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ABSTRACT OF THE DISSERTATION 

 

Catalyst Mediated Growth and Optical Properties of  

Group III-V Nanowires: Au catalyzed GaAs and Self-catalyzed InP 

 

by 

 

Jeung Hun Park 

Doctor of Philosophy in Materials Science and Engineering 

University of California, Los Angeles, 2013 

Professor Suneel K. Kodambaka, Committee Chair 

 

 

 In this work, the first half will cover gold catalyzed gallium arsenide nanowire growth via 

vapor-liquid-solid (VLS) process using molecular beam epitaxy (MBE). And, the second half 

will discuss self-catalytic growth of indium phosphide nanostructures via either VLS or vapor 

epitaxy process using metal organic vapor phase epitxay (MOVPE). 

 

Part I: Au Catalyzed Growth of GaAs Nanowires 

 The correlation between prepatterned catalyst films and GaAs nanowire growth was 

studied, using Au/GaAs as a model system, for the identification of the initial growth conditions 

on nanowire densities. GaAs nanowires are preferentially grown at 490 
o
C using solid-source 

molecular beam epitaxy via VLS process with e-beam patterned Au dots as catalysts. The 
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resulting nanowire morphologies and the fractional surface densities are determined as a function 

of the electron beam dose, dot size, and inter-dot spacing using scanning electron microscopy. 

We report the micro Raman studies of Au catalyzed GaAs nanowire bundles. Strong dependence 

of Raman spectra shift on the nanowire bundles are attributed to structural defects, residual 

stress, aspect ratio, spatial density and random growth orientation, resulting from variations of 

catalyst thickness and pattern size. The surface optical phonon modes of GaAs nanowires are 

also systematically investigated using micro Raman spectroscopy as a function of the fill factor 

and average diameter.   

 

Part II: Self-Catalyzed Growth of InP Nanostructures 

 We report the effect of morphology of nanostructures on optical properties. Self-

catalyzed InP nanostructures (nanocones, nanopillars) were grown on both indium phosphide 

(111)B and silicon (100), (111) single crystal substrates using MOVPE. Micro Raman scattering 

experiment was employed to understand the effect of morphology and substrate on the optical 

properties of as-grown structures. Due to crystal symmetry breaking in one-dimensional 

nanostructures, three phonon vibration modes (LO, TO, SO) were clearly resolved. Their 

broadening and downshift of Raman spectra were found to be morphology dependent (i.e. 

surface-to-volume ratio and crystal plane size).  The LO phonon was found to depend on surface-

to-volume ratio of nanostructures, implying that high scattering volume and surface electric 

fields with defect density leads to enhancing LO phonon excitation in InP nanocones.  
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CHAPTER 1  

INTRODUCTION 

 

1.1 Overview  

 Nanowires are typically crystalline, one-dimensional (1D) high aspect ratio structures. In 

the recent years, nanowires of semiconducting materials have gained interest owing to their 

potential for applications in nanoelectronics, optoelectronics, and sensors [1,2,3]. Many research 

groups have demonstrated the fabrication of single nanowire based devices and their 

applicability. Large-scale integration of these single devices is a challenging task which involves 

precise control over synthesis and placement of individual nanowires with desired shape, 

structure, and orientation. One of the promising approaches to achieve this goal and in designing 

more complex structures, such as branched [4,5] or compositionally modulated [6] wires, is via 

‘bottom-up’ approach, i.e. by self-organized assembly of atoms and molecules into desired 

nanostructures. Progress in this area requires a clear understanding of the mechanisms governing 

nucleation and growth of nanowires. 

 

1.2 Vapor-Liquid-Solid Process 

 Nanowires are most commonly grown via the vapor-liquid-solid (VLS) process [7]. The 

schematics of the VLS growth mechanism are shown in Fig. 1.1. VLS process, first proposed in 

the early 1960s, involves a metal particle which forms a low-melting eutectic alloy with the 

material deposited from the vapor. This liquid alloy acts as a catalyst for preferential 

incorporation of the material. Under conditions where the incoming material gets deposited at the 

liquid-solid interface, 1D growth occurs in the form of cylindrical pillars or ‘nanowires’ with 
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wire diameter and length determined by the droplet size and deposition rate, respectively. 

Despite 40 years of research on the growth and characterization of nanowires, very little is 

known concerning the processes controlling the nanostructural and morphological evolution, 

even for relatively simple elemental materials such as Si [8] and Ge [9]. For more complex 

compounds such as group III-V semiconducting nanowires, most of the growth-related issues are 

not well understood. 

 

1.3. Au Assisted Group III-V Nanowires Growth 

 III-V nanowires, such as GaAs, InAs, GaP, and InP, owing to their high carrier mobilities 

and low band gaps, form an important class of materials with potential applications in 

nanoelectronics and optoelectronics [ 10 , 11 , 12 ]. Most of the existing literature on III-V 

nanowires indicates that the as-grown materials are inherently defective due to the presence of 

twins or stacking faults perpendicular to the growth direction [13,14,15,16]. Controlling the 

growth orientation and defect density is crucial for better device performance, for example in 

vertical field effect transistors. However, this is a difficult task and has not yet been achieved. 

 Metal-organic chemical vapor deposition (MOCVD), metal-organic vapor phase epitaxy 

(MOVPE), and chemical beam epitaxy (CBE) are the most common techniques employed to 

grow III-V wires. Relatively fewer studies have used solid source molecular beam epitaxy 

(MBE) to grow these wires [17,18]. In most of the experiments, Au is used as the catalyst for 

nanowire growth. However, nanowire growth has also been observed in the absence of Au 

catalyst either due to the catalytic action of the group III metal [19,20] or due to the presence of a 

thin film of SiOx [21,22]. In this work, the studies of the crystal structure and optical properties 

of GaAs nanowires will be presented throughout the Chapters 3-5. 



 3 

 

1.4 Self-Catalyzed Group III-V Nanowire Growth  

Indium phosphide and its related alloys are important materials for wireless 

communications, high-speed electronics, opto-electronics, and solid-state lasers [16-19]. For InP 

nanostructure growth, gold was dominant catalyst in VLS growth mechanism but it has serious 

disadvantages. Gold traps electrons and holes in nanowires and poses a serious contamination 

problem for nanoelectronic devices [23]. Despite of existing literatures of non-gold catalyst 

assisted growth [24,25,26], either the growth requires high growth temperature or the catalyst are 

not compatible with the conventional Si processing technology [23].  

The alternative method for growing nanowire is the self-catalyst VLS growth mechanism 

where the group III metal acts as a self catalyzed deposition. Typically, the self-catalyst method 

is significant for vertical and uniform growth nanowire [27]. Taking into consideration of 

technological compatibility, much more attractive catalyst materials would be low-melting 

metals such as In or Ga. In this work, indium phosphide nanowires are synthesized by an In-

assisted VLS growth process using MOVPE. A schematic growth process of self-catalyzed 

nanowire is shown in Fig. 1.2. Indium nanodroplets form by diffusion and coarsening of In 

adatoms on the surface of InP(111)B substrate or silicon substrate. By gathering P from the 

vapor phase these droplets acts as the seeds of the InP nanowire nucleation and growth. The axial 

growth rate of InP nanowires can be controlled by the partial pressure of TBP and TMIn as well 

as substrate temperature.  

The performance of devices based on these materials, i.e. InAsP/InP, is affected in a 

major way by interface sharpness [28]. The interface sharpness, in turn, is determined by the 

surface roughness of the epitaxial layer during MOVPE. The most important factors influencing 
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surface roughness is the transport of the precursors through the boundary layer coupled with the 

heterogeneous chemical reactions [29]. The homo- or hetero-epitaxial growth of defect-free 

indium phosphide nanowires in the MOVPE environment requires close attention from the 

beginning to the end of the process. The substrate orientation, surface cleanliness, thermal 

treatment prior to the growth, and the growth conditions are key factors in achieving defect-free 

InP nanowires growth. Ex-situ and noninvasive characterizations of the wires are necessary in 

improving the growth process to obtain defect-free materials. Among the different 

characterization techniques, the structural, morphological characterization by electron 

microscopy technique, and optoelectronic responses measured by micro Raman spectroscopy 

have been chosen as the best characterization tools to determine the quality of the wires. In 

Chapter 6-8, a study is presented of the crystal structure and optical properties of InP nanowires. 

          

1.5 Challenges of group III-V nanowire growth 

 Catalyst assisted III-V wire growth using gas precursors has been relatively well studied 

and the growth mechanisms are fairly well understood [30,31,32,33,34,35]. There are, however, 

several aspects of wire growth that are not yet clear. For example, 

1) Au-catalyzed III-V wire growth does not occur above the bulk eutectic temperature. Best 

wire morphologies are achieved at low growth temperatures [14,32,33,34,35,36]. Here, the state 

of the catalyst is not known and the topic is controversial with speculations including both 

growth in presence of a liquid catalyst stabilized by nanoscale size effects and via vapor-solid-

solid (VSS) process using a solid catalyst [37].  

2) Majority of the nanowires are observed to grow along 111-B and are composed of rotational 

twins or stacking faults. (In III-V materials, 111 orientation is polar and the notation A and B 
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denote group III- and V-terminated surfaces, respectively.) Crystal structure of nanowires is 

found to be material-dependent. GaAs and InAs nanowires exhibit hexagonal wurtzite structure 

while GaP and InP nanowires are cubic zinc blende [38]. The origin of these defects is not 

known and hence large-scale control of the defect density or fabrication of defect-free structures 

has not yet been achieved.  

3) Wires that grow along other orientations (111-A, 110, and 100) are defect free 

[19,30,39,40,41,42]. However, the number density of these wires is very low and/or procedures 

that yield these orientations are not well understood. For example, InP nanowires grow along 111 

on pre-annealed Au-covered InP(001) substrates, while they grow along 100 on substrates that 

were not annealed [30,31]. Since the mechanisms underlying this behavior are not clear, further 

progress in optimizing the growth conditions for large-scale synthesis of high quality wires is 

lacking.  

4) In majority of the Au-catalyzed nanowire growth experiments, Au is deposited either in the 

form of a thin film or as nanoclusters onto a substrate and air-transferred to the growth system. 

The exact composition of the substrates (Si, III-Vs) prior to growth is not well characterized. 

Hence the effects of oxygen, hydrogen, and other species on the nucleation and growth of 

nanowires are not known.  

5) The free-standing III-V nanowires were grown by epitaxial techniques [17,18,35,39,42,40]. 

If the dimension of the nanowire is smaller than the mean free path of an electron, the electron 

may travel across the nanowire without scattering, resulting in ballistic transport of electrons [43]. 

Moreover, if the diameter of the nanowire can be reduced to a value comparable to the electron 

wavelength, quantum sub-bands should form [44].  A change in the band structure will affect the 

wavelength of the emitted light, suggesting that one may tune the wavelength by changing the 
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diameter of the wire. However, the effects of the size, shape, and crystal structure of these 

materials on their electrical and optical properties are not well characterized.   

 

1.6 The Scope and Objectives 

 The objectives of the dissertation are grouped into the two main categories: the growth of 

GaAs and InP nanostructures, and electro-optical characterization of as-grown nanostructures. In 

the first part, it concerns about the catalyst effects (Au and In) on group III-V nanostructure 

growth (GaAs, InP) using solid state molecular beam epitaxy technique and metal-organic vapor 

phase epitaxy. Afterwards, the main focus is put on the characterization of group III-V 

nanostructures by micro Raman spectroscopy in order to gain a deeper understanding of the 

growth parameter effects on electro-optical properties of the nanostructure growth during the 

vapor-liquid-solid process. 

 This thesis is organized in the following way. In the first chapter, theoretical and practical 

backgrounds for this work are reviewed with a special attention for the growth of nanowires. The 

second chapter is dedicated to the experimental setup for nanowire growth and characterization. 

The third chapter focuses on the growth of GaAs nanowire and its density control using SS-MBE 

via the VLS process. The fourth chapter focuses on electro-optical properties in MBE grown 

GaAs nanowires. In the fifth chapter, the identification of surface phonon modes in GaAs 

nanowires and the energy dispersion relation are studied. Throughout chapter 6-7, self catalyzed 

InP and InP/InAs core-shell nanostructures using MOVPE are discussed. The morphological 

characterization and optical phonon modes in self catalyzed InP nanostructures are given in the 

chapter 6. The similar observations are extended to InP/InAs core-shell nanostructures in chapter 

7.  
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Figures 

 

Figure 1.1 A schematic drawing of Vapor-Liquid-Solid process. 

 

 

 

 

Figure 1.2 A schematic drawing of self-catalyzed nanowire growth. 
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CHAPTER 2 

EXPERIMENTAL METHODS 

2.1 Overview 

 Au catalyzed GaAs and self-catalyzed InP(As) nanostructure are grown via VLS growth 

mechanism using Molecular Beam Epitaxy (MBE) and Metal-Organic Vapor Phase Epitaxy 

(MOVPE). Figure 2.1 shows a schematic of experimental apparatus for InP nanostructure 

growth. It consists of a Veeco Discovery TurboDisc 125 MOVPE reactor that is directly 

connected to an ultrahigh-vacuum (UHV) analytical cluster. The UHV analytical cluster includes 

a main chamber, an STM chamber, an RDS chamber, an interface chamber, and a rotary sample 

exchange system (R2P2). This arrangement enables in-situ investigation of the structures grown 

in the MOVPE reactor without exposure to air.   

 The main chamber contains a Princeton Instrumentation low energy electron 

diffractometer (LEED), a Leybold-Inficon Transpector 300 amu mass spectrometer (MS), a 

Physical Electronics X-ray photoelectron spectrometer (XPS), and a BioRad FTS-40A infrared 

spectrometer (IR). The three characterization chambers have a base pressure of ~ 210
-10 

Torr, 

and all of them are connected to the R2P2. The R2P2 and interface chambers are held at ~ 110
-9

 

Torr and have built-in areas for sample storage. The sample stages have a tungsten filament that 

is capable of heating the samples up to 550 C. 

 Custom-made molybdenum sample sleds are used to hold the GaAs, InP, and Si 

substrates while they are transferred in and out of the MOVPE reactor and the analytical cluster. 

After growth, the sample is taken out from the reactor and placed in the loadlock chamber held at 

110
-7

 Torr. The molybdenum sled is then transferred to the interface chamber by loading it onto 
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a wheel attached to a second pneumatic arm. From here, wobble sticks are used to move the 

sample to the rest of the analytical chambers. 

