ DNA hybridization is performed by 

monitoring impedance spectra of the p-DNA/PAMAM/GaN NWs electrodes thereby adding 

the ct-DNA solution subsequently in the hybridization buffer over a range of 0.1 x 10
-18 

to 10 

x 10
-9 

M concentration after each 2.30 h followed by mild purging with Ar gas. The 

impedance spectra are recorded after a period of 2 h from the addition of fresh ct-DNA 

solution into the hybridization buffer. Figure 6.5 displays the in-situ Nyquist plots for the 

DNA hybridized process over 0.1 aM to 10 nM of ct-DNA concentration at a constant OCP 

value. It is observed that the Rp value increases with an increase in the concentration of ct-

DNA because of hybridization process. Remarkably, the detection of ct-DNA sequence is 

more pronounced and linear at low concentration level (aM to pM) while the change in the Rp 

value is low at high concentration. At higher concentration, secondary processes such as 

steric hindrance, coulomb repulsion, over population of ct-DNA, or reduction of DNA 

binding sites might have affected the in-situ hybridization process.  

 



151 

 

 

Fig. 6.5 In-situ impedance spectra of the p-DNA/PAMAM/GaN NWs sensor probe during the 

hybridization process by varying the ct-DNA concentration over a range of 0.1 Х 10
-18 

to 10 Х 10
-9 

M level at a constant OCP value.  

6.4.2 Selectivity and Specificity:   

 To evaluate the selectivity of the impedimetric DNA biosensor, the p-DNA/PAMAM/ 

GaN NWs electrodes are incubated in the hybridization buffer containing different kinds of t-

DNA molecules including single base mismatched (sm-DNA) and triple base mismatch (tm-

DNA). An insignificant change in Rp value is observed when the p-DNA/PAMAM/GaN 

NWs electrode is subjected to incubate in the hybridization buffer containing the sm-DNA 

(Fig. 6.6) and no change in case of tm-DNA (data not shown). It shows that any nonspecific 

adsorption of non-complementary DNA has negligible effect on DNA hybridization. Thus, it 

endorses the excellent selective nature of the p-DNA/PAMAM/ GaN NWs sensor probe. This 

has been clearly elucidated in the bar diagram shown in figure 6.6, plotted by taking into 

account of the relative change in Rp value of the sensor probe against various concentrations 

of ct-DNA and sm-DNA. On the other hand, the specificity of the probe sensor has been  
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Fig. 6.6 Comparative bar diagram showing the relative change in Rp value of the p-

DNA/PAMAM/GaN NWs sensor probe against various concentrations of ct-DNA and sm-DNA.  

examined from the viewpoint of hybridization process getting affected by damaged ct-DNA. 

Figure 6.7(a) shows the impedance spectra acquired over a period of 5 h for 1 Gray -

irradiated ct-DNA and figure 6.7(b) corresponds to 10 Gray -irradiated sample. The ct-DNA 

base-pair, upon irradiated with high ionized -rays, does not participate in the hybridization 

process. As a matter of fact, highly ionized irradiation would induce secondary effects on the 

DNA sequence, such as, alteration of the bases, rupture of the strand, destruction of the 

sugars, cross links and formation of dimers.
28

 Hence, it is expected that ct-DNA undergoes 

significant change in its physiological properties after high ionized irradiation and hence does 

not take part in the hybridization process. Figure 6.7(c) shows the comparative bar diagram of 

the hybridization response as a measure of change in Rp values subjected to various t-DNA 

sequences. These results demonstrate that the changes of the Rp value of the electrochemical 

DNA biosensors are induced by the specific hybridization process between the p-

DNA/PAMAM/GaN NWs sensor probe and the t-DNA in the duplex buffer medium. In 

addition, the impedance response of the sensor probe remains unchanged after measuring the 
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impedance parameter of the same sensor probe after more than 1 week while stored in PBS 

buffer. This indicates that the present methodology for realizing a label-free DNA biosensor 

has good reproducibility, and stability characteristics.
29

  

 

Fig. 6.7 In-situ impedance spectra of the p-DNA/PAMAM/GaN NWs sensor probe during 

hybridization process using (a) 1 Gray -irradiated and (b) 10 Gray -irradiated ct-DNA over a 

period of 5 h in the duplex buffer solution; (c) Comparative bar diagram showing the relative 

change in Rp value of the p-DNA/PAMAM/GaN NWs sensor probe against various concentrations 

of ct-DNA, sm-DNA and -irradiated ct-DNA molecules.  

6.5 Mechanism of DNA Sensing using EIS: 

 The DNA sensing mechanism can be well understood from the viewpoint of band 

offset at the hetero-interfaces formed at the semiconductor/bioorganic layer as depicted 

schematically in figure 6.8(a). In this present study, the DNA molecules are covalently 

immobilized on the atomically smooth surface of GaN NW through the PAMAM linker. The  
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Fig. 6.8 (a) Schematic illustration of the hetero-interfaces formed at the interface between GaN 

NWs and bioorganic layer; (b) the corresponding band diagram of GaN NWs and the molecular 

orbitals, namely HOMO and LUMO levels of the organic linker and the DNA molecules. At the 

hetero-interface an IDP layer develops as a result of relevant molecular band offset. The 

substantial change in the IDP layer during the hybridization process forms the basis of the present 

impedimetric DNA biosensor. 

characteristics of the linker molecule are likely to provide high density of docking sites for p-

