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Abstract 

 

The growth of ternary InGaP nanowires (NWs) is explored. Free-standing NWs 

are grown with the Au nanoparticle-assisted method using a gas source molecular beam 

epitaxy (GS-MBE) system. The grown samples were characterized using scanning 

electron microscopy (SEM), transmission electron microscopy (TEM) and energy 

dispersive x-ray spectroscopy (EDX). These characterization techniques were employed 

to examine the composition of the InGaP NWs, the morphology and the crystal structure. 

With varying the growth conditions, such as temperature, growth rate and V/III flux, a 

dependence of the NWs' composition, morphology and crystal structure were observed. In 

addition, the characteristics of the NWs showed great dependence on the diameter of the 

Au seed particle responsible for the NW growth. 

A physical-based growth model is developed to understand the NW growth 

results. The model deals with each of the group-III growth species differently and splits 

the group-V into two components, with each component associated with one of the group-

III species. The model is able to match composition and morphology results obtained 

from the experimental data. 

Furthermore, a nucleation-based model is employed and integrated with the 

growth model to predict the crystal structure of the NWs. Based on this model, the 

operating regions for all out samples were illustrated. In addition, the dependence of the 

crystal structure of the NWs on the Au seed diameter, in our samples, was attributed to 

the change in the surface energies of the formed nucleus as the Au seed diameter change. 
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Chapter 1  

 

Background 

 

1.1 Au -Assisted Nanowires 

 

The 20th century have witnessed the start and the boom of the planar 

semiconductor industry. Planar device fabrication introduced advances in electronics, 

computing and communications that we live in nowadays. Due to many road blocks [1] 

facing its further advancements, new devices are being explored to take over the 

technological advancements through the 21st century and among these devices are 

Nanowires. Nanowires are filament like structures with high length to diameter ratio, 

having their diameters ranging from few nanometers to few hundred nanometers and 

length that can exceed few micrometers. This unique shape of the nanowires promotes 

them to have superior electrical [2]-[4] and optical [5]-[6] performances when used in 

device fabrication. In addition, their nature of having a large lateral surface area 

compared to their volume makes their performance highly affected by their surface states, 

which makes them excellent candidates when used as sensors [7]-[8]. 

Planar epitaxial growth extends on the surface and advances upwards as the each 

monolayer is filled with atoms. Meanwhile, the main approach to synthesize nanowires is 

to force anisotropic growth that promotes crystal growth that favors one direction only. 

Several techniques have been employed to synthesize nanowires, as shown in Figure 1.1. 

These techniques can be template-directed, where the anisotropic growth takes place in a 

physically confined area that promotes growth in one direction only. An example of this  
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Figure 1.1  Representation of 1D nanostructure assembly methods. (a) Template-assisted 

pore-filling method. (b) V-groove template method (c) Particle-assisted growth (d) 

Particle-free self-assembly (Adopted from [9]). 

 

 

approach is pore-filling [10] and the v-growth template growth [11], shown in Figure 1.1 

(a) and (b), respectively. Free-standing nanowires represent another type of these devices 

that does not require physically confined growth. Among these techniques are the mask-

mediated selective-area growth [12], and particle-assisted nanowire growth [13], as 

shown in  (c) and (d), respectively.  

The work in this thesis focuses on the particle-assisted nanowire growth as the 

way of nanowire assembly, with utilizing Au as the assisting particles. Known for its 

noble element attributes that it does not oxidize,  Au also has the advantage of creating 

eutectic mixes with other elements with very low melting points [14].  

The synthesized nanowires devices have great advantages over the planar epitaxial 

counterparts, such as the ability to grow upward on any  <1 1 1> plan surface [16], 

without the need to lattice match the nanowire with underlying substrate. In addition, 

when hetero-interfaces are created, the induced strain due to the mismatch of the new 

layers is relaxed on the sidewall lateral surfaces [18], which allows for any combination 

of hetero-structures to be synthesized. Finally, having a free-standing nanowire puts it in 

the class of 3D devices, where devices can be fabricated along the nanowire axially or 

radially, as show in Figure 1.2 (a) and (b), respectively.  
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Figure 1.2  Metal-assisted grown nanowires with hetero-structures built (a) axially in the 

growth direction of the nanowire, and (b) radially as core/shell structures . 

 

 

1.2 Driving Force for Nanowire Growth 

 

The growth on the Au-assisted assembly requires the presence of Au on the 

surface prior to growth. The Au particles can be uniformly placed on the surface by using 

electron-beam lithography [19]-[20], nano-imprinting [21]-[22], porous-alumina masked 

Au deposition [23]-[25], and block-copolymer assisted nanolithography [26]-[27]. 

However, these techniques require more processing steps that increase the cost of the 

fabrication and low yields, along with contamination of the surface [28]. 