 In addition to surface characterization, the compound semiconductor materials were 

characterized ex-situ by photoluminescence spectroscopy (PL), scanning electron microscopy 

(SEM), and transmission electron microscopy (TEM). Raman Spectroscopy and 

Photoluminescence (PL) were measured on a Horiba LabRAM ARAMIS Spectrometer, courtesy 

of Dr. Vincent Gambin at Northrop Grumman Space Technology. Scanning electron microscopy 

(SEM) was performed on a Hitachi S4700 field emission SEM and a FEI NOVA 600 Dual Beam 

FIB/SEM at UCLA. Transmission electron microscopy (TEM) was carried out on FEI Titan 

S/TEM and a JOEL 1200EX, located at Electron Imaging Center for NanoMachines, California 

Nano-Systems Institute. 

 

2.2 Growth Methods of III-V Compound Nanostructure 

2.2.1 Solid State Molecular Beam Epitaxy 

The Veeco GEN II Molecular Beam Epitaxy (MBE) equipped with solid Ga and As 

sources is used exclusively for the deposition of III-V compound semiconductor. MBE is an ultra 

high vacuum technique for the epitaxial or lay-by-lay deposition of thin films. This growth 

technique enables us to make compound semiconductor materials with great precision (< 0.01 

nanometer) and purity (>99.99999%). These materials are layered one on top of the other to form 

semiconductor devices such as transistors and lasers, which are devices being used in such 

applications as fiber-optics, cellular phones, satellites, radar systems, solar cells, and display 

devices. MBE growth produces most complex structures of varying layers which are further 

processed to produce a range of electronic and optoelectronic devices, including high speed 
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transistors, light-emitting diodes, high-efficiency solar cells, and solid state lasers. Therefore, 

MBE is a powerful technique both for research into new materials and layer structures, and for 

producing high-performance semiconductor devices.  

The supplying of high-quality low-dimensional semiconductor materials is one of the key 

limiting factors of semiconductor materials and devices in Northrop Grumman Space 

Technology. The picture of the NGST GEN II MBE is drawn in Fig. 2.2.  The new NGST MBE 

facility has very special source arrangements with the combination of Arsenic, Antimony and 

Phosphorus crackers with Gallium, Aluminum, and Indium solid sources, which are unique in 

California and enable to produce to grow very complex III-V epitaxial structures. The sample 

size can be regular 2", 3", or 4"  up to 12" wafers. 

 

2.2.2 Metal-Organic Chemical Vapor Epitaxy 

The Veeco Discovery TurboDisc 125 MOVPE reactor is used exclusively for the 

deposition of III-V compound semiconductors. The ultra high purity hydrogen gas (99.999% 

purity) purchased from Airgas is purified further in the SAES system before it enters the 

MOVPE reactor. The purified hydrogen (99.9999999% purity) is bubbled through the 

metalorganic precursors and carries some vapor with it to the reactor. The carrier gas is then 

drawn to the heated substrate by the pumping action of the rotating wafer platter at 1000 RPM. 

After processing, the sample is taken out of the reactor for characterization.  

Pictures of the MOVPE system are shown in Fig. 2.3. The Turbo-Disc reactor and a 

loadlock chamber are located in the front as shown in Fig. 2.3a. The gas dilution networks are 

located in the back along with eleven chemical sources as shown in Fig. 2.3b. The eleven 

chemicals are trimethylindium (TMIn), trimethylgallium (TMGa), trimethylaluminum (TMAl), 
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tertiarybutylphosphine (TBP), tertiarybutylarsine (TBAs), trimethylantimony (TMSb), 

diethylzinc (DEZn), disilane (Si2H6), silane (SiH4), nitrogen trifluoride (NF3), and carbon 

tetrabromide (CBr4). The metalorganic sources are placed in the temperature bath for control of 

the partial pressures of the precursors. The reactor is equipped with a Real-Temp optical 

monitoring system for accurate measurements of wafer temperature and film growth rate. It is 

also equipped with thermocouples that measure the temperature of the heating filaments.   

The reactor is fully integrated with an Emcore Epiview
TM

 5926 software package for 

precision control of the growth process. Before growth, all conditions and process flow details 

are written as instructions in the software. The samples are prepared and placed on a 5” 

molybdenum platter. The sample size can be pieces as small as 11 cm
2
 to 14 cm

2
, or they can 

be 2”, 3”, or 4” wafers. The platter is loaded into the MOVPE reactor using a pneumatic linear 

transfer arm. Once ready to grow samples, the growth “recipe” is started by pressing “run.”  The 

reactor operates automatically and notifies the operator when the growth process is finished. 

 

2.3 Raman Characterization of Semiconducting Materials 

 Raman spectroscopy is an important probing technique in characterizing nanostructure 

semiconducting materials because of its non-invasive nature and high spatial resolution. Raman 

scattering by intrinsic phonon modes is known to be sensitive to internal and external 

perturbations. It gives useful information on the composition, phase, crystallinity, or crystal 

orientation of semiconductors. Inelastic Raman scattering also provides further insight into the 

physical properties of electron or hole in doped materials [1]. Moreover, Raman scattering by 

electronic or vibronic excitations enables us to measure quantitative assessment for impurity and 
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dopant incorporation [1]. Furthermore, Raman scattering provides quantitative measurements on 

lattice dynamics with electron-phonon coupling and spin dynamics with magnetic order [2].   

 

2.3.1 Raman Scattering Process  

 Raman scattering is an inelastic light scattering with momentum and energy transfer 

between photons and the scattering medium [2]. Figure 2.4 shows the Raman scattering process. 

The incident photon is described as its energy       and momentum         . The incoming 

photon will be reflected at the sample surface or penetrated into the sample.  It may experience in 

elastic or inelastic scattering processes with the elementary excitation of the medium and leave 

the medium as the scattered photon. If there is the energy difference between the incoming 

photon and the scattered photon, an energy transfer to the sample occurs in the scattering 

process. The Raman scattering depends on three single processes in which all events within the 

time are limited by the Heisenberg uncertainty principle [2]. Firstly, an incoming photon with 

wave vector    
     and frequency    is absorbed, and the absorbing material is excited from its 

initial state   into intermediate virtual state  . Secondly, an elementary excitation with wave 

vector    and frequency   is created that is known as Stokes process or annihilated that is known 

as Anti-Stokes process. Finally, the material undergoes a transition from the intermediate state   

to the final state  . The process is accompanied with the emission of the scattered photon with 

         . This one photon process follows the following conservation laws [2]: 

            

                 

There are two types of energy transfer mechanisms in the scattering process. If the final state is 

higher than the initial state, the energy transfer    from the photon to the system is positive 
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(Stokes process). If the final state is lower than the initial state, the system transferred energy to 

the photon is negative (Anti-Stokes process). The Stokes and Anti-Stokes processes were shown 

in Fig. 2.5. In most scattering processes, the energy transfer is much smaller than the energy of 

the incoming photons,       . The momentum transfer can be described as the following 

equation [2]: 

    
     

 
    

 

 
 

with   the refractive index of medium,    the velocity of light, and   the angle between the 

direction of the incident and the scattered photon. The maximum momentum transfer is given by 

                at       . For Raman experiments in solid medium,       is the order of 

10
-3

 Å. This value is 1000 times smaller than both the characteristics wave vectors for most 

atomic lattice vibrations (phonons) and the highest momentum of the conduction electrons in the 

crystal. Therefore, the Raman scattering can detect excitations within the limit      [2]. 

  

2.3.2 Lattice Dynamics in Semiconducting Nanowire 

 Due to zinc-blende (ZB) crystal structure, InP and GaAs have a crystal structure of cubic 

lattice with   
         symmetry [3]. The ZB structure is composed of two cubic close packed 

sublattices of anion and cation atoms in a way that atoms of one sublattice occupy tetrahedral 

interstitial sites of the second sublattice. Face-centered cubic with a two-atom basis is the Bravis 

lattice of ZB structure. The phonon dispersions of ZB GaAs and InP are shown in Fig. 2.6. Since 

two atoms are located in the unit cell, six phonon branches exist which are ultimately split into 

three acoustic and three optical branches. The optical phonon modes at the   point are comprised 

of one longitudinal optical (LO) and two degenerate transverse optical (TO) modes. The LO-TO 

phonon splitting results in a slightly higher energy of the LO mode due to the long range electric 
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fields associated with long-wave LO [3]. 

 In the nanostructure, GaAs and InP may also have a crystal structure of the hexagonal 

wurtzite (WZ) lattice with    
         symmetry in which all atoms occupy     sites. Since 

four atoms are located in the unit cell, nine optical modes exist in the WZ compound 

semiconductors. From Group theory, the following phonon modes are predictable [4]: an    

mode polarized in the z direction (the z direction corresponds to the hexagonal c-axis), an    

branch with the phonon polarized in the xy plane, two    branches called   
  (l for low) and   

  

(h for high), and two silent    modes. The first-order Raman active modes are the polar    and 

   modes as well as the unpolar    modes. Due to the polar nature of    and    modes, two 

modes are split into LO and TO components. Due to the anisotropic short-range order of the 

hexagonal WZ structure, the polar modes exhibit both an LO-TO splitting and an       modes 

splitting. However, the       splitting is known to be very weak and negligible in the case of 

WZ [5]. Since the extent of the Brillouin zone in the WZ phase along the [0001] direction is only 

half of that in the ZB phase in [111] direction, the folding of the ZB dispersion relation along  

 L with the result that the L-point in ZB is observable at the  point in WZ [6]. The identified 

peak positions of Raman spectra for GaAs and InP for this work are summarized in Table 2.I. 

The detailed investigation of lattice dynamics of GaAs, InP, InPAs nanostructures can be found 

in the Chapters 4, 6, and 7, respectively.  

 

2.3.3 Surface Phonon Modes 

 Comparing to Raman scattering of bulk materials, nanostructured materials exhibited 

their unique vibration modes that the positions of TO and LO modes are changed with scaling 

down of the dimensionality [7]. In addition to the shift and broadening, new Raman mode can be 
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observed because of significant shape effect [8]. The existence of new boundary conditions and 

crystal symmetry breaking at the nanoscale give rise to electric and polarization forces. The 

surface represents new mechanical boundaries, since the surface atoms are not tightly bounded 

and formed a different local electric field from the bulk. Thus, the propagation of an optical 

phonon mediated by dipole-dipole interaction shows the activation in Raman spectra of inactive 

modes at the Brillion zone center ( point) [8,9]. 

 Moreover, the surface optical phonons and breathing modes can occur at nanoscale [8]. 

The surface optical phonons are generated at the interface between different materials with 

different dielectric functions and propagate along the interface. The atoms involved in their 

propagation are those close to the surface, so that the amplitude of the oscillations decays 

exponentially with the distance from the surface. This mode is activated by a breaking of the 

translational symmetry of the surface potential, which in the case of the nanowire can be 

addressed to the presence of roughness, sawtooth faceting on the nanowire sidewall or to a 

diamter oscillation along the nanowire length.  

 Distinctive of SO modes allow a reliable assignment of the mode: the dependence of the 

position (1) on the dielectric constant of the medium surrounding the wires and (2) on the 

diameter of the wires [8]. Furthermore, the frequency of the SO modes at  = 0 is located 

between those of the TO and the LO. The detail study of SO mode dispersion at the interface 

between a semiconductor and a dielectric material can be found in the Chapter 5.  

 

2.4 X-ray Photoelectron Spectroscopy 

X-ray photoelectron spectroscopy (XPS), also known as electron spectroscopy for 

chemical analysis (ESCA), is widely used to analyze the composition of surfaces. In this 
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technique, x-rays strike the surface and remove electrons from the inner core-shells of atoms. By 

measuring the kinetic energy and number of photoelectrons emitted, the identity and chemical 

state of the elements within the sample can be determined.  

 The kinetic energy, Ek, of photoelectrons is related to their binding energy by: 

Ek = h - EB - s, 

where h is the energy of the photon (x-ray), EB is the electron binding energy, and s is the 

spectrometer work function, between 4.0 and 5.0 eV [10]. Since each core-level electron has a 

characteristic binding energy and a known probability of being ejected, the spectrum obtained by 

XPS gives specific information regarding the surface composition. 

In our Physical Electronics 3057 x-ray photoelectron spectrometer, there are three major 

components: the x-ray generator, electron analyzer, and data acquisition system.  X-rays are 

generated by applying 15 kV bias on the source anode while exposing it to a 300 W irradiating 

filament. Electrons emitted from the filament strike the anode, generating x-rays via 

fluorescence. The anodes installed in this instrument are aluminum and magnesium, which are 

cooled by circulating de-ionized water. The electron analyzer operates as an energy “window”, 

accepting only those electrons having energy within the selected voltage range, referred to as the 

pass energy. Electrons of a fixed kinetic energy are detected. The data acquisition system 

processes the number of photoelectrons emitted at each kinetic energy and generates the 

photoemission spectrum. This information is then used to identify the surface composition. 

 

2.5 Photoluminescence Spectroscopy 

 Photoluminescence spectroscopy (PL) is a non-destructive method of probing the 

electronic structure of materials. In this technique, intense laser light is directed onto the surface. 
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The absorption of the light excites the electrons in the material into excited states. When the 

electrons return to the ground state, luminescence of the excess energy occurs. By measuring the 

wavelength and intensity of the photoluminescence spectrum, one can determine the bandgap 

(for direct bandgap semiconductors), defect levels, layer thickness (for quantum wells), and 

impurity levels [11,12].    

 Photo-excitation causes electrons within the material to move into excited states.  When 

they return to their ground states, the excess energy is released via a radiative process or a non-

radiative process as shown in Fig. 2.7. A radiative process yields emission of light whereas a 

non-radiative process results in lattice vibrations or heat release. The energy of the emitted light 

relates to the difference in energy levels between the excited state and the ground state. The most 

common radiative transition in bulk semiconductors is between the bottom of the conduction 

band and top of the valence band as shown in Fig. 2.8a. In quantum wells, radiative transitions 

between subbands (due to quantum confinement) of the conduction and valence bands occur as 

shown in Fig. 2.8b.  In this case, the PL spectrum exhibits multiple peaks at higher energies than 

the main transition. The quantity of the emitted light from each level is related to the individual 

contributions to the radiative process.   