DNA and to maintain sufficiently low density of electronic defects at the semiconductor 

surface. The electronic properties of any semiconductor at the hetero-interface can be 

influenced by the valance and conduction band position with respect to vacuum level, and 

position of the Fermi level at any surface/interface. Generally, an interface dipole layer (IDP) 

develops owing to the formation of heteronuclear bonds at the interface when the 
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semiconductor surface meets electrolyte/bioorganic layers.
30

 The formation of IDP layer is 

responsible for hopping of the localized carriers along the gradient of electrostatic potential 

across the interface. On the other hand, the electronic properties of the linker molecules 

depend on the respective molecular electronic states, namely highest occupied molecular 

orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). Whereas, for the case 

of DNA considered as a prototypical biomolecule, there are reports on large variation in the 

position of molecular orbitals, ranging from metallic to insulating characteristics as indicated 

by the line in the right hand side of the figure 6.8(b).
30-32 

The exact position of these 

aforementioned molecular levels can vary depending on the dynamical screening properties 

of the buffer medium. Electrostatic screening and thermal broadening of the molecular levels 

can also play a critical role.  

 Moreover, efficient and direct transfer of charge carriers between semiconductor 

substrates and bioorganic layers are pivotal conditions towards systematic detection of 

specific bio-events by means of band alignment of the relevant electronic levels of the hybrid 

interface. An IDP layer develops at the interface when NW electrode meets bioorganic layer 

[Fig. 6.8(b)] because of relevant molecular band offset leading to the formation of a space 

charge region beneath the semiconductor surface. In thermodynamic equilibrium, this process 

results in band bending in an upward direction for an intrinsically n-type GaN NW used in 

this present study. The subsequent chemical modifications and DNA immobilization on the 

NW surface increase the number of carriers that influence the widening of IDP layer followed 

by band bending at the interfacial region. During the hybridization process, there is a 

substantial change in ct-DNA concentration dependent IDP layer as well as upward band 

bending at the NW surface. These properties at the interface of semiconductor/bioorganic 

layers act as a characteristic basis for DNA sensing in the EIS spectroscopic technique.  
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 A comparative data on difference in absolute position of valance and conduction band 

edges for most used semiconductor to that of LUMO and HOMO levels of some organic 

materials (polymers and DNA) reveal that wide band gap semiconductors (GaN and other 

group III alloys, ZnO, SiC and diamond) can be ideal to make better electronic contacts than 

that of classical semiconductors such as Si and GaAs.
30,33

 It was found that GaN and its 

alloys with Al can cover a wide range of HOMO or LUMO positions in several bioorganic 

systems whereas most acclaimed and popular materials like Si or GaAs exhibit a considerable 

offset in the position of their band gaps with respect to the HOMO-LUMO gap of most of the 

organic systems. In this context, GaN NWs, being a direct wide band gap semiconductor with 

narrow conduction channels, are expected to be advantageous as a transducer element to read 

out the bio-event effectively by choosing appropriate physiological conditions and linker 

molecules characteristics.  

6.6 Summary:  

 In summary, PAMAM dendrimer modified GaN NWs provide an unprecedented 

opportunity in realizing ultra sensitive label-free electrochemical DNA biosensor. By taking 

the advantage of PAMAM dendrimer comprising of high density of docking sites for p-DNA 

immobilization and narrow conduction channel of GaN NWs as transducer for the readout 

system, we have achieved an ultra low detection limit down to 0.1 aM target DNA solution. 

Comparative in-situ studies on single and triplet base pair mismatched, -irradiated and 

complementary target DNA in the hybridization process reveal selectivity and specificity of 

the p-DNA/PAMAM/GAN NWs sensor probe. During the hybridization process, there is a 

substantial change in ct-DNA concentration dependent interfacial polarization resistance, 

which forms the basis of the present DNA biosensor. Moreover, this novel methodology for 

specific DNA sequence detection, as compared to other existing methodologies is very 
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robust, simple and highly sensitive, and thus could be reasonably anticipated for its potential 

applications in high performance DNA biosensors and bioelectronics.   
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CHAPTER 7 

PROBING DYNAMICS OF BIOPHYSICOCHEMICAL 

PROCESSES AT THE NANO-BIO INTERFACE 

7.1 Introduction:  

 Assessing the mechanism of nanoparticle (NP) induced toxicity to microbes is of 

immense importance in the area of nano-biotechnology.
1
 A challenging task for analysts is to 

develop a rapid, highly sensitive, chemically specific, non-invasive method for obtaining 

useful information for NP induced toxicology. Until recently, electron microscopy has been 

the most sought after tool in elucidating the mode of action of NPs at the nanobio-interface 

for ecotoxicological and biomedical applications. However, Raman based techniques can 

provide label free, on-site, in-vivo analysis of chemical and structural information.
2 

In the 

past decade, there was significant progress in the development of Raman based techniques for 

bacterial cell analysis,
3
 chemotaxonomic identification of bacteria,

4
 clinical diagnosis,

5
 

biomass processing,
6
 detection of bacterial EPS

7
 and biofilms.

8
 With the advancements and 

success in chemical analysis of bacterial cells using Raman spectroscopy, it is now possible 

to interpolate this information to assess antibacterial effects of NPs down to single cellular 

level.    

 Biofilms are consortia of micro-organisms attached to biotic or abiotic surfaces.
9
 

Biofilm formation is a major concern in industrial,
 
environmental, public health, clinical, 

medical implants and food processing units.
9-11 

It is now believed that 60-80% of all these 

infections are caused by bacteria living in biofilms.
10

 It has been established that persistence 

of infection in Staphylococcus aureus (S. aureus; skin, surgical wound, blood stream and 

lung infections); Pseudomonas aeuriginosa (P. aeuriginosa; cystic fibrosis); Escherichia coli 
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(E. coli; urinary tract infections) is due to biofilm forming mucoid strains.
12 

Hence, 

prevention of bacterial adhesion and subsequent biofilm formation is of prime importance. 