Random placement of the Au seed particle is an alternative that provides ease in 

fabrication, lower cost and higher yield. Due the randomness of the NW distribution, the 

morphologies of the obtained yields from these techniques has the disadvantage of having  

 

(b) (a) 
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Figure 1.3: Illustration of the VLS mechanism. (a) “Impurities” (metallic particles) are 
initially present on a substrate surface. (b) The system is heated above the eutectic 
temperature to form the liquid alloy droplets. (c) Atoms directly supplied from the vapour 
phase get preferentially deposited on the liquid droplets. (d) Supersaturation of the liquid 
causes precipitation at the liquid-solid interface, and crystal growth follows (Adopted 
from [15]). 

 

 

a high margins in error. These techniques include colloidal nanoparticle deposition 

through drop-casting, spray/spin coating on the substrate [29]-[31], covalent self-

assembly of colloidal nanoparticles [32]-[35] and formation of nanoparticles based on the 

thermal dissociation of thin films [36]-[38]. The dissociation of thin films is the method 

used throughout the thesis. In this method, a thin layer of Au (1 nm) is deposited on the 

surface, as shown in Figure 1.3 (a). As the sample is annealed, the thin Au film 

dissociates and forms droplets on the surface. The droplets have the ability to diffuse on 

the surface and undergo Ostwald ripening, leaving a nonuniform distribution of Au nano-

particles on the surface, with wide distribution of diameters, as shown in  

Figure 1.3 (b). 

When growth is introduced, the growth species in the vapor phase, reach the Au 

particles on the surface and mixes with them, forming an eutectic alloy in the liquid 
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phase, as shown in Figure 1.3 (c). As the growth species continue to approach the eutectic 

alloy, the eutectic alloy becomes supersaturated with the growth species and any addition 

of excess growth species to the alloy, results in material precipitating from the alloy 

droplet at the underlying interface to create a layer of a crystalline solid. Introducing more 

of the growth species sustains this process and growth of a crystalline nanowire takes 

place underneath the alloy droplet. This process of transforming the growth species from 

the vapor phase (V), into the liquid eutectic alloy (L) and finally, precipitating it as a 

crystalline solid (S), is known as the vapor-liquid-solid mechanism (VLS). 

The VLS process can occur at temperatures that are below the melting point of the 

eutectic alloy. In this case the alloy stays in the solid state and the growth mechanism is 

then called, the vapor-solid-solid (VSS) mechanism [39]-[40]. In conclusion, the state of 

the Au eutectic alloy does not matter for the growth of nanowires as long as there is a 

thermodynamic driving force to start and sustain the growth. 

A thermodynamic driving force is essential to ensure the VLS or the VSS to take 

place. Firstly, to ensure the deposition of the growth species from their vapor phase to the 

substrate, the vapor phase has to be highly supersaturated with the growth species for 

them to deposit on the surface. The supersaturation ratio 
0

V
J

J
    
 

 must exceed unity 

and is typically orders of magnitude higher, where J  is the deposition rate and 0J  is the 

equilibrium desorption rate. Once deposition is ensured by forcing a high supersaturation 

of the growth species, then the growth species will nucleate on the surface or diffuse into 

a region with lower supersaturation. The supersaturation on the surface drops from the 

supersaturation in the vapor phase due to the surface nucleation and its supersaturation 

ratio becomes 
0

A
n

n
    
 

, where n  is the concentration of the growth species on the 

surface and 0n  is the equilibrium surface concentration of the growth species. The Au 

seed alloy will always be a destination for the growth species as long as A of the 

adatoms on the surface is higher than supersaturation ratio of the growth species in the Au 
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alloy 
0

L
C

C
    
 

, where C  is the concentration of the growth species in the Au alloy 

and 0C  is the equilibrium concentration of the growth species in the eutectic alloy.  

The supersaturation ratios used to describe the state of the vapor, surface adatoms 

and  liquid phase of the growth species can be  substituted by the using chemical 

potentials,  lnBk T   . The chemical potentials VS , AS  and LS  are the 

difference in the chemical potentials for the vapor, adatom and liquid states, respectively, 

taking the solid crystalline state of the material as the reference.  

The final condition to ensure nanowire growth is that LS  must exceed the 

nucleation barrier of the critical nucleus *G  for a critical nucleus to form. In conclusion, 

the driving force to ensure nanowire growth is given by 

*
VS AS LS G       (1.1) 

.      

1.3 Growth Kinetics of Nanowires 

 

The driving thermodynamic force is essential to ensure the growth of nanowires. 

However, it is of great importance to understand the means by which the mass is 

transferred to the growth site, the Au droplet. The paths of the atoms can have great 

impact on the morphology of the grown nanowires. Hence, the growth kinetics play an 

role in the growth of nanowires. 

The study of the growth kinetics started with Wagner and Ellis [41]-[43]in the 

1960s, when they grew Si whiskers using chemical vapor deposition (CVD). The growth 

of these whiskers resulted from Au impurities on a {1 1 1} Si substrate. It was explained 

that the mass transport took place by direct deposition of the growth species from the 

highly supersaturated vapor phase, directly to the liquid Au particle. The excess growth 
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species within the liquid alloy would then precipitate from the droplet at the liquid-solid 

interface, resulting in nanowire growth. The growth flux was given by: 

 0

2 B

P P
J

mk T





  (1.2) 

where J  is the atoms/unit area/unit time,  is the sticking coefficient, P  is the 

vapor pressure and 0P  is the equilibrium vapor pressure at the temperature T and Bk  is 

the Boltzmann constant. The growth had a diameter limitation and the Gibbs-Thomson 

effect was used to described it,  

min

2

ln( 1)
LV

B V

R
k T

 


 
 (1.3) 

 

where minR  is the minimum critical radius of the droplet for growth to take place. LV  is 

the surface tension of the liquid-vapor interface of the Au droplet,   is the atomic 

volume of the growth species and V  is the supersaturation ratio. 