 In the PL system, there are three major components: the light source, the detector, and the 

data acquisition system. An argon laser with 488 nm emission line is used as the photo-excitation 

source. Silicon or indium gallium arsenide detectors are used to measure the photoluminescence 

intensity between 300 and 900 nm or between 900 and 1800 nm, respectively. The PL data are 

acquired and processed, and then plotted as a spectrum of intensity versus wavelength. 

 

2.6 Scanning Electron Microscopy 



 22 

 Scanning electron microscopy (SEM) is a widely used surface imaging technique.  In this 

work, SEMs are fully employed to study morphologies, crystal shapes and real-time electrostatic 

interaction of as-grown nanostructures. Unlike an optical microscope, SEM uses electrons that 

have five to six orders of magnitude shorter wavelength, thus providing high-resolution images 

of the sample surface [13]. In this technique, a beam of electrons strikes the surface of a sample 

and scatters within the sample at or near the surface. The electron scattering process results in 

emission of secondary electrons, characteristic X-rays, backscattered electrons, and 

cathodoluminescence as shown in Fig. 2.9. Detection of these signals provides information on 

surface morphology, chemical composition, and crystallographic structure of the sample.  

 Secondary electrons are of low energy and originate from the first few nanometers from 

the surface. Detection of these electrons produces high-resolution images of the surface, 

revealing structures 1 to 5 nm across. Characteristic x-rays are produced when the electron beam 

removes the inner shell electron, causing an outer shell electron to fill in and give up the 

difference in energy. These x-rays are then used to identify the chemical composition of the 

surface. This technique is also known as energy dispersive x-ray analysis (EDX). Backscattered 

electrons are high-energy electrons originated in the electron beam, which are reflected or 

backscattered by the sample. The image of BSE provides contrast in regions with different 

elemental composition, especially when the variation in atomic numbers is significant. 

Cathodoluminescence is the emission of light from electronically excited atoms that are returning 

to their ground state. The emitted wavelengths can be plotted in a spectrum and can be used to 

identify the elements. 
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 The quality of an SEM image depends on the electron beam, which is characterized by 

the brightness equation. This equation incorporates the current density and the angular spread of 

electrons: 

2222
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where probeJ  is the electron probe current density, probei  is the electron probe current, probed  is the 

electron probe diameter, and probe  is the electron probe convergence. Figure 2.10 is a schematic 

of the electron beam striking the sample, specifying the three major parameters: probe current 

probei , probe diameter probed , and probe convergence probe . These three parameters cannot be 

tuned independently since they are interrelated by the above equation. For example, smaller 

probe diameters provide better resolution, but give smaller probe current and a less intense signal 

from secondary effects. Nevertheless, these parameters can be optimized by carefully designing 

the instrument. In addition, the operator must pay careful attention to achieve optimal surface 

imaging. 

A Hitachi S4700 Field Emission SEM and FEI Nova 600 Dual Beam FIB/SEM are used 

for all of the SEM work described in this thesis. The instrument consists of the field emission 

electron gun, condenser lenses, objective lenses, EDX analyzer, detectors, sample chamber, and 

loadlock chamber as shown in Fig. 2.11. The electrons are generated from a cold field emission 

source with a tungsten tip. The electrons are extracted and accelerated by an applied voltage of 

>1kV. The stream of electrons is tuned by a magnetic electron-optic system, which consists of a 

condenser lens, objective lens, aperture, astigmatism correction coil, and scanning coil. The 

electron beam strikes the sample and generates secondary electrons, backscattered electrons, x-
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rays, and cathodoluminescence. These signals are detected and amplified by the instrument and 

displayed on the computer monitor. 

 

2.7 Transmission Electron Microscopy 

 Transmission electron microscopy is a powerful technique for characterization of 

nanostructures. Due to continued efforts in electron optics, the lateral resolution of electron 

microscopes has now dropped below 0.1 nm [14]. Additionally, the ability of forming strongly 

focused electron probes [15] offers electron microscopes with the capability to provide analytical 

techniques with high lateral resolution. The combination of high-resolution imaging and 

analytical analysis offers valuable structural and chemical information to nanostructure growers, 

allowing them to optimize the crystallinity, morphology, and chemistry of nanostructures.  

 In this study, TEM observations were carried out in scanning transmission electron 

microscope (STEM) FEI Titan (See Fig. 2.12) at California NanoSystems Institute, University of 

California Los Angeles. Titan equipped with a 300 keV field emission gun and Cs corrector 

allows us to obtain high resolution and analytical TEM/STEM with a 1.2 nm spherical aberration 

coefficient and 0.24 nm Scherzer resolution. This TEM allows the possibility to get routinely 

atomic resolution images and EDX spectra from nanostructures using both heating (1300˚C) and 

cooling (liquid N2) holders for controlled-temperature studies. It is also equipped with annular 

dark-field detectors for STEM imaging and post-column Gatan Imaging Filter (GIF) for energy-

filtered diffraction, imaging and EDX analysis. Low and high magnification images and digital 

videos with 15 frames per second time resolution are recorded using a Gatan Orius 600SC 

camera. 
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Figure 2.1 A schematic of the experimental apparatus (Adapted from [16], [17]). 
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Figure 2.2 Top: A schematic drawing of a generic MBE system, Bottom: Veeco GEN II MBE, 

installed at the Northrop Grumman Space Technology, Redondo Beach, CA.  
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Figure 2.3 Pictures of the Emcore D125 MOVPE system installed at UCLA.  Top: The front of 

the system showing the reactor chamber and loadlock chamber; Bottom: the back of the system 

showing the metalorganic sources (in constant temperature baths) and the gas flow manifold 

(Adapted from [18]). 
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Figure 2.4 The Raman Scattering Process and corresponding Feynman's diagram (Images 

reproduced from Ref. [2,3]). 

 

 

 

 

Figure 2.5 Raman effect in the energy level. In Stokes processes, the final state is above (left), in 

anti-Stokes process it is below the initial state (right) (Reproduced from [2]).  
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Figure 2.6 (a) Phonon Dispersion at the Brillouin zone center of ZB GaAs (Reproduced from 

[19]), (b) Schematic representation of phonon dispersion of WZ GaAs as a result of the one 

folding of the ZB dispersion relation along   L (Reproduced from [ 20 ]), (c) Phonon 

dispersion of ZB InP (Reproduced from [21]), (d) Schematic representation of phonon dispersion 

of WZ InP as a result of phonon folding from ZB along [111] to the WZ along [0001] phase 

(Adapted from [20]).  
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Figure 2.7 A schematic illustration of absorption and radiative and non-radiative emission from 

an electronically excited atom (Reproduced from [18]). 
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Figure 2.8 An illustration of photoluminescence (a) in a bulk semiconductor and (b) in a 

quantum well (Reproduced from [18]).  A single PL peak is expected for the bulk material, 

whereas satellite peaks are expected for the quantum well. 
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Figure 2.9 Schematic of electron scattering process, showing emission of secondary electrons, 

backscattered electrons, characteristic x-rays, and cathodoluminescence [13]. 

 

 

 

 

 
Figure 2.10 A schematic diagram showing the point where the electron beam strikes the sample. 

The three major electron beam parameters are probe diameter, dprobe, probe current, iprobe, and 

probe convergence, probe [13]. 
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Figure 2.11 Pictures of a Hitachi S4700 Scanning Electron Microscope (left) and FEI Nova 600 

SEM/FIB (right).  

 

 

 

 

Figure 2.12 Transmission Electron Microscope - FEI Titan S/TEM (left) and JEOL 1200EX 

(right). 

http://www.eicn.ucla.edu/titanSTEM
http://www.eicn.ucla.edu/JEM1200-EX
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STRUCTURE MODE 
POSITION (cm

-1
) 

GaAs InP 

ZB 
TO 267 305.0 

LO 291 345 

WZ 

A1(TO) 267 305.0 

A1(LO) 291 336 

E1(TO) 267 305.0 

E1(LO) 291 341 

  
  259 254 

  
  N/A N/A 

Table 2.I Raman active phonon modes for GaAs and InP Nanowires in this work 
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CHAPTER 3 

EFFECT OF ELECTRON BEAM LITHOGRAPHY PATTERNING 

PARAMETERS ON THE Au-CATALYZED GROWTH OF GaAs 

NANOWIRE ON GaAs(111)B SUBSTRATE 

 

3. 1 Introduction 

Semiconducting group III-V nanowires, such as GaAs, InAs, and InP, owing to their high 

carrier mobilities and low band gaps, form an important class of materials with potential 

applications in nanoelectronics and optoelectronics, as chemical and biological sensors, and in 

energy harvesting devices [1,2,3]. To-date, nanowires have been grown using a variety of growth 

techniques such as self-catalyzed [4], oxide-templated [5] dislocation-assisted growth [6] among 

which the vapor-liquid-solid (VLS) [7] process is probably the most widely adapted method. 

And, considerable progress has been made over the past decade in developing methods to control 

the nanowire morphology, structure, and composition [8 ,9]. Wafer-scale growth of highly-

ordered arrays of nanowires with nearly identical morphology, structure, composition has been 

demonstrated using lithographically-patterned substrates as templates [10 ,11,12 ]. However, 

relatively little is known concerning the role of catalyst patterning parameters on the growth of 

nanowires. The properties of these nanowires were found to critically depend on the thickness 

and the linear dimension of the catalyst pattern elements.   

In this chapter, we present results from a detailed investigation of the influence of 

electron-beam dose during electron-beam lithography (EBL), pattern size, and spacing on the 

fractional surface density of nanowires. Au dots of two different sizes and three different inter-



38 

 

 

dot spacings are patterned via EBL on a 4" GaAs(111)B wafer. Several arrays of such patterns 

are prepared by applying a range of electron beam doses. In a single growth experiment, solid-

source Ga and As precursors are used to grow GaAs nanowires on these patterned wafers. We 

measured the fractional surface densities of the resulting nanowires as a function of electron 

beam dose, Au dot size, and inter-dot spacing.  

 

3.2 Experimental Details 

All of our experiments are carried out on a 4" GaAs(111)B wafer. First, 200-nm-thick 

film of poly-methylmethacrylate (PMMA) is spin-coated on the wafer. Using EBL at 50 keV, we 

prepared 31 rows (labeled A to AE) of 11 identical patterns, as shown in Fig. 3.1. Each pattern 

consists of 6 rectangular regions that are made up of 250 × 150 ordered arrays of dots of nominal 

size D (= 100 nm and 150 nm) separated by inter-dot spacing S (= 100 nm, 150 nm, and 250 nm). 

Each of the rows is patterned using a different electron beam dose Q with increasing doses from 

Q = 145 μC/cm
2
 for the A

th
 row to 595 μC/cm

2
 for the AE

th
 row. The patterned wafer is 

developed at room temperature by dipping for 30 s in a liquid solvent composed of a mixture of 

isopropyl alcohol (IPA) and methyl isobutyl ketone (MIBK) with the ratio of 3:1. Au films, 1-

nm-thick, are then sputter-deposited on the patterned wafer and the wafer air-transferred to an 

ultra-high vacuum (UHV, base pressure < 5.5 × 10
-10

 Torr) molecular beam epitaxy (MBE) 

system equipped with solid Ga and As sources for GaAs deposition. In the growth chamber, the 

wafer is cleaned of any surface oxides by heating at 480 
o
C for 600 s in the presence of As vapor 

maintained at a pressure of 1.05 ×10
-5

 Torr. The sample is subsequently annealed at 485 
o
C for 

120 sec in UHV to generate Au-Ga alloy droplets. Finally, nanowires are grown at 490 
o
C for 

2400 s using a Ga beam pressure of 3.04 × 10
-7

 Torr and a thermally cracked As2 pressure of 
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1.05 × 10
-5

 Torr. The as-grown samples are characterized using FEI Nova 600 field-emission 

scanning electron microscopy (SEM) and FEI Titan 300 keV high resolution transmission 

electron microscopy (TEM). For TEM, individual nanowires are mechanically exfoliated from 

the wafer and drop cast onto a 3 mm Cu grid. SEM images are processed using Image J software 

[13] to measure the image intensities of the patterns. From the SEM images of the dot patterns, 

we measured the dot sizes D to be 106 ± 5 nm and 144 ± 5 nm and the inter-dot spacings S to be 

104 ± 5 nm, 156 ± 4 nm, and 258 ± 4 nm. Please note that in the following sections, we use the 

nominal D (= 100 and 150 nm) and S (= 100, 150, and 250 nm) values for convenience. The 

fractional surface density of nanowires in a given pattern is determined [14].  

 

3.3 Results and Discussion 

Figure 3.1 shows representative secondary electron SEM images acquired from a Au 

covered GaAs(111)B sample with circular dot patterns created using EBL with Q = a) 220 

μC/cm
2
, b) 295 μC/cm

2
, c) 460 μC/cm

2
, and d) 535 μC/cm

2
. In the patterns created using low 

electron beam doses, for example Q = 220 μC/cm
2
, the dots are barely visible. With increasing Q, 

we obtain well-defined dots with sharp boundaries. The plot in Fig 3.2 shows spatial variations 

in normalized intensities of the SEM images in Figs. 3.2a–d. Here we define normalized 

intensity as the ratio of intensity at a given pixel with respect to average intensity of the image 

[15, 16]. We find that the intensities of the dots increase with increasing Q. This trend follows 

clearing dose [ 17]. As a result, the residual thickness of the polymer film decreases with 

increasing dose [18,19,20].  

Fig. 3.3a is a typical SEM image of an individual GaAs nanowire grown in the Y
th

 row 

pattern (D = 150 nm, S = 150 nm, Q = 505 μC/cm
2
). The nanowire is 2.5 μm long and is strongly 
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tapered with a base diameter of ~ 192 nm and a tip diameter of ~ 28 nm. The top-view SEM 

image of the wire in Fig. 3.3b shows that the wire is facetted with a hexagonal cross-section. 

From SEM images of over 50 nanowires acquired from the same pattern, we determine the 

average length and base diameters of nanowires as 3.0 ± 0.5 μm and 170 ± 60 nm, respectively. 

However, nanowires are observable up to 10 μm in length. Overall nanowire morphology shows 

random orientation respect to substrate and broad size distribution of base diameter of nanowire, 

indicating none Au catalyzed nanowire growth that surface migration of Ga adatom with a mean 

length of 3 μm may induce nanowire growth [21]. Random orientation of GaAs nanowires 

results in the large variations in Au-Ga catalyst [22], catalyst migration of Au [23,24] or Ga 

[25,26], and relatively lower growth temperature [27].  We note that the base diameters of the 

wires are larger than the Au dot size D, which is likely due to the non-catalyzed deposition along 

the sidewalls during the catalyst-assisted growth process [28]. These results are also typical of all 

the nanowires grown in other patterns, irrespective of D, S, and Q.  