Research into molecules inhibiting biofilm formation is of immense interest, as subinhibitory 

concentration of many antibiotics may actually promote biofilm growth as a consequence of 

stress-induced behaviour.   

 Prevention of biofilm formation or breaking down of biofilms seems to be a new 

therapeutic challenge.
13

 Metal NPs seem to be promising alternative for antibacterial 

applications. Extensive studies have been carried out to assess the antibacterial effects of 

metal oxide and polymeric NPs.
14

 Most of these studies have focused on killing or growth 

inhibition of planktonic cells.
15,16

 Investigations are limited in assessing the toxicity of NPs to 

bacterial cells. Only very few studies deal with the involved mechanism due to limitations in 

analytical techniques, namely, lack of sensitivity, and complex sample processing.   

 In the search for alternatives, GaN seems to be a potential candidate material. GaN 

(Eg = 3.4 eV) is one of the most promising direct wide band gap semiconductors with 

potential applications in high performance optoelectronic devices and bio-chemical sensing.
17 

Notably, Ga has already been approved by US FDA for treatment of malignancy and is now 

increasingly being recognized as an antibacterial agent.
18,19

 Ga has also been known to treat 

tuberculosis
20

 and malarial
21

 infections. To the best of our knowledge, there are no reports 

studying the toxic effect of GaN NPs.  

 In this context, the present study has been carried out to trace the toxic effect as well 

as to assess the antibacterial and antibiofilm effects of GaN NPs against Gram positive and 

Gram negative bacterial strains. Further, an attempt has been made to explore the mode of 

action of GaN NPs on bacterial cells using confocal micro-Raman spectroscopy (CLRS), 

with single cell level resolution.  
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7.2 Materials and Methods 

7.2.1 Synthesis, Functionalization and Characterization of GaN Nanoparticles: 

 The  growth process and characterization of GaN NPs are detailed in chapter 3 as 

represented schematically in figure 7.1(a).
22

 The NP used for this study are taken from 

sample grown for 1 h at 900 
o
C. The resulting diameter of NPs is close to ~ 50 nm. The NPs 

surface are further functionalized with dodecanodioic acid [HOOC(CH2)10COOH] as a 

surface passivating agent [Fig. 7.1(b)]. Initially, NPs were treated with 50% aqueous solution 

containing a mixture of H2SO4: H2O2 (ratio 3:1) for a period of 10 min, and then washed with 

double distilled water, followed by drying with N2 gas. This process was often used for 

cleaning nitride surfaces as well as to activate hydroxyl groups on the surface. The 

hydroxylated samples were further mixed with 5 ml of H2O solution containing 1mM of 

dodecanodioic acid. The suspension was kept under gentle stirring overnight. Finally, the 

samples were collected by centrifugation process carried out at 5000 rpm, and subsequently 

dried with flowing N2 gas.  

 

Fig. 7.1 Schematic representation of (a) the growth of GaN nanoparticles at 900 
o
C in the CVD 

technique, and (b) the steps for COOH surface functionalization of GaN NPs.     
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 The appropriate covalent bonding formation of -COOH functional group on the NW 

surface is confirmed by Raman spectroscopic analysis. Typical micro-Raman spectrum [Fig. 

7.2] of the as-grown NPs shows mode frequencies at 535, 567 and 729 cm
-1

 corresponding to 

A1(TO), E2(high) and A1(LO) phonon modes of WZ-GaN phase, respectively.
23 

Additional 

peaks appearing at 253 and 420 cm
-1 

are assigned to ZB arising from finite size effects of  

Fig. 7.2 Typical Raman spectra of pristine and COOH functionalized GaN NPs using 514.5 nm 

laser lines. The Raman spectra reveal wurtzite phase of GaN along with the appearance of new 

peaks after surface modification. These new peaks correspond to the vibration of surface 

functional groups in the range of 1200 to 1800 cm
-1

.   

NPs.
 
However, COOH functionalized NPs show similar characteristic features of WZ-GaN 

along with new phonon modes exhibited at higher wave numbers. The new peaks appearing 

at 1330, 1420, 1585 and 1784 cm
-1

 are tentatively assigned to the O-H deformation mode in –

COOH monomer, comprising of  C-O stretch and O-H deformation, COO
- 

stretching anti-

symmetry and C=O stretching, respectively.
24

 

7.2.2 Bacterial Strains and Culture Conditions:  

 A gram positive strain S. aureus and gram negative strains viz: E. coli, Pseudomonas 

aeuriginosa and Pseudomonas putida were used as the model test organisms because these 

200 400 600 800 1200 1400 1600 1800

C
=

O
 st

r

Z
B

Z
B

 

 

In
te

n
si

ty
 (

a
rb

.u
n

its
)

Raman Shift (cm
-1
)

 GaN-COOH 

  GaN 

C
H

2
 d

e
f

C
O

O
-  s

tr

O
-H

 d
e

fA
1
(T

O
)

E
2
(high)

A
1
(L

O
)



163 

 

species are widely distributed and known to form prolific biofilms. Pure cultures were grown 

in Luria Bertini (LB) medium and incubated overnight at 37 
o
C with shaking. From this, 1.0 

ml of bacteria was sub-cultured in 15 ml of LB broth to reach a mid log phase observed by 

OD570 value of 0.12 to 0.16 having a cell density of 1.5 x 10
7
 CFU mL

-1
.  