Givargizov-Chernov [44]-[45], in the 1970's, continued the work on Si whickers 

grown by CVD. Their model took into account the height dependence of these  whiskers 

on their diameters. The critical radius described by Wagner and Ellis was not the only 

factor controlling the growth. They have also taken into account the decrease in whisker 

height, as the diameter of the whisker decreased. this was attributed to the decrease in the 

chemical potential of the liquid droplet as described by the Gibbs-Thomson effect 

0

2 VS
V V R

  
     (1.4) 

 

where 0V  is the chemical potential of the growth species in the vapor phase in the case 

of R and VS  is the energy of the vapor-solid interface. The height of the nanowire, 

nwH , was given by a semi-empirical formula in terms of its growth rate: 
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2

0 2 1nw V VS

B B

dH
b

dt k T k T R

   
  

 
, (1.5) 

 

where b is a kinetic coefficient that is independent of the chemical potential, The value of 

b can be obtained from the nwdH
dt  versus 1 R  plot, by measuring its slope. The 

condition of the critical radius can be derived from eq. (1.5) by equating the growth rate 

to zero, which yields to: 

min
0

2 VS

V

R







. (1.6) 

 

The modelling of nanowires growth, showed great advances in the 2000's, as 

interest in nanowires as futuristic devices grew. Dubrovskii et al [46]took the Givargizov-

Chernov a step further to consider the supersaturation ratio of the vapor phase in 

comparison to that of the liquid droplet, because the nucleation take place from the liquid 

droplet not from the vapor phase. The growth rate of the nanowire was given by 

( )nw
V L

dH

dt
   , (1.7) 

 

where   is a kinetic coefficient. The model also demonstrated the difference in growth 

rate between the 2D surface and nanowire, and the faster growth of the nanowire was 

favored than the 2D surface due to the lower interfacial energy underneath the Au seed at 

the liquid-solid interface, compared to the 2D vapor-solid one. 

The above models for nanowire growth describe the case of direct impingement of 

the growth species on the Au seed particle as the mean of mass transport. When using 

different methods of growth, such as Si using molecular-beam epitaxy (MBE) [47], the 

heights of the nanowires were found to be proportional to 1 R . Further investigations on 
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III-V compounds have also reviled this the same behaviour. This behaviour was attributed 

to the diffusion of the growth species in the form of adatoms on the sidewall of the 

nanowire before they are gathered by the Au droplet. Modelling the direct impingement 

on the Au droplet and the adatom diffusion contributions to growth was given by:  

nwdH B
A

dt R
  , (1.8) 

 

where A and B are the parameters responsible for the direct impingement and the adatom 

diffusion, respectively. This model was verified by several published results [20], [38]. In 

addition to the 1/R, investigations done by Johansson et al [48] examining the Gibbs-

Thomson effect for InAs nanowires, revealed that its effect is insignificant on the growth 

of nanowires, with diameters ranging from 20-100 nms. 

Experimental results showing the Hnw versus 1/R behaviour for nanowires with 

diameters below 120 nms, started to show slight increase in the height beyond this 

diameter [38]. A merge between the Givargizov-Chernov model and the diffusion 

induced model [49], was able to provide a universal solution to this phenomenon. The 

increase in length at larger diameters was attributed to the switch from a mono-nucleation 

regime to a poly-nucleation regime at the growth interface [51]. 

Since, the mass transport to the Au seed differs based on the method of growth, 

Dubrovskii et al [50] described a model that can be used for vapor phase deposition 

(VPD), such as CVD,  in addition to systems with high vacuum deposition (HVD), such 

as MBE. The model described in Figure 1.4  can be tailored to match the HVD and the 

VPD growths by varying the angle α and the diffusion lengths on the substrate and along 

the nanowire. For example, the angle α is considered to be equal to 90º in the case of 

CVD along with having very short diffusion length on the substrate and the nanowire's 

sidewalls. 
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Figure 1.4: The model of wire growth: (1) direct impingement, (2) desorption from the 
drop, (3) diffusion flux from the sidewalls to the drop, (4) desorption from the sidewalls, 
(5) diffusion from the substrate to the sidewalls, (6) diffusion from the substrate along the 
sidewalls to the drop, (7) nucleation on the surface (Adopted from [49]). 

 

 

The growth rate of the nanowires in HVD systems has been argued to be 

dependent on the traditional 1/R behaviour in addition to 1/R2 [50], which has been 

argued to be due to the feeding of adatoms for the surface of the substrate. 