In order to determine the crystallinity of the GaAs nanowires, we obtained TEM images 

and diffraction patterns of individual nanowires exfoliated from the wafer. Figure 3.3c is a 

bright-field TEM image of one such wire. The relatively uniform contrast along the wire is 

suggestive of spatially homogeneous structure and composition in the wire. The darker contrast 

at the wire tip is likely due to the presence of a Au catalyst, expected for the vapor-solid-solid 

and VLS growth of nanowires. The fact that the wire is highly tapered along with a smaller 

catalyst at the top is indicative of Au diffusion away from the tip during growth [24]. The inset in 

Fig. 3.3c is a selected area electron diffraction (SAED) pattern, viewed along the [112] axis, 

from the region highlighted in the TEM image. From the SAED data, we determined the crystal 

structure of nanowire as zinc blende (cubic) and the wire growth direction as 111. Figures 3.3d 
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and 3.3e show high-resolution TEM images of the tip-wire interface and a portion of the wire, 

respectively. The smooth curved shape of the tip, clearly visible in Fig. 3.3d, is commonly 

observed during the VLS growth of nanowires and suggests the presence of a liquid catalyst 

during growth [29,30]. From the lattice-resolved images in Figs. 3.3d and 3.3e, we measured 

interplanar spacings of 0.23 nm and 0.33 nm for the tip and wire, respectively corresponding to 

111 planes in Au and GaAs [31]. We obtained similar results for randomly selected 30 wires 

extracted by mechanical exfoliation from other patterned regions of the wires. That is, nanowire 

morphologies and crystal structures are independent of the electron beam patterning parameters  

D, S, and Q. 

In the following sections, we focus on understanding the effect of D, S, and Q on the 

fractional surface density of nanowires. Figures 4.4a-d are top-view SEM images of the 

patterned areas created using different Q. Figure 4.4a is a low-magnification SEM image of the 

region containing two patterns Q = 340 μC/cm
2
 and 355 μC/cm

2
. The brighter contrast in the red 

rectangle is due to the presence of nanowires (see higher magnification image in Fig. 4b. The 

absence of any such contrast within the image is attributed to the lack of nanowires in that region. 

From a series of SEM images acquired from all the patterns, we find that regions patterned using 

Q < 355 μC/cm
2
 did not yield any nanowires. In Fig. 4b, we find nanowires in three out of the 

six patterns, which contain Au dots with D = 150 nm separated by distances S = 100 nm, 150 nm, 

and 250 nm from left to right in the image. The other three patterns invisible in the image due to 

the lack of any nanowires contain smaller dots of size D = 100 nm. We observed similar 

behavior in all the patterns prepared using doses Q < 400 μC/cm
2
. At higher doses, for example 

Q = 400 μC/cm
2
, nanowires are observed to grow in five out of the six patterns (see Fig. 3.4c). 

And, at Q > 400 μC/cm
2
, nanowires are found in all the six patterns as shown in Fig. 3.4d.  
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The effects of electron beam dose Q and inter-dot spacing S on the fractional surface 

density of nanowires grown using Au dots of size D = 100 nm are pictorially illustrated in Fig. 

3.5. For a given D and S, the density of nanowires in the patterns increase with increasing Q. The 

density is also found to increase with decreasing S. In our experiment, this behavior is 

consistently observed from all the patterns fabricated using a range of Q values. From the images 

of the patterns, we measured the fractional surface density of nanowires as a function of Q, D, 

and S. Figure 3.6a is a plot of the fractional surface density as a function of Q for all the six 

different combinations of D and S. For Q ≤ 350 μC/cm
2
, nanowires are not observed in any of 

the patterns, irrespective of D and S. For Q ≥ 475 μC/cm
2
, nanowire yield is maximum (the 

nanowire density is ~ 80%) in all of the patterns and is independent of Q. In the patterns 

prepared using intermediate Q values between 350 μC/cm
2
 and 475 μC/cm

2
, the nanowire 

coverage increases linearly with Q. The observed effect of Q can be understood as follows: at 

low electron beam doses, the pattern is underexposed and does not be completely developed. 

Consequently, Au is not deposited in the patterns and nanowires do not grow. At the 

intermediate electron beam dose but below the critical dose, only a fraction of the polymer 

chains in the PMMA film breaks up and the extent of damage increases linearly with Q [17,18] 

Therefore, some amount of Au is deposited in the patterns. While nanowires can grow out of 

these patterns, their base diameters are likely to be narrower and their lengths shorter owing to 

smaller sized catalysts at the tips which diffuse away during growth. A net effect is the reduced 

nanowire density in the patterns created using lower Q. At electron beam doses above the critical 

dose (for example, Q ≥ 490 μC/cm
2
), the pattern film is completely developed. Hence, the 

amount of Au deposited and the nanowire yield are maximized in these patterns. This 

observation is consistent to GaP nanowire [8].  
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Interestingly, nanowire yield is also found to vary with the parameters D and S. This 

effect is more pronounced in the patterns obtained using intermediate Q values, i.e. between 350 

μC/cm
2
 and 475 μC/cm

2
. From Fig. 3.6a data, we find that the minimum dose Q to yield 

nanowires is ~ 350 μC/cm
2
 in the patterns with dots D = 150 nm. In contrast, higher doses (Q > 

380 μC/cm
2
) are required to yield nanowires in the patterns with smaller dots D = 100 nm. 

Figure 3.6b shows the effect of inter-dot spacing S on nanowire yield. We find that nanowire 

yield is higher in the patterns with smaller inter-dot spacing. That is, for a given Q, larger D and 

smaller S promote nanowire growth. In order to explain these results, we assume that a minimum 

concentration of Au, which varies with growth temperature and flux, is necessary for the 

nucleation and growth of nanowires. During EBL, electron beam broadening and multiple 

scattering events can lead to the proximity effect [18,32]. Such effects are likely to be more 

pronounced in the patterns with smaller S because the fractional surface density of dots is higher. 

Similarly, the extent of damage to the polymer film around the intended dot scales with dot size 

and hence is higher around dots with larger D. Hence, those patterns with larger D and smaller S 

receive more amounts of Au per unit area, which result in higher density of nanowires.  

 

3.4 Conclusion 

 In conclusion, we investigated the correlation between predeposited catalyst layers and 

nanowire density, varying electron beam dose, patterned dot size, and inter-dot spacing on the 

electron-beam lithographically patterned substrate. Au catalyzed GaAs nanowires were 

successfully synthesized on 4 inch GaAs(111)B wafer via the VLS growth process using solid 

Ga and As sources. Using scanning and transmission electron microscopy, we determined the as-

grown nanowire morphologies and crystal structures. We find that the GaAs wires are highly 
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tapered with facetted cross-sections, exhibit zinc blende structure, and grow along 111. The 

presence of Au at the wire tips is suggestive of the operation of VLS process. From the 

measurements of the fraction surface coverage of nanowire in the patterns, we find that higher 

electron beam doses, larger dot sizes, and shorter inter-dot spacings promote nanowire growth. 

Our results help identify the key electron beam lithography parameters that are desirable for 

large-scale, high-density, growth of nanowires. We expect that our experimental approach is 

general and applicable to other materials systems.  
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Figures 

 

Figure 3.1 Schematic overview of patterns on GaAs(111)B wafer. Each of the 31 patterns labeled 

alphabetically from A to AE consists of 6 rectangular regions made up of 250 × 150 ordered 

arrays of a given dot-size D (= 100 and 150 nm) and inter-dot spacing S (= 100, 150, and 250 

nm).  
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Figure 3.2 Effect of electron beam dose Q on the patterned dot profiles. Top-view field-emission 

SEM images acquired from a GaAs(111)B wafer patterned using EBL with dots of size D = 100 
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nm and inter-dot spacing S = 150 nm as a function of Q = a) 220 μC/cm
2
, b) 295 μC/cm

2
, c) 460 

μC/cm
2
, and d) 535 μC/cm

2
. Scale bar in all the images is 500 nm. The plot shows spatial 

variations in the SEM image intensities of the patterns in a)-d) normalized with respect to the 

back ground intensity. Each of the curves is an average of over 128 line profiles acquired from 

the patterned regions.  
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Figure 3.3 (a) 30
o
-tilted SEM image of a GaAs nanowire grown in the area containing Au dots of 

size D = 150 nm, and spacing S = 150 nm patterned using Q = 505 μC/cm
2
. (b) Top view SEM 

image of the same nanowire. (c) Bright-field TEM image of a GaAs nanowire grown in the area 

prepared using Q = 525 μC/cm
2
, D = 150 nm, and S = 150 nm. Inset is a selected area electron 

diffraction pattern acquired along the [112] zone axis from the region highlighted in the image. 

The diffraction data indicates that the wire is zinc blende in structure and the growth direction is 

111. (d,e) Higher resolution TEM images of the catalyst tip-wire interface and GaAs nanowire, 

respectively. 
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Figure 3.4 Top-view SEM image obtained from the patterned GaAs(111)B wafer after the 

growth of GaAs nanowires. a) Low-magnification SEM image of the region containing the 

pattern prepared using Q = 355 μC/cm
2
, highlighted by red square. The scale bar is 0.5 mm. (b) 

Higher magnification SEM image of the red rectangular region in (a). (c,d) SEM images of the 

areas patterned using Q = (c) 400 μC/cm
2
 and (d) 520 μC/cm

2
. In the images (b)-(d), scale bar is 

50 μm. All the dots in a given row have the same size D = 150 nm (top row) and 100 nm (bottom 

row), while S is 100 nm, 150, and 250 nm in the left, center, and the right patterns, respectively.  
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Figure 3.5 SEM images of a GaAs(111)B wafer with GaAs nanowires grown in the areas 

patterned with Au dots of size D = 100 nm. The vertical and horizontal axes show patterns 

obtained using different Q and S values, respectively. Scale bars in the images are 4 μm. 
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Figure 3.6 The fractional surface density of nanowires plotted as a function of (a) Q and (b) D 

and S. Solid lines are a guide for the eye.  
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CHAPTER 4 

RAMAN SPECTROSCOPIC STUDIES ON SEMICONDUCTOR GaAs NANOWIRE 

BUNDLES 

 

4. 1 Introduction 

Gallium Arsenide (GaAs) has been widely studied owing to a direct band gap 

semiconductor with high carrier mobility [1] and potential application of electro-optic devices 

[2]. The vapor-liquid-solid (VLS) growth method is the most commonly used technique in which 

a metal acts as a catalyst for preferential nucleation and growth of nanowires [3].  Since the 

optical and electrical performances of GaAs nanowire based devices are strongly affected by 

their crystal structures, sizes, and shapes [4], extensive detailed studies have been made to realize 

controlled VLS grown GaAs nanowires [5,6]. For instance, nanowire morphology dependent on 

Raman scattering effect such as phonon confinement [7], surface optical phonon mode [8], and 

aspect ratio of length over diameter [9] has been actively studied for single crystalline GaAs 

nanowires. However, most studies have been focused on optical characterization of individual 

nanowire, and very little is known concerning micro Raman spectroscopic studies of GaAs 

nanowire bundles. In this paper, the dependence of Raman scattering modes on the growth 

conditions and morphology of GaAs nanowire bundles has been studied.    

 

4.2 Experimental Details 

GaAs nanowires were synthesized via the VLS growth mechanism based on a solid-

source molecular beam epitaxy technique. Detailed growth conditions were described in chapter 

3 and elsewhere [10]. The nanowire morphologies were investigated by a scanning electron 



56 

 

microcopy (SEM, FEI Nova 600 FIB/SEM). Raman spectra were performed in a conventional 

backscattering geometry with Renishaw 1000 micro-Raman spectrometer using an argon laser 

(514 nm) as an excitation source. The laser output power was 5 mW with a spot size of 1 μm and 

a spatial resolution of 0.5 cm
-1

. All spectra were collected in ambient conditions at room 

temperature, and are calibrated to the reference Si peak arising from a reference substrate (520.1 

cm
-1

).  

 

4.3 Results and Discussion 

Figure 4.1 shows SEM images of Au pattered GaAs(111)B substrate. There were thirty-

one rows of nano-scale dots patterned by e-beam lithography at 50 keV. Each pattern was made 

up of 250 × 150 ordered arrays of dots which have identical nominal sizes of 100nm and 150nm 

with inter-dot spacings of 100 nm and 150 nm, respectively. As increasing the e-beam dose from 

145 μC/cm
2
 to 595 μC/cm

2
, with which the rows are patterned, the Au disk boundaries of the 

nano-patterns gradually become clear in which more amount of Au is deposited into the 

GaAs(111)B substrate as a catalyst layer. In our experiment, it is noted that GaAs nanowires are 

randomly oriented rather than vertically aligned due to large variations in Au-Ga catalyst [11], 

catalyst migration of Au [12,13] or Ga [14,15], and relatively lower growth temperature [16]. 

Figure 4.2a shows the surface coverage changes of Au catalyzed GaAs nanowires, 

evaluated from 100 nm and 150 nm patterning conditions, respectively. Due to random growth 

orientation of GaAs nanowires, the fractional coverage of nanowires rather than the number 

density of nanowires were utilized [17]. As the e-beam dose increases, the surface coverage of 

GaAs nanowires for both given patterns rapidly increases, and it is saturated at a rate of ~ 80%. It 

is noted that such nanowires do not likely to grown with an e-beam dose of 355 μC/cm
2
. 



57 

 

Furthermore, it is also clear that nanowires with smaller size (100 nm) require higher threshold 

dose, and nanowires with larger patterning size (150 nm) shows more stiff increase than smaller 

one (100 nm), implying that there is an optimum condition of  the e-beam dose to enable the 

reliable growth of GaAs nanowires.  

Figure 4.2b shows the average base diameter changes of as-grown nanowires that were 

measured from multiple SEM investigations. In this figure, the obtained data was fitted to a log-

normal distribution [18], and then their average diameters were calculated from the fitted slope. 