7.2.3 Planktonic and Biofilm Inhibition Assays:  

 Assays were conducted in a 96 well microtitre plate.
25

 Working concentration of NPs 

was prepared as following. NPs were dissolved in autoclaved sterile ultra pure water 

(Sartorius) and sonicated for 30 min to ensure uniform dispersion of the NP. The aliquot was 

serially diluted to get double the concentrations in 100 µl of sterile ultrapure water. Then 80 

µl of sterile LB medium was added such that the final concentration of NPs in 200 µl 

corresponds to 0.25, 1.25, 2.5, 12.5 and 25 µg mL
-1

. The plates were kept in a rotary orbital 

shaker (120 rpm – Scigenics Inc.) and incubated at 30 
o
C for 24 h. Growth of planktonic cells 

was measured as increase in OD570 after 1, 2, 3, 4, 19, 21 and 24 h of incubation using a UV-

visible microplate reader (Thermo Scientific- Multiskan). OD values after 24 h of incubation 

were taken for making comparison between strains. 

 After 24 h of incubation multiwell plates were used for quantification of biofilm 

formation. Culture medium was removed from the wells. The wells were rinsed five times 

with sterile distilled water to remove loosely attached bacteria. Plates were air dried for 45 

min and each well was stained with 150 µl of 1% crystal violet solution in water for 45 min. 

After staining the plates were rinsed with sterile distilled water five times. Biofilms were 

visible as purple rings that formed on the side of each well. The quantitative analysis of 

biofilm production was performed by adding 200 µl of 95% ethanol to destain the wells. 100 

µl from each well was transferred to a new microtitre plate and the level (OD) of the crystal 

violet present in the destaining solution was measured at 570 nm. Each concentration of NPs 

was tested in triplicate. Parallel controls with plain LB medium without bacteria were also 
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carried out. The data were statistically analyzed and represented as mean and standard 

deviation.   

7.2.4. Methodology for the Study of Nanoparticle-Bacterial Cell Interaction: 

7.2.4.1 Sample Preparation for FESEM Analysis:  

 Assessment of NP bacterial interactions was carried out in sterile 45 mm polystyrene 

petri dishes (Tarsons) at the lowest concentration of 0.25 µg mL
-1

. A 15 mL of suspension 

containing NPs and 50% diluted LB broth was added to the petri dishes. Sterile 10 mm glass 

coupons were introduced into the petri dishes. A 1.0 mL of mid log phase culture (1.5 x 10
7
 

cells) was introduced into the petri dishes and incubated at 37 
o
C in a rotary orbital shaker (40 

rpm) for 24 h. After incubation the glass slides were removed and fixed with 2% 

glutraldehyde for 15 min. After carrying out air drying for 30 min, the slides were passed 

through alcohol gradient series (90 to 50%) and then stored in sterile containers for FESEM 

analysis.     

7.2.4.2 Confocal Laser micro-Raman Spectroscopic (CLRS) Analysis:  

 Interactions involving microbes and NPs were carried out in 2.0 ml micro-centrifuge 

tubes. The microbes and NPs interaction were studied using the inVia micro-Raman 

spectrometer equipped with a Leica confocal microscope having 100Х objective lens, and 

1800 grmm
-1

 grating. A thermoelectric cooled CCD detector is used in the backscattering 

configuration. An excitation of Ar
+
 laser (514.5 nm) with a spectral resolution of 1.6 cm

-1 

power was used. The laser power at the sample surface was maintained below 1 mW in order 

to avoid laser induced damage to bacterial cells. The samples were loaded on an XYZ 

movable stage with a minimal possible step size of 0.1 µm capability. The spectra of 

planktonic cells were acquired in the extended scanning mode, with an integration time of 60 

second, where the grating moves to cover a larger range of wave numbers resulting in longer 
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acquisition times. Whereas the static mode was used for Raman mapping, in which the 

number of spectra in one image can be acquired in less time without the movement of the 

grating. The spectrometer provides true confocal capability by adjusting the detector slit and 

pinhole aperture. According to Abbe formula 0.63λ ⁄NA where λ is the wavelength and NA is 

the numerical aperture of the objective (0.85 used for this study), the theoretical lateral 

resolution turns out to be about 381 nm. However, depending on the resolution of XY stage 

motion (100 nm), the actual lateral resolution could be approximately below 300 nm with the 

100X objective on the XY plane. For comparison, all the spectra were recorded in the 

spectral range of 1000 to 2000 cm
-1

 to obtain the entire region of interest for detecting protein 

and nucleic acid molecules. Raman mapping of planktonic cells was performed in raster scan 

mode with a step size of 0.5 μm and spectral integration time of 1 s at 1 mW laser power. 

These parameters were chosen to increase the spatial resolution of the Raman mapping.    

7.3 Tracing the Toxic Effect of GaN Nanoparticles   

7.3.1 Effect of GaN Nanoparticles on Inhibition of Biofilm Formation:   

 Significant inhibition in biofilm formation is observed in all bacterial strains when 

treated with GaN NP. Maximum inhibition is observed in the case of Gram negative 

bacterium E. coli (71-84%) followed by P. putida (66-77%) and P. aeruginosa (38-74%), as 

shown in figure 7.3. Comparatively lower percentage of biofilm inhibition is observed with 

the Gram positive strain S. aureus (48-64%). In addition, COOH functionalized GaN NPs 

show greater inhibition for the Gram negatives (E. coli - 63-78%; P. putida – 68-76%; P. 

aeuriginosa - 48-75%). Whereas, Gram positive strain, S. aureus (43-66%) further lower the 

percentage of biofilm inhibition after COOH functionalization. On the other hand, the 

different surface functionalizations in Ga2O3 NPs show opposite results (for comparision 

purpose, data not shown).
26

 A comparision among percentages of biofilm inhibition that 
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occurred with GaN NPs and their functional derivatives to that of Ga2O3 NPs is listed in the 

table 7.1.  