 

1.4 Crystal Structure of Nanowires 

 

Nanowires have shown that they can exhibit crystal structures different than the 

normal form that the bulk material show. Although the bulk III-V materials take the cubic 

zinc-blend (ZB) crystal structure, their nanowire counterparts prefer the hexagonal 

wurzite (WZ) structure. The crystal structure for each material show dependence on the 

nanowire's diameter, growth temperature, rate and V/III flux ratio. Dick et al. [62] 

demonstrated the change in the nanowire crystal phase based on the above parameters 
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using metalorganic vapour phase epitaxy (MOVPE) for many III-V compounds. For 

example, GaAs grown with the temperature range of 350-550ºC, showed ZB phase with 

low density twin plans at the lower limit of the temperature range. For growths at 450ºC, 

the ZB nanowire started having WZ short segments as stacking faults. The nanowire 

phase showed the dominance of the WZ phase, which agrees with the result of  Plante et 

al [52]that was performed in MBE with the temperature range of 500-600ºC. In addition, 

the experiments done by Plante et al showed increase in the WZ phase purity of the 

nanowires as the growth rate decreased and the V/III flux increased. 

Tuning the crystal structure and perfecting the phase of the grown nanowires 

needs recipes for the growths that can be achieved by lot of experimentations. Interval 

interruptions during MBE growth of nanowire superlattices [53]succeeded in developing 

WZ single crystalline nanowires. Joyce et al [54], used the growth conditions to achieve 

pure ZB nanowires using MOCVD at low temperature and high V/III ratio and pure WZ 

nanowires at high temperature and low V/III ratio.  

 

1.4.1 Modelling of Crystal Structure 

 

Early models attributed the occurrence of the hexagonal WZ to be due to the its 

lower energy of formation at small diameters. Akiyama et al [55]-[56]used the hexagonal 

nanowire shape to calculate its energy. Their results showed, that small diameters 

nanowires favored the hexagonal crystal and beyond a critical crossover diameter, the 

crystal structure switches to the cubic zinc-blend form. Concerns were raised about this 

approach because the critical crossover diameter, where ZB becomes favorable over WZ, 

was underestimated where it was in the range of 15-20 nms. 

Glas et al. [57], based their analysis on the classical nucleation theory of the 

growth species at the growth interface of the nanowire. For a nucleus forming at the 

growth interface the Gibbs-free energy of formation is given by 
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A h
G P h A       


, (1.9) 

 

where   is the volume of the nucleating atoms and  is their chemical potential in the 

Au droplet. The height of the nucleus h is equivalent to one monolayer, A is the area of 

the nucleus = 2ar and P is the lateral perimeter of the nucleus = pr for the lateral surface 

energy of the nucleus  (1 )l lL lV      . The lateral surface energies of the nucleus 

lL and lV  are for the lateral sides facing the liquid and the vapor, respectively, and   is 

the fraction of the nucleus facing the vapor phase. The parameter   represents the 

difference in cohesive energy between the ZB and the WZ phase, given that 0
ZB

  . 

Nucleation was assumed to occur either at the triple phase line (TPL) of the Au 

droplet, vapor phase and nanowire, , as shown in Figure 1.5 (b),  or away from that line 

close to the center of the growth interface, as shown in Figure 1.5  (c). Due to the excess 

energy needed for the WZ nucleation from the factor A  in the above equation, 

nucleation away from the TPL would always be in the ZB phase. However, if nucleation 

is to occur at the TPL, WZ nucleation becomes more favorable if the supersaturation in 

the Au droplet in high. In addition, due to the elimination of part of the liquid-vapor 

interface during TPL nucleation, the TPL becomes energetically favorable site for 

nucleation. 

The nucleation based model gave an explanation on why a phase would occur 

over the other but did not give explanation to why nanowires would have stacking faults 

or mixed phases. Johansson et al [58] utilized the nucleation based model and explained 

the occurrence of stacking faults or twin plans. In his model, the critical nucleation barrier 

was calculated for the WZ and the ZB phase, and were given by: 
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where   is the crystal phase, WZ or ZB.  

A competition between the two nucleation events (WZ or ZB) would take and it 

would be governed by a random Poisson relation. The probability of forming the WZ can 

be given as: 

*

* *

exp[ ]

exp[ ] exp[ ]
WZ

WZ
WZ ZB

G
P

G G




  
. (1.11) 

 

The Poisson nucleation process at the nanowire growth interface, was the basis for 

further work, where the growth kinetics were included to give a better description of the 

formation of phases [59]. In [60], the Gibbs-Thompson effect was included in the analysis 

of the model and was pointed out to be the reason for the dependence of crystal structure 

on nanowire diameter for InAs naowires. 