In this experiment, it is believe that upon annealing samples at 480 
o
C for 10 min, deposited gold 

patterns form into a condition of Au-Ga eutectic droplets with a broad size distribution in which 

either Ga or Au adatom can migrate with a mean diffusion length of 3 µm [19]. It can be found 

that multiple nanowires grown from a single window results in an irregular shape [20]. It was 

also found that their shapes were highly tapered along with most of their length, and they have 

larger base diameters than the original pattern sizes i.e., 100 nm or 150 nm, indicating that the 

lateral growth should induce the increase of base diameter [19]. On the other hand, with 

increasing the e-beam dose, the nanowire base diameter decreases for both cases. As a result, the 

cross-over takes place at the e-beam dose of 480 μC/cm
2
.  

Figure 4.3 depicts the average aspect ratio for GaAs nanowires α, which is the nanowire 

length over base diameter, as a function of e-beam doses ranging from 250 μC/cm
2
 to 600 

μC/cm
2
. More than N = 50 nanowires were investigated, and then α was estimated from each 

pattern condition using a formula,  



N

i

ii DL
N

1

/1 , where L, D, and N are the length, base 

diameter, and sampling numbers of nanowires, respectively. In the case of 150 nm pattern, the 

aspect ratio appeared to be independent when e-beam dose is above 300 μC/cm
2
 and its values of 

the nanowires evaluated to be 22 ~ 26. However, the aspect ratio of the pattern condition of 100 
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nm was strongly dependent upon the e-beam dose. Interestingly, with the e-beam doses between 

350 and 525 μC/cm
2
, the average aspect ratio was linearly increased up to the value of about 25. 

This observation can be explained by critical catalyst size effect [21,22], and our results are 

consistent with the others [23].  

We measured Raman spectra nanowires bundles to investigate the inelastic scattering of 

monochromatic radiation as shown in Fig. 4.4. The unpolarized Raman spectra from GaAs 

nanowire bundles for various e-beam exposures and pattern conditions were recorded. It is noted 

that the two measured Raman spectra from 175 μC/cm
2
 in Fig. 4.4a and 250 μC/cm

2
 in Fig. 4.4b, 

exhibit two clear peaks in which the peak position at 268.7 cm
-1

 is responsible for the transverse 

optical (TO) phonon and the one positioned at 292 cm
-1

 is due to scattering from the longitudinal 

optical (LO) phonon. It was identified that the peak positions obtained in this experiment are 

exactly matched to those of  the TO and LO measured from a bulk GaAs(111)B substrate, 

implying that lower e-beam dose below 170 μC/cm
2
 and 250 μC/cm

2
 could not provide a 

condition  for the growth of GaAs nanowires.  

In the presence of GaAs nanowires, it is clear that both LO and TO bands are broadened 

and shifted considerably toward  lower wave numbers relative to those of bulk crystalline GaAs. 

For e-beam doses of 355, 400, and 520 μC/cm
2
, the TO and LO positions, measured with the 

presence of the nanowires, appear at near 265 cm
-1

 and 286 cm
-1

, respectively as shown in Fig. 

4.4. It was identified that the phonon peaks exhibit a considerable asymmetry as compared with 

the bulk phonons from the area at which nanowires does not exist, i.e. the bulk substrate. We 

believe that this red-shift in Raman scattering observation is mainly attributed to the size and 

shape effect of nanowire bundles [24]. Previously, Shi et al.[25] reported that a down-shift of 

GaAs nanowire is involved in structural defects or residual stress. Mahan et al. also observed 
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slightly down-shifted and high asymmetric Raman spectra from GaAs nanowire due to the very 

high aspect ratio of the nanowires which influences the long-range dipolar interaction [9]. 

Random alignment of GaAs nanowires could also be one of possible reasons that cause the 

broadening and asymmetric effects of Raman spectra [26]. Random orientation of nanowires in 

which the incident photons interact with various facets of nanowires can alter Raman spectra 

from those of bulk GaAs. 

On the other hand, in the Raman spectra measurement, one additional peak appeared 

below the main peak centered at 258 cm
-1

. It was identified that the appearance of this spectra 

could be due to the presence of arsenic anti-site defects [27], or the existence of twins in the 

structure of nanowires [8]. Arsenic anti-site peaks cause a reduction in the electric field 

associated with the LO phonon and is observable from low-temperature grown GaAs samples 

[28]. In addition, for nanowires with higher exposed e-beam doses, the Raman curve appeared as 

a small shoulder on the lower frequency side of the TO Peak. However, for nanowires with small 

e-beam doses, showing a smaller aspect ratio as shown in Fig. 4.3, the anti-site peak can be 

clearly distinguished and its intensity also increases. These Raman behaviors in the nanowires 

further prove that the Raman peak located at the shoulder of the TO are indeed attributed to 

scattering from either high twin density region in the nanowire or defect site. 

    Figure 4.5 shows the intensity variations of TO and LO phonon peaks as a function of 

electron beam dose for pattern condition of 100 nm and 150 nm, respectively. It is noted that the 

recorded spectra were deconvoluted using the combination of Gaussian and Lorentzian functions 

to deduce the Raman wave numbers, line-widths and intensities. As increasing the e-beam dose, 

two distinct behaviors of the TO and LO modes was identified that also depends on the choice of 

pattern conditions. In case of the pattern condition of 150 nm wide, it was noticed that the 
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measured absolute intensity variations in both the TO and LO phonon modes are found to be 

independent from the e-beam dose condition. In this case, the surface coverage and aspect ratio 

of nanowires are closely matched to the saturated values as shown in Fig. 4.2a. On the other hand, 

in the case of smaller pattern of 100 nm wide, it was also noticed that monotonic increase 

behavior of both the TO and LO phonon modes with increasing the e-beam dose are observed, in 

agreement with the surface coverage and aspect ratio changes of nanowires. In Fig. 4.5b, there is 

a cross-over point between 100 nm and 150 nm patterns that occurs with the e-beam dose of 475 

μC/cm
2
. This behavior is similar to the cross-over point of the base diameter change in Fig. 4.2b. 

As a result, we believe that this trend indicates the shape effect to be the dominant factor of those 

Raman bands [9,29]. 

 

4.4 Conclusion 

In conclusion, we have experimentally shown that Raman spectra were dependent on 

initial pattern sizes (100 nm and 150 nm) and thickness of Au layers by varying e-beam dose. 

Our study reveals that ensembles of micron-size and single crystalline GaAs nanowires exhibit a 

downshifted and asymmetric broadening of the Raman first order TO and LO phonon peaks 

relative to bulk modes. Additionally, arsenic anti-site peaks were only found from GaAs 

nanowires, implying that causes a reduction in the electric field associated with the LO phonon. 

The initial catalyst thickness and pattering size are strongly related to overall nanowire 

morphology variations, i.e. base diameter, shapes, and densities, resulting in strong dependence 

of Raman spectra. The present understanding of the Raman spectroscopy on the nanowire 

bundles would benefit the design and development of GaAs nanoscale optoelectronic devices.   
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Figures 
 

 

Figure 4.1 SEM images of the Au patterned GaAs (111)B substrates with e-beam dose (a) 220 

C/cm
2
, (b) 295 C/cm

2
, and (c) 535 C/cm

2
.  
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Figure 4.2 (a) Surface coverage and (b) average base diameter changes of GaAs nanowire 

bundles as a function of electron beam dose.  
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Figure 4.3 The aspect ratio of GaAs nanowires for different e-beam doses. 



64 

 

 

 

Figure 4.4 Raman spectra of GaAs nanowire bundles as a function of electron beam dose for the 

pattering size of (a) 100 nm and (b) 150 nm.  
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Figure 4.5 Intensity changes of (a) transverse optical and (b) longitudinal optical phonon modes 

as a function of electron-beam dose for 100 nm & 150 nm patterns.  
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CHAPTER 5 

DENSITY AND DIAMTETER DEPENDENT SURFACE OPTICAL 

PHONON MODE CHANGES IN GaAs NANOWIRE ARRAYS 

 

5.1 Introduction  

One-dimensional structures represent interesting physical phenomena with unique 

geometry arising from quantum confinement and the large surface-to-volume ratio [ 1 , 2 ]. 

Comparative studies of Raman scattering experiments between bulk and nanostructure materials 

have been extensively examined [3,4]. The enhancement of Raman scattering intensity from 

nanostructure materials is reported to the count part of bulk materials [5]. The highly anisotropic 

shape of nanowire has shown the angular dependencies of the phonon modes [6]. The breaking 

crystal symmetry of nanowires leads to unexpected results from selection rule; it is known as 

surface phonon mode [7]. Surface phonon mode can be activated by the presence of roughness, 

saw tooth faceting on the nanowire sidewall, or a diameter oscillation along the nanowire [8]. 

The surface optic (SO) phonon modes are blue shifted with the increase of dielectric constant of 

the surrounding medium [9], and the decrease with the nanowire diameter [10]. The frequency of 

the SO modes at Г point appears at those of between E1(LO) and E1(TO) and the long-range 

dipolar interaction gives rise to an additional SO splitting of the TO and LO mode in a large 

aspect ratio [11]. Raman spectroscopy is a useful tool to provide qualitative information from 

nanostructure semiconductor by probing SO modes due to comparably weak interaction of 

photons with medium [12].  

In this chapter, we present a systematic study of SO modes of GaAs nanowires as 

function of NW density and diameters by means of micro Raman spectroscopy. The strong 
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downshift and splitting of SO modes from first order phonon peaks are observed. The dielectric 

continuum model is employed to interpret observed SO phenomena. From the comparison 

between isolated nanowire with various diameters and dielectric function approximation with 

various nanowire densities, it is found that dielectric function approximation can provide a better 

insight to understand the downshift and splitting of SO modes in GaAs nanowires. The optical 

anisotropy and strong polarity of GaAs nanowires favor the dipolar coupling of neighboring 

nanowires and result in the spitting of the SO modes. 

 

5.2 Experimental Details 

GaAs nanowires were synthesized via the VLS growth mechanism based on a solid-

source molecular beam epitaxy technique. Detailed growth conditions were described elsewhere 

[13]. Catalyst patterning conditions with e-beam dose variations are included in Fig. S1. The 

base diameter and density of nanowires were investigated by a scanning electron microcopy 

(SEM, FEI Nova 600 FIB/SEM). Raman spectra were performed in a conventional 

backscattering geometry with Renishaw 1000 micro-Raman spectrometer using an argon laser 

(514 nm) as an excitation source. The laser output power was 5 mW with a spot size of 1 μm and 

a spatial resolution of 0.5 cm
-1

. All spectra were collected in ambient conditions at room 

temperature, and are calibrated to the reference Si peak arising from a reference substrate (520.1 

cm
-1

).  

 

5.3 Results and Discussion 

Figure 5.1 shows SEM images of Au catalyzed GaAs nanowires grown on GaAs(111)B 

substrate. There were thirty-one rows of nano-scale dots patterned by e-beam lithography at 50 
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keV. Each pattern was made up of 250 ×150 ordered arrays of dots which have identical nominal 

sizes of 100nm with inter-dot spacings of 150 nm. As increasing the e-beam dose Q from 145 

μC/cm
2
 to 595 μC/cm

2
, nanowire size and density increases. Detailed statistical studies of base 

diameter and fill factor of nanowires for different Qs will be compared to the frequency of SO 

phonon modes. The fill factor, as known as coverage, determines the relative concentration of 

nanowires over the substrate [14].  

Figure 5.2 shows the density change of GaAs nanowires. The nanowire density increase 

linearly from 380 µC/cm
2
 to 475 µC/ cm

2
 and then is saturated at a rate of ~ 80%. When the e-

beam dose is smaller than 380 µC/cm
2
, very low densities of nanowires are observed with fill 

factors as low as 0.05.  

Figure 5.3 illustrates the micro Raman spectra as a function of electron beam dose. By 

analogy to bulk data, the spectra of GaAs nanowires exhibit strong scattering at the E1(TO) and 

E1(LO) modes allowed in backscattering geometry. From the nanowire samples (Q > 385 

µC/cm
2
), weak features related to forbidden E2h are observed which may be attributed to crystal 

lattice disorder and to deviation from the true backscattering geometry. An additional feature in 

the nanowire spectrum, not seen in no-growth area, is observed due to surface optic phonon 

scattering. Clear peak shift and splitting between SO and E1(LO) modes are observed in the 

spectra. 

The peak position and line shapes in Raman-active SO phonon modes are known to be 

very sensitive to the real part of the dielectric function of the materials surrounded by the 

dielectric medium [7,9]. Crystal symmetry breaking and rough surface of nanowires give rise to 

SO phonon mode [9]. The SO phonon modes are found between E1(TO) and E1(LO) bands and 

appeared to be downshift with increasing e-beam dose. A dielectric continuum model for a 
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cylindrical wire was employed to understand the nanowire diameter contribution to the SO mode 

dispersion [15,16].  

        
      

      
  ··········································· (1) 

  
            

            
  ············································ (2) 

Here Ki and In are i and n kind modified Bessel functions, respectively. Raman spectroscopy was 

measured in ambient condition (  
     ) at Room Temperature (300 K). For bulk GaAs (300 

K), the frequencies of polar phonon modes are                    and          

          . The static and high frequency dielectric constants of GaAs are taken to be isotropic 

and equivalent to        , and         , respectively [17]. The equation (1) and (2) are 

modified using the following relationship:      
       

   
,           ,            

   . Solutions of equation are indicative of the phonon dispersion relation (See Figure 5.S3). 

Figure 5.4 shows the SO phonon dispersion considering various dielectric media which 

surround GaAs nanowires with                        The SO mode frequency increases 

from                    and reaches an almost constant value for diameter larger than 100 

nm. A theoretical calculation is failed to reproduce the experimental trend because the measured 

SO frequencies are 5 ~ 6 cm
-1

 below the dielectric continuum model. The frequency shift of the 

SO mode depends strongly on the dielectric constant of surrounding medium (  ), rather than 

diameter of nanowires, suggesting that size effect of nanowires (diameter > 150 nm) is negligibly 

small to cause the frequency shift of the SO mode.    

Here the effect of nanowire density f was examined using effective medium theory [18]. 