 

Fig. 7.3 Inhibition of biofilm formation by GaN NPs and -COOH functionalized nanoparticles in 

different bacterial species a) S. aureus, b) P. aeruginosa, c) E. coli and d) P. putida 

Table 7.1: Comparatively percentage of biofilm inhibition between GaN NPs and their functional 

derivatives to that of Ga2O3 NPs.  
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Figure 3:  Multiple graphs  showing inhibition of biofilm formation for a) Staphylococcus
aureus b) Pseudomonas aeuriginosa c) E. coli d) P. putida in response to treatments and 
untreated  controls

Figure 2:  Multiple graphs  showing growth of planktonic cells of a) 
b) Pseudomonas aeuriginosa
untreated  controls
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7.3.2 Destruction of Bacterial Membrane: 

 Results obtained from our antibiofilm activity evoked two intriguing questions 

relating to (1) reason for NPs showing significant inhibition for biofilm formation and (2) the 

underlying mechanism involved. 

7.3.2.1 Morphological Study:   

 In this regards, we first investigated the morphological changes in bacterial cells 

exposed to different concentrations of NPs by employing FESEM technique [Fig. 7.4]. It is 

observed that membrane integrity of untreated planktonic cells - E. coli, P. putida and P. 

aeruginosa remain intact [Figs. 7.4(a,d,g)]. On the other hand, cellular integrity is  

 

Fig. 7.4 FESEM images of the planktonic cells; (a) Escherichia coli -EC, (b) Pseudomonas putida 

–PP and (c) Pseudomonas aeruginosa- PA01 grown in the LB medium without NPs; (d) to (e) the 

morphology of the corresponding planktonic cells grown in the presence of 1µg of NPs, and (g) to 

(i) the corresponding high magnified image of the damage cells.     
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Fig. 7.5 (a) Morphology of Pseudomonas aeruginosa- PA01 cultured under higher concentration 

of NPs (25 µg), and (b) FESEM image showing the agglomeration of NPs around the cell wall 

leading to the death.        

compromised when the cells are incubated in the presence of NPs in the same LB medium 

[Figs. 7.4(b,e,h)]. Interestingly, there is a significant reduction of density of planktonic cells 

when incubated in presence of NPs. Even at the lowest concentration of NPs (~0.25 µg mL
-1

), 

significant cell wall deformation and leaching of intra-cellular components, as revealed by 

the high magnification images [Figs. 7.4(c,f,i)] seem to be very apparent. Furthermore, at 

high concentrations of NPs (100 µg), it was found that most of the NPs encircle the bacterial 

outer cell wall [Figs. 7.5(a,b)] indicating that NPs cause mechanical damage to the cell 

membrane, leading to the release of cytoplasmic constituents, such as DNA, RNA and 

proteins, elaborate subsequently.  

7.3.2.2 Confocal Raman Study:  

  Typical confocal Raman spectra of untreated P. putida cells and that of NPs-treated 

cells are shown in figure 7.6(a). The corresponding microscopic images of P. putida cells are 

shown in figures 7.6(b-d). Distinct Raman features are observed in the phonon spectra of 

bacterial cells treated with NPs as compared to that of the untreated cells. The Raman 

spectrum of untreated bacteria is dominated by broad peaks around 1601 cm
-1

 (COO
-
 

starching antisymmetric), 1448 cm
-1

 [δ (CH2 )] and 1361 cm
-1

 (COO
-
 symmetric), which are  
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Fig. 7.6 (a) Comparative Raman spectra of Pseudomonas putida –PP cells and biofilms incubated 

in the presence of 1µg of NPs with that of untreated; Typical optical microscopy image of (b) 

untreated PP cells, (c) single PP cell, (d) PP cells incubated with 1µg of NPs in the culture medium 

after 24 h, and (e) the corresponding biofilm developed on Si substrate; (f) Typical Rama spectrum 

of the LB medium in the range of 900 to 2100 cm
-1

.  

mostly attributed to -COO
-
stretching vibration.

27-31
 These major COO stretching bands and δ-

CH2 scissoring vibrations are characteristic of CH bonding state in lipids, and carbohydrates. 

On the other hand, the bacteria treated with NPs exhibits many peaks centered at 1669 cm
-1

 

(Amide I), 1581 cm
-1

 (Guanine, Adenine), 1575 cm
-1

 (Amide II), 1448 cm
-1

 (CH2 def.), 1336 

cm
-1

 (Adenine), 1237 cm
-1

 (Amide III) and 1095 cm
-1

 (PO2
-
 str.). The tentative mode 

assignment of various functional groups is given in table 7.2.
27-31

 These observations reveal 

that intercellular materials are released upon incubating the planktonic cells with NPs for a 

duration of 6 h and above. Similar Raman features have been observed with the biofilm of P. 

putida [Fig. 7.6(e)] developed under identical conditions as in the case of incubating  



170 

 

Table 7.2 Raman band assignment of planktonic cells in the frequency range of 1000- 2000 cm
-1

 

[Ref. 27-31] 

 

planktonic cells with NPs [Fig. 7.6(a)]. Noticeably, there are no peaks observed in the Raman 

spectrum of the sterile LB medium in the absence of bacterial cells [Fig. 7.6(f)]. Similar 