A big challenge remain in the modelling the probability of crystal phases in 

nanowires which is the values of the surface energies between the formed nucleus and the 

underlying surface, the vapor phase and the liquid droplet. The values used for these 

surface energies are mostly fitting parameters [58]-[59], or based upon the calculation of 

surface states of the nucleus at the growth interface [63]. However, further investigations 

and experimentations are required to include the effect of supersaturation liquid droplet 

and the vapor phase and its effect on the interface energies. 
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Figure 1.5: Illustration of the nucleation process (a) at the liquid-solid interface. (b) 

showing TPL and (c) center nucleation 

 

1.5 Thesis Overview 

 

The main discussion in the thesis revolve around the growth of ternary nanowires,  

particularly InGaP. The experimental work done on the InGaP nanowires, has directed 

our focus the understanding the growth aspect and their crystal structure with the help of 

theoretical modelling. The dissertation is divided into three main chapters. In  

Chapter 2, the main experimental procedures are discussed. The chapter shows the results 

and the characterization of ternary InGaP nanowire growths and experiments. Qualitative 

discussions are provided to explain our results and observations. The main highlights in 

Chapter 2 is the growth rate study of InGaP nanowires, where the elemental composition 

and the crystal structure dependence are discussed. 

ΦV
γlV 

γlL 

Center Nucleation 

α = 0 

α = 1/3 A

ΦL

P
TPL Nucleation 

h

(a) 

(b) 

(c) 
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Chapter 3 discusses the quantitative physical-based growth model that addresses 

the results shown in Chapter 2. The model deals with the growth, morphology, diameter 

and temperature dependence and elemental distribution of the different elements along 

the nanowire's horizontal and vertical axis. The growth model is considered the first to 

explain the elemental distribution in ternary nanowires. The key approach in the model is 

to separate the growth species into two systems of InP and GaP. As a result, we are able 

to describe the discrepancies in In behaviour and its dependence on growth rate, 

temperature and diameter size.  

Chapter 4 is focused on the change in crystal structure of the growth discussed in 

chapter 2 and its dependence on the growth rate. Fitting out data with the measurements 

have indicated that In nucleation at the growth interface promotes ZB formation, whereas 

Ga nucleation promotes the WZ phase nucleation. Furthermore, the dependence of the 

crystal structure on diameter of the seed particle was taken into consideration by 

modeling the surface energy of the nucleus-liquid interface as a diameter dependent. 
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Chapter 2  

 

Dependence of InGaP Nanowire Morphology and Structure 

on Molecular Beam Epitaxy Growth Conditions 

 

 

 

Semiconductor nanowires (NWs) have been intensely explored over the past 

decade for next generation lasers [1], light-emitting diodes (LEDs) [2], [3], sensors [4], 

photovoltaic devices [5], single electron transistors [6], and photodetectors [7].  NWs can 

be self-assembled using metal-assisted growth which was first introduced as the vapor-

liquid-solid (VLS) mechanism by Wagner and Ellis [8]. In the VLS process, a metal 

catalyst (typically Au) acts as a collecting agent for reactants resulting in site-selective 

growth of NWs.  Various deposition techniques have been employed for NW synthesis, 

such as metalorganic vapor phase epitaxy (MOVPE) [9] and molecular beam epitaxy 

(MBE) [10, 11].   

Many device applications require heterostructures containing III-V compound 

semiconductors such as GaAsP for near-infrared lasers [1], InGaP for LEDs [3], InAsP 

for infrared photodetectors [7] and quantum dot LEDs [2], and InGaAs for field-effect 

transistors [6].  Recently, numerous efforts have demonstrated the photovoltaic 

capabilities of III-V semiconductor NWs [5] where InGaP might be incorporated in a 

multi-junction design to improve energy conversion efficiency.  Despite this, 

comparatively little work has been performed to understand the growth of ternary III-V 

compound semiconductor NWs as compared to elemental NWs such as Si, Ge and binary 
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III-V NWs.  In this paper, we focused on the morphology, composition, and crystal 

structure of InGaP NWs.   

One of the main challenges lies in controlling the morphology (length, diameter, 

and shape) and crystal structure of NWs.  Depending on growth conditions (temperature, 

impingement rates, and V/III flux ratio), NWs may grow axially by the VLS mechanism 

or radially by vapor-solid deposition on the NW sidewalls.  Semiconductor NWs typically 

exhibit the hexagonal wurtzite (WZ) structure, unlike the usual cubic zincblende (ZB) 

structure that occurs in their bulk state [11], [12].  Insertions of a few monolayers of ZB 

stacking typically occur along the length of NWs, affecting their electrical and optical 

properties [13, 14].  In this paper, a growth study is performed on InGaP NWs to show 

the control of morphology and stacking fault density with flux conditions.  The results 

show that stacking faults can be nearly eliminated by using the proper growth conditions. 

A natural core-shell structure is also formed whereby the In content is greater near the 

NW centre.  A qualitative explanation is provided to understand these observations.  