Taking into consideration of the optical anisotropy of GaAs nanowires, the effective dielectric 

function of E1 vibration mode in the nanowire-air system is given by [19]:  



73 
 

   
     

              
                

 

               
··································· (3) 

Since GaAs is a uniaxial crystal, ordinary and extraordinary excitations exist. The excitations are 

dependent on the angle between exciting wave vector and the c-axis of GaAs bulk [20]. Mata et 

al. [19] found that ordinary phonon excitation occurs under the interactions between the wave 

vector of incoming wave and a component perpendicular to the c axis. In other words, SO 

Raman-active mode with E1 symmetry will be provided when the wave vector component of the 

excitation to the c-axis is not zero. The evolution of SO frequencies with fill factor is shown in 

Fig. 5.5. With increasing f, its frequency decreases from                toward     

          . The Raman measurement is performed at normal incidence, but the nanowires are 

not grown along <111> axis. Therefore, the wave vector of the exciting light will be mostly 

scattered with non-vertical component to the c-axis, showing that the intensity of E1 symmetry 

component will present highest intensity with the presence of nanowires. The evolution of SO 

phonons with f explains that the dipolar interaction between neighboring nanowires, represented 

by the effective dielectric function, is the most relevant effect in the determination of SO 

frequencies. However, the discrepancy between theoretical calculation and experimental 

measurement indicates that the size effect of GaAs nanowire cannot be completely ignored. The 

finite size of nanowires further lowers the SO frequency, evidenced by Fig. 5.4. 

 

5.4 Conclusion 

In conclusion, we have studied the dependence of the SO modes of GaAS nanowire with 

base diameter and fill factors. The evolution of the experimental frequencies with these two 

parameters has been analyzed in comparison with these two theoretical models based on the 
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continuum dielectric function. The results indicate that the frequency of the SO mode depends on 

strongly on the fill factor or mean diameter. A similar dependence from GaN nanowire was 

reported [19]. The dependence of the SO frequency with fill factor can be understood by 

evaluating the effective dielectric functions. Furthermore, the polar semiconducting nanowire 

can expect SO mode splitting and shift between LO and TO phonon modes in which these effects 

will be more pronounced by fill factor. The dipolar interaction of neighboring nanowires is found 

to be physical mechanism to generate the splitting and downshift of the SO modes. The splitting 

and the density dependence of nanowires provide useful information to probe the dielectric 

environment and the orientation of nanowires using Raman Spectroscopy. 
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Figures 

 

 
Figure 5.1 SEM micrographs of the GaAs nanowire samples as a function of electron beam dose. 
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Figure 5.2 Variation of the fill factor of GaAs nanowires as a function of e-beam dose. 
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Figure 5.3 Raman spectra for different e-beam doses from 175 µC/cm
2
 to 565 µC/cm

2
. 
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Figure 5.4 Frequency of the SO mode as a function of nanowire diameter for various surrounding 

media (i.e.   
     ). The full red squares correspond to the experimental SO mode observation. 
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Figure 5.5 Frequency of the different phonon modes obtained within the effective dielectric 

function approximation with the experiment results. Full red squares correspond to the SO mode.  
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Supporting Information 

 

Figure 5.S1 Au catalyst layer patterning condition on GaAs(111)B wafer. 

 

 

Figure 5.S2 Surface Phonon Frequency as a function of electron beam dose. 
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Figure 5.S3 SO phonon calculation of GaAs nanowires using Dielectric Continuum Model 
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CHAPTER 6 

RAMAN SCATTERING IN SELF-CATALYZED InP NANOSTRUCTURE: 

MORPHOLOGY AND SUBSTRATE EFFECTS 

 

6.1 Introduction 

The compatibility of group III-V nanowires with homo- and hetero- substrates has been 

gained much attention for monolithic integration of current silicon technologies [ 1 , 2 ]. 

Fundamental understanding of morphology, crystal structure, and substrate orientation effect of 

III-V nanowire growth are highly desirable to successfully integrate its superior electronic and 

optoelectronic properties with Si technology [3,4,5,6,7]. Indium phosphide (InP) is a promising 

semiconductor material for potential applications in light emitting diodes, laser diodes, single 

photon and electron sources, photo detectors, heterojunction transistors, sensors, solar cells and 

battery anodes due to its band gap tunability, high carrier mobility, and large breakdown field 

[8,9,10]. Such nanowires are prepared by the vapor-liquid-solid process using gold catalyst [11], 

resulting in the unintentional incorporation into the pure crystalline nanowires [ 12]. For the 

combination with Si technology, it is problematic due to Au forming deep trap level in Si [13]. 

Indium is compatible with silicon integrated catalyst and In droplet can be deposited in situ 

before nanostructure growth [14]. Self-catalyzed growth of InP nanostructures is desirable to 

avoid foreign metal seed incorporation.  

Micro Raman spectroscopy is a time efficient and noninvasive experimental technique to 

evaluate the purity of crystals and microstructures from vibration mode analysis [15]. Phonon 

frequencies and scattering intensities are dependent on the perfection of crystal structure and 

impurity of foreign agents. In general, the presence of defects in nanostructures is usually 
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characterized using transmission electron microscopy. TEM measurement can be challenging to 

examine lager numbers of nanostructures to obtain statistically meaningful data which will 

provide overall insights of as-grown nanostructure quality. Recently Raman scattering 

characterization of InP quantum dots [16], nanowire [17], and epilayer [18] structures have been 

extensively studied to get insight on an individual nanostructure such as phonon confinement 

[19,20], surface optical phonon modes [21], and aspect ratio effects [22]. However, very little is 

known concerning substrate and morphology induced optical properties of self-catalyzed InP 

nanostructures.  

In this chapter, we present results from Raman spectroscopic studies of catalyst-free InP 

nanopillar and nanocone bundles using metal organic chemical vapor epitaxy. We examined 

morphology, crystal structure induced Raman scattering on the self-catalyzed InP nanostructures 

grown on InP and Si substrates. The lattice vibration modes of InP nanostructures are 

investigated using micro Raman spectroscopy. The effect of nanostructure shapes on the mode 

changes of longitudinal optical (LO), transverse optical (TO), and surface optical (SO) phonons 

are studied. Size effect induced LO mode variations are observed and discussed.  

   

6. 2 Experimental Details 

The experiments were carried out in a Veeco D125 metalorganic vapor-phase epitaxy 

reactor using trimethylindium (TMIn) and tertiarybutylphosphine (TBP). For the nanostructures 

grown on InP (111)B substrates [23], the samples were placed in the reactor and annealed at 

550 
°
C in 1.0 mmol/min of TBP for 5 min. Then the temperature was lowered to between 350 

and 400 
°
C, and the indium droplets were deposited by feeding 20 - 50 mol/min of TMIn for 

0.2 – 0.5 min.  Next, the InP nanostructures were deposited by feeding TBP and TMIn at P/In 
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mole ratios between 29 and 200. A constant TBP mole fraction of 7.2×10
-4

 was maintained in the 

hydrogen gas flow at 60 Torr total pressure. Following 5 to 15 min of growth, the samples were 

cooled down in H2 over 10 min to 30 
°
C.  

For InP nanostructure growth on silicon substrate [14], two different types of substrates, 

Si (111) and Si (100) with 0.5
°
 miscut angles, were used. They both were boron doped with 

resistivity of 0.002-0.008 and 1932-2110 Ω•cm, respectively. The Si wafers were cleaned in 5% 

hydrofluoric acid solution for 30 seconds and loaded immediately into the MOVPE reactor.  The 

wafers were annealed at 600
°
C in 1.0 mmol/min of flowing TBP for 5 min. Then the temperature 

was lowered to 350
°
C, and indium droplets were deposited by feeding 5.4 mol/min of TMIn for 

5 sec. The sample was annealed for 30 sec to form uniform distribution of In droplets. Next, the 

InP nanowires were deposited by feeding TBP and TMIn at a P/In mole ratio between 54 and 

200. Following 5 to 15 min of growth, the samples were cooled down in flowing H2 for 10 min 

to 30 
°
C. A constant TBP mole fraction of 7.2×10

-4
 was used in a hydrogen gas flow at 60 Torr 

total pressure. After deposition, the nanowires are examined using a FEI NOVA 230 field 

emission scanning electron microscope.  

Two Raman systems (Renishaw 1000 and InVia) are used in this experiment [24]. Raman 

spectra of the ensembles of InP nanopillars or nanocones on either Si or InP(111)B substrate, as 

a grown sample, were measured in backscattering geometry with confocal configuration using a 

Renishaw InVia Raman spectrometer coupled with a laser wavelength of 514.5 nm and a 

excitation power from 0.1 mW to 25 mW. The laser beam was focused through a microscope to 

a spot size of approximately 1 µm in diameter. The spectra were characterized with a resolution 

of 0.5 cm
-1

. All spectra are collected in ambient conditions, at room temperature, and are 

calibrated to the reference Si peak arising from the substrate (520.1 cm
-1

). All Raman spectra are 
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fitted with symmetric Gussian-Lorentzian function mixture to extract the quantities of the 

information of interest.  

 

6.3 Results and Discussion 

Figure 6.1 shows the SEM images of InP nanostructures grown on InP(111)B substrate. It 

is observed that vertical and uniform InP nanostructure with hexagonal cross sections are 

obtained from both nanopillars and nanocones. All nanostructures are grown along the <111> 

direction, which is perpendicular to InP(111)B substrate surface. No large base islands are 

observed at the base area surrounding nanostructure root, which are usually observable from the 

catalyst-assisted or high temperature growth (See Fig. 6.S1). From high magnification SEM 

images over 30 individual InP nanostructures for each materials system, we measured the 

average heights, base diameters, and aspect ratio of heights over base diameters. The statistical 

size information of InP nanostructures for five samples are summarized in Table I.  

 Figure 6.1a and 1c show a SEM image of nanopillars acquired at 400 
°
C and a P/In mole 

ratio of 89. The indium droplets were initially formed by feeding 50 mol/min of TMIn for 12 s. 

A base diameter of nanopillars is observed with average size of 53 ± 4 nm, as shown in Fig. 6.1a. 

The nanopillars show nearly identical base diameter with narrow distribution and good for 

Raman scatting experiment. Upon introducing the TMIn and TBP, InP nanopillars with 

hexagonal bases grow up as shown in Fig. 6.1a. With continued deposition, the In droplet 

becomes indiscernible and facets form along the {110} and {112} sidewalls of the pillars as 

shown in Fig. 6.1c. The pillar height increases during the first 2 min of growth, and thereafter 

remains constant. The average height of nanopillars is measured for 146 ± 9 nm. On the other 

hand, the pillar base width continuously increases throughout the process due to sidewall 
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deposition of InP [23]. The above results show that vertical growth of the nanopillars occurs with 

consumption of the indium droplets and ceases after they are gone. It follows then that 

broadening of the pillar bases occurs via lateral deposition along the sidewalls from the vapor, 

i.e., by vapor-phase epitaxy of indium phosphide on the exposed {110} and {112} planes [23]. 

Detailed characterization of crystal structures are discussed for InP nanocones and nanopillars 

[25]. 

Figure 6.1b and 1d show SEM images of InP nanocones acquired at 385 
°
C and a P/In 

mole ratio of 30. Prior to introducing the TBP, indium droplets were deposited by feeding 20 

mol/min of TMIn for 30 s. Upon feeding 1.0 mmol/min TBP along with the TMIn, the 

nanostructures begin growing with the indium catalyst at the top. For VLS growth, the liquid 

indium catalyzes the decomposition reaction and results in dissolution of the indium and 

phosphorus into the droplet.  Incorporation of the In and P atoms from the droplet at the liquid-

solid interface results in the formation of the indium phosphide nanowire. The average base 

diameter of nanocones is 49  10 nm. The wire width and catalyst remain constant throughout 

the process, while the average wire length increases linearly at a rate of ~ 110 nm/min. The as-

grown nanocones are homogeneous both in width and height (See the inset of Fig. 6.1b). The 

nanocones used in the Raman scattering measurement exhibits the average height of 586  35 

nm. 

Figure 6.2 shows Raman spectra of InP nanostructures grown on InP(111)B. InP(111)B 

single crystal wafer was included as a reference and similar spectrum can be found from Chen et 

al. report [26]. All spectra from two samples clearly show two phonon modes which can be 

assigned with the transverse optical mode (TO) at 304 cm
-1

 and longitudinal-optical mode (LO) 

at 344 cm
-1

 at the Brillouin zone center. The two phonon modes are expected to be characterized 
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in a backscattering geometry [27]. Due to polar nature of Group III-V nanostructures, for Raman 

scattering by (111) crystal plane, both TO and the LO phonons are allowed in the selection rule 

but only the LO phonon is allowed for scattering by (100) crystal plane, and only TO phonon is 

allowed for (110) crystal plane [28]. However, LO and TO phonons appeared in the back 

scattered geometry, due to the crystal symmetry break in one-dimensional nanostructures [29]. 

Here the selection rules for backscattering are prominent particularly TO phonons due to surface-

to-volume ratio of (110) face increase in InP nanocones over nanopillars. In spite of 

identification of both TO and LO modes, the intensity ratio of TO over LO (ITO/ILO) much 

different from InP single crystal wafer, indicating that the intensity of LO mode in InP 

nanocones is much higher than that in nanopillars. It is also attributed to the large surface-to-

volume ratio of InP nanocones over InP nanopillars. Additionally, surface optical (SO) phonon 

modes are found at 273 cm
-1

, implying a crystal symmetry breaking in InP(110) plane [30]. All 

assigned peaks from Raman spectra are summarized in Table 6.II.      

We also grow InP nanostructures (nanocone or nanopillars) on silicon substrates (111 or 

100). Upon increasing growth temperature above 400 
o
C, nanopillar structures become dominant 

rather than nanocones. Increasing the growth temperature at a fixed P/In mole ratio causes the 

formation of conical and pillar-shaped InP nanostructures rather than wires. Figure 6.3a & 3d 

show a top-view and tilted view of InP nanopillars with hexagonal bases that are acquired at 400 

o
C and V/III ratio of 200. The pillar bases are 91 ± 13 nm. The height variation of pillars is 

observed with the average of 122 ± 17 nm. The InP thin film with rough surface is observed, 

indicating that heterogeneous nucleation of In on the silicon matrix prefers lateral growth than 

vertical growth [14].  
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The SEM images of InP nanocones deposited on Si(111) are shown in Figs. 6.3b, 3e. The 

process conditions were 370 
o
C and V/III ratio of 200. The growth time was 6 min. The length of 

the nanocones is 751 ± 33 nm. The wire diameters are 74  4 nm. Growth temperature is the 

most important parameter for the growth of vertically aligned InP nanocones on Si substrate. The 

growth orientation and crystal studies of self-catalyzed InP nanostructures on silicon substrate 

can be found in our previous publication [14]. All InP nanocones are vertically aligned along 

<111> direction, respected to Si(111) substrate.  