Raman features are also observed in the case of E. coli, P. aeruginosa, and S. aureus, as 

shown in figures 7.7(a-c), respectively. The Raman peaks of the untreated bacteria are 

relatively broad and intense as a result of the high density of bacterial cells. However, Raman 

spectra of bacterial cells, grown in the presence of NPs, comprise of a number of new peaks 

as compared to the untreated bacteria. Further, the presence of relatively sharp peaks is 

attributed to the detection of intra-cellular constituents, such as proteins and DNAs. These 

results are in agreement with the observed density measurements (Fig. 7.3) for biofilms. The 

results also imply that the bacterial death is directly associated with the damage of bacterial 

cell membrane and subsequent efflux of intracellular constituents like DNA and proteins.  
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Fig. 7.7 (a) Comparative Raman spectra of untreated cells (blue) and cells incubated in presence of 

1µg of NPs (red) (a) Escherichia coli -EC, (b) Pseudomonas aeruginosa- PA01 and (c) 

Staphylococcus aureus- SA cells.  

7.3.2.3 Raman Mapping of Protein Exudation Site: 

 In order to further explore the underlying mechanism and mode of action of NPs to 

planktonic cell, Raman mapping studies are performed which provides valuable information 

about the distribution of various intra-cellular components within a single cell. Figure 7.8(a) 

shows the optical micrograph of untreated P. putida cells supported on a Si substrate. The 

distribution of Amide 1 band intensity at the mode frequency of 1663 cm
-1 

is obtained by 

mapping an area of 40×30 μm with a 0.5 μm step (total 4800 grid point). An acquisition time 

of 1 s per grid point (total of 80 min for 4800 grid point) for a single spectrum (spectral 

region from 1000 to 2000 cm
-1

) is used. The Raman mapping of Amide 1 band intensity in the 

case of untreated P. putida cells is shown in figure 7.8(b) corresponding to the box region of 

figure 7.8(a). The optical micrograph [Fig. 7.8(c)] and the corresponding Raman mapping 

[Fig. 7(d)] of similar P. putida cells treated with NPs of 1 µg concentration reveal that the 

intensity of the 1663 cm
-1 

(Amide I) mode frequency increases 30 times as compared to the 

untreated cells. Raman mapping is performed in similar conditions as in the case of untreated    
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Fig. 7.8 (a) Optical micrograph of the untreated Pseudomonas aeruginosa- PA01 and (b) the 

corresponding Raman mapping of Amide I (1663 cm
-1

) distribution within the mapped area of 30 

Х 40 µm [as indicated in the square region in (a)]; comparative (c) optical image and (d) Raman 

mapping of Pseudomonas aeruginosa- PA01 cells incubated with a concentration of 1µg of NPs in 

the culture medium.   

cells. From the optical micrograph, damage to cellular integrity of P. putida cells treated with 

NPs can be clearly observed. Severe changes in the morphology of the cells are also evident. 

The observed increase in the intensity of Amide I is definitely a consequence of cell wall 

rupture leading to exudation out intra-cellular components from the bacterial cells. Similar 

Raman mappings of Amide 1 mode frequency are recorded for other untreated planktonic 

cells, namely E. coli at 1665 cm
-1 

 [Fig. 7.9(a), 22×20 μm, 1760 grid point, total 29 min], P. 

putida at 1663 cm
-1 

[Fig. 7.9(c)] and S. aureus at 1659 cm
-1 

 [Fig. 7.9(e)]. In all these cases, 

the maximum of 20-30 counts for the distribution of Amide I band is observed in the 

untreated planktonic cells. Raman mappings of plaktonic cells incubated with NPs exhibite 

strong distribution of the Amide I for E. coli at 1665 cm
-1 

[Fig. 7.9(b)], P. putida at 1663 cm
-1 

[Fig. 7.9(d)] and S. aureus at 1659 cm
-1 

[Fig. 7.9(f)]. The maximum peak count of Amide I is 
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found to be 30 to 48 times greater than that of untreated cells as revealed from the analysis 

carried out under identical experimental conditions.  

  

Fig. 7.9 Typical Raman mappings of amide I distribution in the untreated planktonic cells and the 

corresponding cells incubated with 1µg of NPs in the growth medium; (a) and (b) Escherichia coli 

–EC at 1665 cm
-1

, (c) and (d) Pseudomonas putida –PP at 1663 cm
-1

 and (e and f) Staphylococcus 

aureus- SA at 1659 cm
-1

. 

7.3.2.4 Single Cell Analysis:   

 The effect of NPs interaction with planktonic cells can be further extended to single 

cellular level by employing confocal Raman spectroscopy in the selected regions of interest. 

Micrograph of a single P. putida cell, incubated in the presence of 1 µg of NPs concentration, 

is shown in figure 7.10(a). Raman mapping is performed from an area of 10x16 μm with 

finest step size of 0.3 μm by 0.3 μm (total 1777 grid point). An acquisition time of 1 s per 

grid point (total 29 min per bacteria) is chosen for the spectral ranges of 1000 to 2000 cm
-1

. 
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Figure 7.10(b) shows the typical Raman imaging of a single bacterial cell corresponding to 

the strongest peaks intensity of Amide I (1665 cm
-1

) mode frequency. Further, the distribution  

 

Fig. 7.10 Micrograph of a single  Pseudomonas putida cell incubated with 1µg of NPs, (b) 

corresponding Raman imaging at 1663 cm
-1

; Raman maps for three different  protein distribution 

at frequency (c)  1663 cm
-1 

(Amide I), (d) 1581 cm
-1

 (Amide II) and 1336 cm
-1

 (Amide III). 