 

2.1  Experimental Details 

 

NWs were grown on n-type (111) B-oriented GaAs substrates. Prior to NW 

growth, the substrates were subjected to UV ozone oxidation for 20 minutes followed by 

a 30 second etch in HF and a deionized water rinse for 5 minutes to remove surface 

hydrocarbons. After cleaning, a 1 nm thick gold film was deposited on the substrates at 

room temperature by e-beam evaporation.  The samples were then transported in ambient 

air to a gas source molecular beam epitaxy (GS-MBE) system for NW growth. In GS-

MBE, group III elements are supplied from elemental effusion cells while group V 

species are supplied as dimers (As2, P2) from cracking of hydrides (AsH3, PH3).  Before 

growth was initiated, the samples were heated to 550 C for 10 minutes under hydrogen 

plasma and As2 flux to desorb surface oxides. The Au film, when annealed in the MBE, 
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provided the necessary seeds for the Au-assisted growth of the NWs. The substrate 

temperature was then dropped to the growth temperature of 430 C, the P2 flux was 

initiated and As2 flux terminated, and NW synthesis begun by opening the Ga and In 

effusion cell shutter.  The composition was nominally In0.5Ga0.5P as determined by prior 

thin film calibrations. 

Four NW samples were grown at 430 C referred to as samples A, B, C, and D. 

Samples A, B and C were grown with a group III (In and Ga) impingement rate 

corresponding to 2-D equivalent growth rates of 2 µm/h, 1 µm/h and 0.25 µm/h, 

respectively, and the growth durations were 10 min, 20 min and 80 min, respectively.  

Therefore, the group III impingement rate and growth duration were adjusted such that all 

the samples received identical group III material supply. The V/III flux ratio of these 

three samples was set at 1.75. Sample D was grown with conditions similar to sample C, 

but with the V/III flux ratio increased to 8. The growth conditions of the four samples are 

summarized in Table 2.1. 

The morphology of the NWs was characterized using a JEOL JSM-7000F field 

emission scanning electron microscope (SEM). The NWs were prepared for transmission 

electron microscopy (TEM) measurements by a sonication method described previously 

[10].  SEM observations of the substrate after the sonication procedure confirmed that the 

NWs broke from the substrate at their bases.  NW cross-sections were also prepared using 

an ultra-microtoming procedure.  The crystal structure of the NWs was investigated using 

a Philips CM12 conventional TEM. Compositional analysis was performed using a JEOL 

JEM-2010F high resolution scanning TEM, which was equipped with energy dispersive 

x-ray spectroscopy (EDX). 
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Table 2.1  Growth conditions for samples used in this study. 

Sample 

Group-III 

impingement rate 

(µm/h) 

Growth 

 duration 

(minutes) 

V/III flux 

 ratio 

A 2 10 1.75 

B 1 20 1.75 

C 0.25 80 1.75 

D 0.25 80 8 

 

2.2  Results 

 

The morphology of the NWs was first surveyed by cross-sectional SEM as shown 

in Figure 2.1 for the four samples A-D.  The NWs exhibited mostly a pencil-like shaped 

morphology as described previously [10], [11], where the NW diameter was nearly 

constant along its entire length except near the NW tip where the diameter dramatically 

decreased.  We previously attributed this pencil-shaped morphology to radial vapor-solid 

growth which uniformly increases the diameter of the NWs in a layer-by-layer fashion 

due to deposition on the NW sidewalls [10], [11].  The radial growth of the NWs was 

quantified by measuring the full width at half-length, w, of the NWs in comparison with 

the Au seed diameter, d, from measurements on 40-50 individual sonicated NWs in TEM, 

such as those shown in Figure 2.2.  The average w/d ratio of the NWs was 3, 4.3, 5 and 12 

for samples A through D, respectively.  Radial growth on the sidewalls of the NWs 
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therefore increased somewhat as the group III impingement rate decreased (comparing 

samples A, B, and C), but increased more substantially as the V/III ratio increased 

(comparing samples C and D).  This effect will be discussed further in the Discussion 

section.  

The relationship between NW length and Au particle seed diameter was also 

determined by direct measurement of sonicated NWs by TEM as plotted in Figure 2.3.  

Smaller Au seed diameters typically resulted in greater NW lengths.  This trend is most 

obvious for sample D in Figure 2.3(d) where NW heights were greater compared to 

samples A-C (as discussed below).  This inverse relationship between NW height and Au 

seed diameter is a signature of adatom diffusion along the substrate and NW sidewalls to 

the growing interface [15].  Also noteworthy was the disparity in NW heights among 

samples A-D.  Sample D exhibited NW heights almost twice as great compared to the 

other samples for Au seed diameters below 20 nm.  Therefore, in addition to showing 

greater radial growth, sample D also showed significantly greater axial growth in 

comparison to the NWs grown at lower V/III flux ratio.  This effect will also be discussed 

further in the Discussion section. 

Next, we considered the structural analysis of the NWs as measured by TEM.  