Figure 6.4 shows Raman scattering measurement from InP nanostructures (nanocone, 

nanopillar on Si(111) or Si(100) substrate. All three samples clearly show Si Raman spectra at 

520.1 cm
-1

, indicating that nanostructures on Si substrates have good crystallinity. The Raman 

spectra of TO and LO modes obtained from InP nanostructures on Si(111) substrates are very 

similar to that from the results from InP(111)B substrates but show relevant differences with 

respect to the spectrum from Si(100) substrate. Both TO and LO singles in the InP nanocones are 

downshifted and broadened with respect to the InP bulk, not shown in the graph.  Two additional 

phonon modes at acoustic branch and at optical branch are found at 254 cm
-1

 and 274 cm
-1

, 

respectively. It is also found that the intensity of LO is more sensitively changed than that of TO, 

respect to their nanostructures (bulk, nanopillars, nanocones).  

Figure 6.5 shows deconvoluted Raman spectra of TO and LO phonon modes from InP 

nanostructures on InP(111)B. Campbell et al. material size and shape can affect the Raman 

scattering by LO phonons [31]. Nanosized materials (i.e. sub nanometers) leads to a downshift 

and broadening of the LO Raman line due to the relaxation at Г (q=0) point governed by the 

selection rule [32]. In this work, however, the base diameters of nanostructures on InP(111)B 

and Si(111) substrates are at least 10 times larger than Campbell’s material system [31]. The 
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downshift and broadening cannot be explained by the phonon confinement effect (few nanometer 

scales) [33]. Instead, it can be explained by the surface-to-volume ratio of {110} and {111} 

planes with the increasing the defect density in the nanostructures [32]. High resolution TEM 

images with electron diffraction pattern of InP nanocone on InP(111)B substrate indicate 

coexistence of both ZB and WZ stacking faults within the nanocone (See Fig. 6.S2 and the 

supplemental in [25]). On the other hand, WZ crystal structures are dominant in the InP 

nanopillars, confirmed by TEM and electron back-scattered diffraction [25]. The presence of 

  
    

around 254 cm
-1

 is indicative of the existence of WZ phase for both nanocones and 

nanopillars as shown in Fig. 6.2 and 6.4. Due to the increase of surface-to-volume ratio of InP 

nanocones over nanopillars, the {110} crystal planes and defect density in InP nanocones are 

larger than those in nanocones. It is believed that enhanced LO intensity in InP nanocones is 

attributed to the differences in {110} area and defect density. Therefore, the intensity ratio 

(ITO/ILO) for InP nanocone shows lower value than that of InP nanocones and InP(111)B bulk 

substrate.   

Figure 6.6 shows deconvoluted Raman spectra of TO and LO phonon modes from InP 

nanostructures on Si(111). Both InP nanopillar and nanocones show substantial broadening and 

slight downshift compared to InP(111) substrate. Similar to InP nanocones on InP(111)B, TO 

phonon appears much more intense than LO phonon. The intensity ratio (ITO/ILO) strongly 

depends on not only on the crystal orientation but also surface electric field [32,34]. It is found 

that Raman scattering of InP nanocone grown on Si(100) is much different from InP 

nanostructures on Si(111) substrate. The spectrum of InP nancone on Si(100) shows substantial 

broadening and intensity ratio difference (See Fig. 6.S3). The larger surface-to-volume ratio with 

scattering volume and surface electric fields are contributed to increasing TO and LO line 
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intensity, resulting in decrease of the intensity ratio. Additionally, SO phonon mode was only 

observed at 274 cm
-1

 from InP nancones on Si(111) (see Figs. 6.4 & 6.6c), indicating that large 

surface-to-volume ratio of nanostructures are characterized and the SO modes are dependent on 

the nanostructure base diameters [35]. It is known that SO phonon is also sensitive to the crystal 

structure and surface roughness [36]. 

We further examined morphology dependent phonon vibration using different micro 

Raman system. It is noted that all results are consistent with previous measurements. Raman 

spectra were performed in a conventional backscattering geometry with Renishaw 1000 micro-

Raman spectrometer using an argon laser (514 nm) as an excitation source. The laser output 

power was changed from 0.1mW to 10 mW with a spot size of 1 μm and a spatial resolution of 

0.5 cm
-1

. Figure 6.7 shows laser power dependence of InP nanocones grown on Si(111) substrate. 

Two TO and LO phonon peaks are clearly resolved. Asymmetric broadening and downshift for 

TO and LO phonons were also found in this measurement. In particular, SO phonon mode was 

identified at 274 cm
-1

, which is consistent with theoretical prediction [30].  

 

6.4 Conclusion 

In conclusion, highly crystalline vertically aligned InP nanostructures with hexagonal 

cross-sections have been synthesized on various substrates (i.e. InP(111)B, Si(111), Si(100)) by 

self-catalyzed MOCVD growth. Systematic studies of micro Raman scattering from these 

nanostructures at room temperature in air have resolved strong first order LO, TO, and SO 

modes. The presence of   
    

 mode confirms that our nanostructures have a mixture of WZ and 

ZB phases or pure WZ phase. The SO mode is only identified from high surface-volume ratio 

structure (i.e. nanocones). The LO modes excited by surface electrical fields are suppressed with 
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the decreases of surface-to-volume ratio and defect density in InP nanostructures. These results 

indicated that Raman scatterings on well aligned nanostructures thinner than 100 nm in base 

diameter are governed by surface-to-volume ratio and defect density, which modify the selection 

rules for the bulk crystal. Furthermore, the Raman scattering will provide further statistical 

insight on the quality of as-grown nanostructures (i.e. growth orientation, crystal structures, and 

the presence of structural defects) without destroying samples. 
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Substrate InP (111)B Si (111) Si (100) 

Morphology InP NPs InP NCs InP NPs InP NCs InP NCs 

Length L 152 ± 10 nm 586 ± 35 nm 122 ± 17 751 ± 33 469 ± 64 

Diameter D 53 ± 4 nm 49 ± 10 nm 91 ± 13 74 ± 4 18 ± 3 

Aspect Ratio L/D 2.9 11.9 1.3 10.2 26.1 

Table 6.I Summary of average InP nanostructure dimensions. Note: Length of InP NCs grown on 

Si (100) sample is only measured for 15 individual wires due to geometrical limitation with 

random orientations.  

 

 

Material Branch Mode Position 

InP Г E1(TO) 305.0 

InP X, L, Г A1(LO) 336, 341, 345 

InP L   
    

 254 

InP Г SO 274 

Si Г - 520.1 

Table 6.II Raman vibration modes of InP nanostructures and Si bulk substrate  
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Figures 

 

 

Figure 6.1 Scanning Electron Micrographs of self-catalyzed InP nanostructures grown on 

InP(111)B substrate. Top view: (a) InP nanopillar on InP(111)B, (b) InP nanocone on InP(111)B. 

Tilted view with 40 degree: (c) InP nanopillar on InP(111)B, (d) InP nanocone on InP(111)B.  
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Figure 6.2 Raman spectra of InP nanostructures grown on InP(111)B substrate. The laser with 

wavelength of 513.6 nm excitation was used as the excitation source.  
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Figure 6.3 Scanning Electron Micrographs of self-catalyzed InP nanostructures grown on silicon 

single crystal substrate. Top view: (a) InP nanopillar on Si(111), (b) InP nanocone on Si(111), (c) 

InP nanocone on Si(100). Tilted view with 40 degree: (d) InP nanopillar on Si(111), (e) InP 

nanocone on Si(111), (f) InP nanocone on Si(100). 
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Figure 6.4 Raman spectra of self-catalyzed InP nanostructures grown on Si(111) and Si(100) 

substrates.  
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Figure 6.5 Raman spectra of (a) InP(111)B single crystal substrate, (b) self-catalyzed InP 

nanopillars grown on InP(111)B, (c) self-catalyzed InP nanocones grown on InP(111)B.   
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Figure 6.6 Raman spectra of (a) InP(111)B single crystal substrate, (b) self-catalyzed InP 

nanopillars grown on Si(111), (c) self-catalyzed InP nanocones grown on Si(111).   
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Figure 6.7 Raman scattering spectra of InP nanocones on Si(111) substrate as a function of laser 

out-put power.  
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Supporting Information 

 

Figure 6.S1 High temperature deposition of InP nanostructure, exhibiting preferred lateral 

growth to vertical growth. 
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Figure 6.S2 (a) Bright field image of homogeneous InP nanocones grown on InP(111)B with 

electron diffraction pattern of the wire viewed along the ]121[
_

axis. (b) High resolution 

transmission electron micrograph of InP nanocones with electron diffraction pattern viewed 

along [011] WZ and ]0112[
__

ZB axis. 
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Figure 6.S3 (a) SEM image of randomly oriented InP nanowires grown on Si(100) substrate, (b) 

the corresponding a Raman spectrum.    
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CHAPTER 7 

MULTI PHONON RAMAN SCATTERING IN SELF CATALZYED 

InP/InAs/InP NANOPILLARS AND NANOCONES 

 

7.1 Introduction 

Heterostructure compound semiconductors have been reported for different materials 

combinations both in coreshell structure [1,2,3] or superlattice nanowires [4,5,6]. InP/InAs 

heterostructure nanowire [7,8] is a promising semiconductor material for potential applications in 

light emitting diodes, laser diodes, single photon and electron sources, photo detectors, 

heterojunction transistors, sensors, solar cells and battery anodes due to its band gap tunability, 

high carrier mobility, and large breakdown field [ 9 ,10 ,11 ]. The crystalline and electronic 

properties of nanowires are critically important for the performance of such devices [12]. Thus, 

Raman spectroscopy was fully employed to get an insight on semiconductor nanowires 

properties such as phonon confinement, surface optical phonon modes, and aspect ratio effects 

inherited from morphology dependent Raman scattering effects. Recently InP quantum dots [13], 

nanowire [14], and epilayer [15] structures have been extensively studied in previous decades by 

means of Raman spectroscopy. However, very little is known concerning InP based core-shell 

nanowires.  

In this chapter, we present results from Raman spectroscopic studies of self catalyzed 

InP/InAs/InP core-shell-shell nanopillar and nanocone bundles with average diameters of 150 

nm and 50 nm, respectively, which exhibited a strong dependency on the scattering intensity of 

excitation light and on scattering geometry.  
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7.2 Experimental Details 

The nanostructures were grown catalyst-free or self-catalyzed on InP(111)B substrate by 

a Veeco D125 MOVPE reactor using trimethylindium (TMIn), tertiarybutylphosphine (TBP), 

and tertiarybutylarsine (TBA) as precursors. Depending on nanopillar or nanocone, the substrate 

temperature was ramped to between 350 
o
C and 400 

o
C. Indium droplets were deposited by 

feeding 5.06 × 10
-5

 mol/min of TMIn for 12s. Then TMIn and TBP were introduced into the 

reactor at flow rates of 3.74 × 10
-6

 and 3.37 × 10
-4

 mol/min (V/III ratio = 90), respectively, to 

grow the InP nanostructure. After a 540 sec deposition, the reactor was purged with H2 for 10 s 

and then with TBA for 180 sec while the temperature was ramped up to 420 
o
C. Following the 

temperature ramp, the InAs shell was deposited onto the InP nanostructure by flowing TBA at 

9.82 × 10
-3

 mol/min with a TMIn flow of 8.18 × 10
-5

 mol/min (V/III ratio = 120). The InAs 

growth time was 10 s. The reactor was purged with H2 for 10 s and with TBP for 60 sec, and an 

InP cap layer was deposited by feeding 3.73 × 10
-6

 mol/min of TMIn and 3.37 × 10
-3

 mol/min of 

TBP (V/III ratio = 90) for 60 sec. Finally, the sample was cooled down and removed from the 

reactor for characterization. The total pressure in the reactor was maintained at 60 Torr. A 

reference sample of pure InP nanostructures was prepared by the same procedure given above, 

except that the InAs shell deposition step was omitted.  

The samples analyzed in this experiment were comprised of vertically arrayed nanowires, 

epitaxially grown on (111)B oriented InP substrate. Raman spectra of the as grown samples, 

ensembles of InP-InAs-InP nanopillars or nanocones, were measured in backscattering geometry 

with confocal configuration using a Renishaw InVia Raman spectrometer coupled with a laser 

wavelength of 514.5 nm and a variable excitation power from 5 mW to 25 mW. The laser beam 
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was focused through a microscope to a spot size of approximately 1µm in diameter. The spectra 

were characterized with a resolution of 0.5 cm
-1

.   All spectra are collected in ambient conditions, 

at room temperature, and are calibrated to the reference Si peak arising from the substrate (520.1 

cm
-1

). All Raman spectra are fitted with symmetric Gussian-Lorentzian function mixture to 

extract the quantities of the information of interest.  

 

7.3 Results and Discussion 

Figure 7.1 shows InP nanopillars, InP/InAs/InP nanopillars, and InP/InAs/InP nanocones 

grown on different InP(111)B substrates. The growth InP(As) core-shell nanostructures are 

observed in the temperature range of 320 
o
C to 400 

o
C. All nanostructures grow epitaxially and 

straight in the <111>B direction with slight tapering. The pillars are low profile due to the two 

competitive growth modes, vapor-liquid-solid and vapor phase epitaxy, that are active at a 

relatively high growth temperature of 400 
o
C by [16]. The nanopillars are single crystalline, 150 

nm in diameter and up to 250 nm in height while the nanocones are single crystalline, 50 nm in 

diameter and up to 2 µm in height. Detailed structural characterizations are described in our 

previous paper [17].  

Figure 7.2 shows Raman spectra from nanowire bundles. Since the nanowires 

predominantly grow perpendicular to the InP(111)B substrate, the crystal axis is oriented to the 

optical axis. In other words, the nanowire growth direction is parallel to the incident laser beam. 

All spectra from InP(111)B substrate and InP/InAs/InP nanocones exhibit two clear phonon 

modes of zinc blende InP structures, which can be associated with the transverse optical mode 

(TO) at 303.7 cm
-1

 and the longitudinal optical (LO) mode at 344.5 cm
-1

. Since bulk InP crystal 
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has a zinc blende structure with 2

dT space group, there is one Raman active mode of F2 

representation that splits into TO and LO modes in polar nature of InP and InAs [18].  