of other intra-cellular protein components in the single cell are mapped by analyzing the 

sample at different mode frequencies, including 1663 cm
-1 

(Amide I), 1581 cm
-1

 (Amide II) 

and 1336 cm
-1

 (Amide III) as shown in the figures 7.10(c-e).
27-31

 Heterogeneity in the 

distribution of various protein components in the bacterial cell may appear as a result of 

localized damage of cell walls after coming in contact with NPs. At a singular point, 

corresponding to the highest intensity in the Raman map, the intercellular components might 

have emerged and distributed abruptly. In case of untreated P. putida cell, it is however, 

observed that the intensities of all amide bands are very feeble which is 40 times less than 

that of cell treated with NPs [Figs. 7.11(a,b)]. Furthermore, the carbohydrates and lipid 
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components are reasonably intense in case of untreated bacterial cells. The detail underlying 

mechanism has been discussed in succeeding sections.   

 

Fig. 7.11 (a) Micrograph of a single untreated Pseudomonas putida cell, and (b) the corresponding 

Raman imaging at 1663 cm
-1

(Amide I).   

 A survey of literature shows that there are limited reports on single cell analysis using 

micro-Raman spectroscopy. Rosch et al.
28

 performed Raman mapping of single bacterial cell 

employing high incident laser power (10 mW) and relatively longer acquisition time of 20 h.
 

However, the appearance of amide bands in their Raman spectra might have emerged as a 

result of prolonged exposure and high laser irradiation induced damage of cells.
30,31 

In some 

of
 
the earlier studies it took a course of several days to acquire specific data of single bacterial 

cells.
27

 There are a few reports for single bacterial cell analysis employing surface enhanced 

Raman scattering (SERS) technique.
8,30

 In general, SERS technique is based on the use of 

noble metals, like Au or Ag which enhances the scattered Raman intensities by means of 

strong electrostatic coupling between incident laser power and surface plasmon of metal NPs. 

However, in this technique metal particles (e.g., Ag) on their own may possess strong 

antimicrobial properties, which may further lead to ambiguity in assessing damage to 

microbes by SERS. In order to overcome these shortcomings, we hope our methodology of 

analyzing the NP induced cellular damage to planktonic cells by confocal Raman 

spectroscopy is relatively simple and reliable.   
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7.4 Molecular Mechanism at the Nano-Bio Interface   

 Bacterial adhesion and biofilm formation are ubiquitous in nature.
8
 Attachment of 

micro-organisms is a complex process influenced by many variables.
 
The process of biofilm 

formation involves three steps viz: 1) cell attachment to a surface brought about by 

electrostatic interaction, which is a weak reversible process, 2) production of exopolymeric 

substances and irreversible binding to the substrate and 3) formation of micro colonies and 

subsequent biofilm maturation.  

 In general, GaN NPs are known to be chemically stable. However, negligible leaching 

of Ga
3+

 from native and functionalized GaN thin film has been reported.
32 

It is difficult to 

distinguish between bactericidal effects caused by the NPs and ions released by the NPs. The 

release may be due to interaction of NPs with constituents of the aqueous nutrient media used 

in such assays. Ga
3+

 has an ionic radius (~ 0.076 nm) similar to that of Fe
2+ 

(~ 0.077 nm) and 

is not differentiated by many biological systems.
19

 Fe metabolism is a key factor in bacterial 

growth and functioning of several important enzymes involved in energy metabolism.
19

 

However, Ga
3+

 can not be reduced like Fe
2+

 in the metabolic process. Hence, intracellular 

uptake of Ga
3+

 may interfere with Fe metabolism in bacterial cells, leading to energy 

starvation and cell death. This may be one of the mechanisms behind toxicity of this metal 

reported for E. coli and P. aeuriginosa.
33 

Size also may affect the sorption of NPs to cell 

membrane and intracellular transport that could pierce the lipid bilayer. GaN NPs exhibit 

high level of inhibition of biofilm formation (60 - 84%) in all the tested strains, similar to 

metallic Ga reported for Pseudomonas aeruginosa.
18

 As mentioned earlier, it is hard to 

differentiate the effects of GaN NPs and leached Ga ions in the assay medium. Leakage of 

intracellular materials observed through micro-Raman analysis of planktonic cells may be 

indicative of NP induced damage, while membrane damage and disruption of Fe-dependent 

processes may be attributable to Ga
3+

. The high antibiofilm activity observed with GaN NP 
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seems to be identical to those reported for Ga metal.
34-36,18

 Studies by Kaneko et al.,
18

 have 

shown that low levels of Ga
3+ 

would inhibit growth and biofilm formation in P. aeruginosa, 

whereas higher levels might kill planktonic bacteria and established biofilms. Ga
3+

 

internalized by bacterial cells interferes with Fe-dependent processes and may decrease 

bacterial Fe uptake. Ga ions are known to interfere with many enzymes which require Fe, 

namely, ribonucleotide reductase (catalyzing the first step in DNA synthesis),
37

 superoxide 

dismutase and catalase (protecting against oxidant stress)
38

 and enzymes involved in 

oxidative phosphorylation such as cytochromes. An implication of these studies is that Ga 

ions may act simultaneously on several intracellular targets. Therefore, apprehension about 

possible resistance development due to mutation of any one target seems quite unlikely. GaN 

NPs seem to have the unique advantage of combination of NP and ionic properties which 

appear to be responsible for manifestation of enhanced antibacterial and antibiofilm 

activities.
39

 Further studies are required to establish whether GaN NP can be a potential 

candidate material for wound and implant associated infections. 