Figure 2.2 shows typical bright-field TEM images along the [2 -1 -1 0] zone axis for 

representative NWs from samples A-D.  A representative selected area electron 

diffraction pattern, shown in the lower left corner of Figure 2.2(a) for the mid-section of 

sample A, indicated a wurtzite (WZ) crystal structure.  The same WZ crystal structure 

was observed along the entire NW length, as well as for the other samples B-D.  The dark 

and light bands intersecting the NWs in Figure 2.2 indicated the recurrence of stacking 

faults along the NW length as described previously for GaAs NWs [10, 11].  The stacking 

faults consist of a few monolayers of zincblende (ZB) crystal structure inserted 

periodically within the primarily WZ crystal structure of the NW.  Sample A showed the 
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Figure 2.1 Cross-sectional SEM images of NWs for sample (a) A, (b) B, (c) C, and (d) D.  
Length bars indicate 500 nm 
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Figure 2.2 Bright-field TEM images along the [2 -1 -1 0] zone axis showing the 
recurrence of stacking faults along the mid-sections (i.e., half-length) of NWs for sample 
(a) A, (b) B, (c) C, and (d) D.  Length bars indicate 20 nm.  Insets in upper right show the 
entire nanowire.  Circled regions in the insets correspond to the magnified views (inset 
scale bars are 200 nm).  Inset at lower left of (a) indicates the selected area electron 
diffraction pattern near the middle of NW A indicative of the wurtzite crystal structure. 
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Figure 2.3 The height of each NW versus the diameter of its Au seed particle for sample 
(a) A, (b) B, (c) C and (d) D. 
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highest recurrence of stacking faults, with an average stacking fault density (SFD) 

measured at its mid-section (i.e., its half-length) of 0.33 nm-1. Sample B indicated a lower 

value of the SFD compared to sample A with an average of 0.23 nm-1.  The SFD 

decreased further in sample C with an average value of 0.06 nm-1. Therefore, the SFD 

progressively decreased as the group III impingement rate decreased from sample A to C.  

Sample D was grown with the identical impingement rate as sample C, but with a V/III 

flux ratio of 8 as compared to 1.75.  Sample D exhibited from 2 to 20 stacking faults 

along the entire NW length with some NW mid-sections completely fault-free (as shown 

in Figure 2.2(d)), which was much less than the SFD of sample C. Therefore, the SFD 

also decreased with increasing group V impingement rate (increasing V/III flux ratio). 

The elemental distribution of the four samples was investigated using EDX. All 

EDX profiles in Figures 2.4 and 2.5 were normalized to represent absolute composition 

measurements where the EDX profile for P represents 50 at% as expected for InGaP.  

Note that the In, Ga, and P counts decreased near the tip of the NW due to the decrease in 

material volume associated with the tapered morphology.  Axial EDX profiles are shown 

in Figure 2.4(a) and (b) for representative NWs from sample A with relatively small (4 

nm) and large (10 nm) Au seed particle diameter, respectively.  The EDX profiles 

indicated much lower In compared to Ga incorporation in the NWs.  Comparing Figure 

2.4(a) and (b), this reduction in In incorporation compared to Ga was more severe in NWs 

of smaller Au particle size.  Similar dependence of In content with particle size was 

observed among all the samples A-D.   

Figure 2.5 shows axial EDX profiles for representative NWs from samples B, C 

and D.  To evaluate differences in In and Ga incorporation among the samples B-D, EDX 

profiles were measured from NWs of similar Au seed diameters (5 to 6 nm) and NW 

diameters (36 to 50 nm).  Comparing NWs from samples B and C with similar Au and 

NW diameters indicated increasing In incorporation as the group III impingement rate 

increased at constant V/III ratio.  Similarly, comparing NWs from samples C and D 

indicated increasing In incorporation as the group V impingement rate (i.e., V/III flux 
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ratio) increased at constant group III impingement rate.  Based on our observations on the 

Au particle size dependence as represented in Figure 2.4, the small difference in Au 

particle size (all within 1 nm) in Figure 2.5 is not sufficient to account for the observed 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Axial EDX profiles for NWs from sample A with Au seed diameter of (a) 4 
nm and (b) 10 nm, showing elemental distributions for In (blue), Ga (green) and P (red).  
Bright-field images of the NWs are shown below each EDX profile 
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Figure 2.5  EDX profiles along the length of representative NWs from sample (a) B, (b) C 
and (c) D, showing elemental distributions for In (blue), Ga (green) and P (red). Bright-
field images of the NWs are shown below each EDX profile. 
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compositional changes with growth conditions.  Instead, observations among NWs with 

similar Au particle diameter indicated a strong dependence on group III and V 

impingement rate.  The axial EDX profiles also indicated increasing In content along the 

length of the NWs.  The In content typically increased toward the tip of the NW until the 

tapered region was reached, at which point the In counts declined due to the reduction in 

material volume associated with the tapered morphology of the NWs.  This latter effect is 

described further in the Discussion section.    