Wurtzite crystal structure belongs to 4

6vC space group and Raman allowed modes are A1, 

E1, E2H and E2L. The polarity of the vibrations causes the degenerate energies of A1 and E1 

modes to split into LO and TO components [19]. The Raman spectra for InP nanopillars in 

backscattering geometry mode revealed the two phonon modes at 303.8 cm
-1 

and 343.0 cm
-1

, 

which are consistent with the InP E1(TO) and InP E1(LO) modes for wurtzite structures, 

respectively. Interestingly, InP/InAs/InP nanopillars exhibit a noticeable enhancement and 

broadening of the LO band, which is not seen from InP bulk. The Raman spectra of InP/InAs/InP 

nanopillars at 303.8 cm
-1 

and 341.7 cm
-1

 are identified to be InP E1(TO) and InP A1(LO) modes, 

respectively. It is known that the LO modes are more sensitive to the Raman resonance due to 

the Frölich interaction [20].  

The Raman peaks located at 218 cm
-1 

and 241 cm
-1

 are assigned to the first order E1(TO) 

and E1(LO) modes of zinc blende InAs [21,22]. In Fig. 7.2, Raman intensity of InAs peaks in 

InP/InAs/InP nanostructures is lower than that of the intensity of the InAs(111)B reference, 

indicating that both nanopillar and nanocones are either core-shell or InPAs alloy structures [17]. 

Interestingly, the red-shift of InAs E1(LO) or InAs A1(LO) with significant broadening are found 

in InP/InAs/InP nanopillars (See Fig. S1). Campbell et al. material size and shape can affect the 

Raman scattering by LO phonons [23]. Nanosized materials (i.e. sub nanometers) leads to a 

downshift and broadening of the LO Raman line due to the relaxation at Г (q=0) point governed 

by the selection rule [24]. In particular, the Raman shift of InAs A1(LO) confirms that WZ 

crystal phases are dominant in the InP/InAs/InP nanopillars [17]  and results are consistent with 

others [25]. 
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 Besides to 1
st
 order Raman modes, 2

nd
 order Raman modes (2TO, TO+LO, 2LO) from 

nanopillars and nanocones can be detected in the region between 600 cm
-1 

and 700 cm
-1

. This 

feature in the 2
nd

 order Raman spectrum correspond to singularities in the two-phonon density of 

states which occur when the dispersion curves are parallel or one is horizontal, particularly at the 

critical points of the Brillouin zone [ 26]. Under the same measuring conditions, reference 

InP(111)B single crystal wafer doesn’t show distinct 2
nd

 order phonon vibration modes. For 

InP/InAs/InP nanopillars, the peaks measured at 616 cm
-1

 and 649 cm
-1

 are in good agreement 

with the expected 2TO(Г) and TO(Г)+LO(Г) phonon modes, but the peak measured at 2LO(Г) is 

slightly blue shifted from the expected position. According to the phonon-dispersion 

measurement [ 27 ], the longitudinal branch at point L is located only 4.5 cm
-1

 below the 

frequency we found at point Г; thus, contributions from both points presumably occur in the 

measured 2LO peak. For InP/InAs/InP nanocones, the peaks at 649 cm
-1

 and 684 cm
-1

 are 

consistent with TO(Г)+LO(Г) and 2LO(Г) phonon modes, but the peak of 2TO(Г) at 619 cm
-1 

is 

slightly deviated from its expected position. The deviation is believed to be derived from the 

high aspect ratio of one-dimensional nanocones [28]. All detected Raman peaks are summarized 

in Table 7.I.    

Material Crystal Phase Critical Point Mode Frequency Reference 

InP ZB Г E1(TO) 304.0 13, 14 

InP ZB X, L, Г  A1(LO), E1(LO) 339, 344.5 29 

InP ZB L E1(2TO) 617 13, 30 

InP ZB Г, X E1(TO+LO) 650 13, 30 

InP ZB Г E1(2LO) 682 13, 30 

InAs ZB Г E1(TO) 218 31 

InAs ZB Г E1(LO) 241 25 

InAs WZ L A1(TO), E1(TO) 225.5, 226.0 25 

InAs WZ L A1(LO), E1(LO) 246.3, 246.8 25 

Table 7.I Raman vibration modes of InP and InAs nanowire in the literature 
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Figure 7.3 shows Raman spectra of InP/InAs/InP cones, measured by varying the 

substrate angle from 0 to 30 degree. As the substrate tilt angle increased, the peak intensity 

corresponding to TO modes for InP and InAs is noticeably enhanced. Due to crystal symmetry 

between zinc blende and wurtzite [32], the TO phonon is allowed in backscattering from the 

(110) and (111) surfaces whereas LO phonon is allowed from the (100) and (111) surfaces [33]. 

In Raman scattering configuration with normal incidence, the laser excitation is linearly 

polarized in the (111) substrate plane and the incident and backscattered vectors are orthogonal. 

Since nanocones and nanopillars grow along (111) surface, both TO and LO modes are allowed 

as shown in Fig. 7.2. However, due to the presence of substrate tilt, additional contribution from 

the (110) and (100) surface will be added into the TO and LO phonons, respectively. In our 

previous report [17], it was determined that the nanopillars have wurtzite crystal structure 

oriented parallel to the [0001] zone axis. The set of {1-100} planes are the side facets to the 

nanopillars. In fact, from the crystallographic point of view, zinc blende and wurtzite structure 

differ only in the stacking periodicity of the InP (or InAs) bilayers in which a bilayer consists of 

two stacked In and P (or As) layers; the stacking order is ABCABC for zinc blende and ABAB 

for wurtzite structure. Zinc blende (111) plane is parallel to wurtzite (0001) oriented planes. As 

the unit cell of wurzite structure  along [0001] axis is double with respect to the zinc blende 

along the [111], the wurtzite phonon dispersion can be approximately by folding that of the zinc 

blende structure along the [111] direction [33].  Both nanocones and nanopillars in this 

experiment have hexagonal cross section with (110) sidewall facets. The reflections from (110) 

sidewall facets are contributed to TO mode enhancements for both InP and InAs spectra and thus 

LO mode is relatively suppressed.   
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  Figure 7.4 shows an excitation power dependence of InP TO and LO peaks on Raman 

spectra for different substrate tilts and their relative intensity ratios I(LO, InP)/I(TO, InP). For 

nanopillars, a red shift (2 - 3 cm
-1

) of the E1(TO, InAs), A1(LO, InAs) with the broadening effect 

are found when the laser intensity was increased from 5 mW to 25mW (See Fig. 7.S1). For 

nanocones, no substantial red shift or broadening effect are identified. The laser heating induced 

Raman redshift of nanopillars was much less significant under our measuring conditions. As can 

be seen in Fig. 7.4a and 4b, strong Raman resonance can be found from InP/InAs/InP nanopillars 

due to the larger effective scattering cross section respective to incident laser beam. All of the 

integrated Raman intensities linearly increase with respect to the excitation power that confirms 

no laser heating effect under this experimental condition. Due to the substrate tilt, TO reflection 

from both nanocones and nanopillars overwhelms LO reflection. In Fig. 7.4c, however, the 

relative integrated intensity ratio of I(TO, InP) over I(LO, InP) exhibits TO vibration of 

nanocones that is much more enhanced than that of nanopillars. The ratio of nanocones is 

approximately 2.3, whereas the ratio of nanopillars is close to 1.3. Tilt angle and powder 

dependence of Raman resonance behavior can be explained by nanowire orientation induced 

cross section changes between photons and lattice [34,35]. 

 

7.4 Conclusion 

In conclusion, we have presented the results of Raman spectroscopy performed on self 

catalyzed InP/InAs/InP multi core-shell nanopillars and nanocones. The measurements are 

performed by varying laser power and substrate tilts under fixed backscattered geometry of 

micro Raman system. Contrary to two reference single crystal wafers InAs(111)B and InP(111)B, 

the Raman spectra of  nanostructure bundles revealed unique 2
nd

 harmonic Raman interaction 



115 

 

modes: E1(2TO), E1(LO+TO), E1(2LO). The InP and InP/InAs/InP nanopillars showed the red 

shift and broadening of LO modes. In particular strong splitting between InAs E1(TO) and InAs 

A1(LO) are observed in InP/InAs/InP nanopillars. Tilting with respect to the substrate normal 

revealed a strong low frequency branch of the InAs LO and InP LO phonon suppression from the 

InP/InAs/InP nanocone bundles. The intensities of LO and TO modes are found to be dependent 

linearly on an excitation power but the changes in the integrated intensity ratio of TO over LO 

modes are almost constant.  
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Figures 

 

 

Figure 7.1 SEM images of top view (upper row) and 45 degree tilted view (lower row) of InP 

nanopillars, InP/InAs/InP nanopillars, and InP/InAs/InP nanocones grown on (111)B oriented 

InP single crystal wafer.  

  



117 

 

 

 

Figure 7.2 Raman spectra of (a) InP(111)B crystal, (b) InAs(111)B crystal, (c) InP nanopillar, (d) 

InP/InAs/InP nanopillar, and (e) InP/InAs/InP nanocones. The green dot lines are corresponded 

to InAs E1(TO, ZB), InAs A1(TO, WZ), InAs E1(LO, ZB), InP E1(TO, ZB), InP E1(LO, ZB), InP 

E1(2TO, ZB), InP E1(TO+LO, ZB), and InP E1(2LO, ZB) in sequence. ZB and WZ denote zinc 

blende and wurtzite crystal structure, respectively.  
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Figure 7.3 Effect of substrate tilting on Raman spectra of InP/InAs/InP nanocones. 
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Figure 7.4 An excitation power dependence on Raman spectra of InP 1TO and InP 1LO peaks 

for different substrate tilts; (a) InP/InAs/InP nanopillars, (b) InP/InAs/In nanocones. (c) 

Integrated intensity ratio of InP 1TO over InP 1LO excitations 
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Supporting Information 

 

 

 

Figure 7.S1 Power spectral density dependence of (a) InP/InAs/InP nanopillar, (b) the nanopillar 

with 30 degree tilt, (c) InP/InAs/InP nanocone, and (d) the nanocone with 30 degree tilt.  
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CHAPTER 8 

SUMMARY AND FUTURE WORK 

 

8.1 Summary  

 In the Part I, We synthesized the Au-catalyzed GaAs nanowires using solid Ga and As 

sources on GaAs(111)B wafer. We investigated the correlation between predeposited catalyst 

layers and nanowire density, varying electron beam dose, patterned dot size, and inter-dot 

spacing. From the measurements of the fraction surface coverage of nanowire in the patterns, we 

found that higher electron beam doses, larger dot sizes, and shorter inter-dot spacings promote 

nanowire growth. Our results help identify the key electron beam lithography parameters that are 

desirable for large-scale, high-density, growth of nanowires.  

Moreover, we showed that Raman spectra were dependent on initial pattern sizes (100 

nm and 150 nm) and thickness of Au layers by varying e-beam dose. The initial catalyst 

thickness and pattering size were strongly related to overall nanowire morphology variations, i.e. 

base diameter, shapes, and densities, resulting in strong dependence of Raman spectra. The 

present understanding of the Raman spectroscopy on the nanowire bundles will benefit the 

design and development of GaAs nanoscale optoelectronic devices.   

Furthermore, we studied the dependence of the SO modes of GaAS nanowire with base 

diameter and fill factors. The evolution of the experimental frequencies with these two 

parameters was analyzed in comparison with these two theoretical models based on the 

continuum dielectric function. The dependence of the SO frequency with fill factor was studied 

by evaluating the effective dielectric functions. The dipolar interaction of neighboring nanowires 

was found to be physical mechanism to generate the splitting and downshift of the SO modes. 
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The splitting and the density dependence of nanowires will provide useful information to probe 

the dielectric environment and the orientation of nanowires using Raman Spectroscopy. 

In the Part II, we grew InP and InP/InAs core-shell nanostructures. Highly crystalline 

vertically aligned InP nanostructures with hexagonal cross-sections were synthesized on various 

substrates (i.e. InP(111)B, Si(111), Si(100)) by self-catalyzed MOCVD growth. Systematic 

studies of micro Raman scattering from these nanostructures at room temperature in air showed 

strong first order LO, TO, and SO modes. The presence of   
    

 mode confirmed that our 

nanostructures have a mixture of WZ and ZB phases or pure WZ phase. The LO modes excited 

by surface electrical fields were suppressed with the decreases of surface-to-volume ratio and 

defect density in InP nanostructures. The Raman scattering will provide further statistical insight 

on the quality of as-grown nanostructures (i.e. growth orientation, crystal structures, and the 

presence of structural defects) without destroying samples. 

Finally, we showed the results of Raman spectroscopy performed on self catalyzed 

InP/InAs/InP multi core-shell nanopillars and nanocones. The Raman spectra of nanostructure 

bundles revealed unique 2
nd

 harmonic Raman interaction modes: E1(2TO), E1(LO+TO), E1(2LO). 

The InP and InP/InAs/InP nanopillars showed the red shift and broadening of LO modes. Strong 

splitting of Raman spectra between InAs E1(TO) and InAs A1(LO) were observed in 

InP/InAs/InP nanopillars. Tilting with respect to the substrate normal revealed a strong low 

frequency branch of the InAs LO and InP LO phonon suppression from the InP/InAs/InP 

nanocone bundles. The intensities of LO and TO modes were found to be dependent linearly on 

an excitation power but the changes in the integrated intensity ratio of TO over LO modes were 

almost constant.  
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8.2 Future Work 

 The In-catalyst of InAsxP1-x nanowires have the promising ability to adjust the 

composition and the tunability of the band gap hence opens up new opportunities for controlled 

band gap engineering for high-speed device fabrication. The formation of In catalyzed In57As5P38 

grown on InP(111)B substrate using metalorganic vapor phase epitaxy is demonstrated. As-

grown InAsP nanowires will be characterized by scanning electron microscopy, transmission 

electron microscopy, energy dispersive spectroscopy, X-ray photoelectron spectroscopy, and 

Raman spectroscopy. The composition and tunability of InAsxP1-x nanowires will be studied as a 

function of arsenic composition in the wire.  

The phenomenon of InP nanowire bridge formation under the electron beam illumination 

is observed using in situ scanning electron microscope. The model equation between mechanical 

energy and electrostatic energy for polar nanowires will be developed to support the 

experimental observation of InP nanowire bridge formation. The kinetic analysis of the 

phenomenon with simple mathematical modeling will provide general guidelines for the design 

of dense arrays of vertical nanowires. 

 

 