7.5 Summary:  

 It was demonstrated that confocal laser Raman spectroscopy (CLRS) has sufficient 

sensitivity to provide real-time, nondestructive, and quantitative information about the mode 

of action of NPs in single microbial cells. Such capability and fast analysis in probing the 

dynamics at the nano-bio interface opens up new possibilities of analyzing cellular process in 

single microbial cells. Using CLRS and other techniques, we further demonstrate that GaN 

NPs are very effective in preventing bacterial adhesion and biofilm formation. Species 

specificity in biofilm inhibition by GaN NPs is observed. GaN NPs are more effective on 

Gram negative bacterial species viz: E.coli > P. putida > P. aeuriginosa compared to the 

Gram positive S. aureus. CLRS analyses have revealed that GaN NPs induce membrane 
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damage in all the tested bacterial species. It is probable that sorption and passive intake of 

particles lead to damage of cell membranes. This observation has been substantiated using 

micro-Raman analysis and protein mapping in individual microbial cells. In comparison, 

membrane damage (deflation of sessile cells observed through FESEM) and disruption of Fe-

dependent processes by Ga ions may also be involved in the inhibition of biofilm formation. 

GaN seems to be a potential candidate for designing antimicrobial surfaces for implants and 

catheter devices as well as for combating infections involving biofilms.   
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CHAPTER 8 

BRIEF SUMMARY OF THE THESIS WORK AND  

FUTURE PROSPECTIVES   

 In this thesis, the growth of various forms of 1D GaN nanostructures like nanowires, 

nanotubes, nanotips, microbelts, and nanoparticles have been demonstrated. This exercise 

aimed at meeting requirements for various applications pertaining to optoelectronics, 

nanofluidics, gas, chemical and biological sensors. Along with the chapter wise conclusion 

we briefly outline the future course of action, wherever applicable, to improve the 

understanding of growth mechanism and material properties of GaN based nanostructures, 

which will in-turn accelerate their device related applications.   

 The motivation for the study of 1D-semiconductor nanomaterials along with a brief 

review of literature is introduced in the chapter 1. The potential research area pertaining to 

wide band gap GaN nanostructures is presented with current state of idea.  

 The experimental and characterization techniques used for this thesis work is briefly 

described in the chapter 2. Indigenously developed chemical vapor deposition reactor, as a 

part of the curriculum, is depicted.  

 The important chapter wise findings of this thesis work along with relevant future 

prospectives are described as follows:    

1.  In the chapter 3, we observe that the nanowires of varying morphologies can 

be obtained with a slight variation in the incubation time during the initial stage of nucleation 

process. However, further efforts are required to achieve nanowires with uniform size and 

shape distribution in the chemical vapor deposition process. This can effectively reduce the 

cost required for ultimate realization of a single nanowire based devices. Wurtzite/zinc-
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blende biphase homostructure in a single nanowire is an important finding. Such biphase 

nanostructures of GaN can be utilized to construct a unique quantum well architecture for 

advanced optoelectronic applications. In addition, the nanotips can be processed suitably by 

focused ion beam technique for the application as single field emission device. The nanotips 

will also find usefulness as scanning near field optical microscope tips.  

 2.  As discussed in the chapter 4, core-shell Ga2O3 @ GaN microbelts possess 

distinct shape with self-affirm nanoprotrusions on their surface. These features have been 

used as ideal materials for humidity sensing and producing suprehydrophobic surface. 

Further, a single microbelt can be used as a microcantilever, nanofludics device, and as a 

surface enhanced Raman scattering substrate.    

 3.  Nanotubes are unique for optoelectronic as well as for biomedical 

applications. As demonstrated in the chapter 5, well faceted GaN nanotubes functionalized 

with noble metal nanoclusters provide excellent surface sensitive properties suitable towards 

local oxidation, catalysis, and H2 sensing. By suitably choosing laser power, catalyst, and 

local ambience, one can fabricate a single nanotube based CMOS device. The methodology 

can also be applied to fabricate in-situ gate dielectrics without using any sophisticated 

techniques. For sensors, we have used percolated mats of GaN nanotube. In fact, a single 

nanotube can be used to further reduce the detection limit of the present GaN based hydrogen 

sensor.  

 4.  In the chapter 6, a prototype label-free in-situ electrochemical DNA biosensor 

is demonstrated by using the dendrimer modified GaN nanowires. An ultra low detection 

limit down to 0.1 aM target DNA solution has been achieved with excellent selectivity and 

specificity. Additional study including diameter dependent sensitivity and stability of the 

functional group over substantial time is required for the practical application of the present 

study. In addition, we observe a change in luminescence properties of the nanowire sample 
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after each stage of surface functionalization for DNA sensor. Further study is required to 

establish its utility at various concentrations of DNA molecules. This will enhance its 

capability to detect DNA hybridization through low temperature photoluminescence.   

 5.  Finally, a novel methodology to understand the dynamic physicochemical 

interaction at the nano-bio interface is demonstrated in the chapter 7. It is found that GaN 

nanoparticles induce severe damage to the bacterial cells leading to the exudation of 

intercellular constituents. Distribution of protein components in the cell surface is used to 

substantiate the mode of action of nanoparticles through use of confocal Raman microscopy. 

However, additional study involving cryo-TEM can be performed to validate the above 

arguments. We suggest that GaN can be used as a potential candidate for designing 

antimicrobial surfaces for implants and catheter devices as well as for combating infections 

involving biofilms.  
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