To further understand the three-dimensional distribution of elements within the 

NWs, EDX profiles were superimposed on TEM images of microtomed samples (NW 

cross-sections) as shown in Figure 2.6 for sample D.  The cross-section of the NWs 

showed a hexagonal sidewall geometry with {-2 1 1 0} type facets, typical of NWs with 

significant radial growth [10, 11].  The EDX analysis of the microtome specimens 

revealed an inhomogeneous distribution of In and Ga in the NWs.  First, a comparison of 

Figures 6(a), (b), and (c) confirmed that the In concentration increased from the bottom to 

the top of the NWs as described earlier for the axial EDX profiles of Figure 2.5.  Absolute 

EDX composition measurements at the centre (core) of the NWs in Figure 2.6 indicated 

15, 22, and 28 at% In at the bottom, middle, and top of the NWs, respectively, with a 

concomitant decrease in Ga content along the NW length.  A similar decrease in Ga 

content along the NW length can be observed in the axial EDX profiles of Figure 2.5 in 

the non-tapered regions of the NWs.  Second, where there is significant In concentration 

in the NW (i.e., near the top or midsection of the NWs), the EDX profiles clearly 

indicated lower In content near the surface of the NW (the edge of the microtome disk) 

while the Ga profile indicated a peak concentration near the surface of the NW (note the 

double humped behavior of Ga in Figures 6(a) and (b)).  This accumulation of In near the 

core of the NW was confirmed by high angle annular dark field (HAADF) images.  For 

example, the HAADF image in Figure 2.6(b) indicated a darker contrast along the 
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Figure 2.6 EDX radial profiles along microtomed discs from sample D showing In (blue), 

Ga (green) and P (red) elemental distributions superimposed on (a) bright-field TEM 

image near a NW top, (b) HAADF image near a NW mid-section, and (c) bright-field 

TEM image near a NW bottom.  Length bars indicate 20 nm. 
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periphery of the NW which is indicative of a Ga-rich shell, consistent with the radial 

EDX profile (lower atomic number elements provide darker contrast in HAADF images).  

These results indicate that In incorporation occurs preferentially near the centre of the 

NW most likely by the Au-assisted process, while Ga incorporation appears to occur 

preferentially on the NW sidewalls by the vapor-solid process.  

 

2.3  Discussion 

Morphology 

 

The axial growth of NWs by MBE is primarily due to the diffusion of adatoms 

from the substrate and along the NW sidewalls where they reach the Au seed particle and 

nucleate at the growth interface.  The tapering of the NWs indicates the presence of radial 

growth due to the nucleation of adatoms on the NW sidewalls [10, 11]. Sample D, which 

was grown at the higher V/III flux ratio compared to samples A-C, had the greatest radial 

growth.  This can be explained by a reduction in the diffusion length of group III adatoms 

on the NW sidewalls due to the presence of reactive group V dimers, which promotes 

sidewall nucleation.   

Sample D, which was grown with the higher V/III ratio, also showed a 

significantly greater height of the NWs suggesting the VLS mechanism in the Au seed 

particle occurs under group V limited conditions.  Thin film deposition by MBE normally 

occurs under group V rich conditions (i.e., with a V/III flux ratio greater than unity).  

Under these conditions, the growth rate is determined by the group III impingement rate, 

and any group V species in excess of group III are desorbed.  However, owing to 

differences in group III and V adatom diffusion lengths and solubility in Au, V/III ratios 

 1 may prevail locally at the Au-NW interface.  On this basis, the change in group III 
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impingement rate, while keeping the V/III ratio constant, had little effect on the axial 

growth of the NWs as shown in Figure 2.1(a) to (c).  A similar dependence of NW axial 

growth with V/III ratio, and postulation of group V limited growth, has been made for 

MBE-grown GaAs NWs [16], [17], MBE-grown GaN NWs [18], and MOVPE-grown 

GaSb NWs [19].   

 

Elemental Distributions 

 

EDX and TEM analysis of the NWs indicated In incorporation was concentrated 

in the centre of the NW, while a Ga-rich shell formed from vapor-solid deposition.  The 

development of this core/shell structure might be explained by the differences between 

Ga and In adatom diffusion lengths.  It is well known that the Ga diffusion length is less 

than the In diffusion length [20-22].  Therefore, as the NW height exceeds the Ga 

diffusion length, limited amounts of Ga as compared to In would be able to reach the top 

of the NWs to contribute to axial growth. Instead, Ga will deposit on the NW sidewalls 

resulting in Ga enrichment in a radially grown shell.  A similar effect has been observed 

in other ternary NW material systems.  For example, a core-shell structure was observed 

in AlGaAs NWs where the greater diffusion length of Ga compared to Al resulted in Ga 

enrichment near the centre of the NW [23].  Similarly, P enrichment has been observed 

near the centre of GaAsP NWs due to the longer diffusion length of P compared to As 

[24].  The decline in Ga composition along the length of the NWs as observed in Figures 

5 and 6 allow an estimation of the Ga diffusion length to be less than the maximum NW 

height of ~1.6 m in sample D.  However, besides the different diffusion lengths of In 

and Ga on the NW sidewalls, we cannot discount other competitive effects between In 

and Ga incorporation.  Johansson et al. [25], for example, suggested that In in the Au 

particle suppresses the solubility of Ga.  The Gibbs-Thomson effect, described below, 

may also significantly affect the relative incorporation of In as compared to Ga.   
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Despite the relatively higher In content in the core of the NW as compared to the 

periphery, the EDX results showed lower overall In incorporation as the Au seed particle 

diameter diminished.  This observation may be understood by considering the arrival rate, 

R, of adatoms at the Au-nanowire interface [26], [27]: 

  
Tmk

TkrPP
R

B

Bwl




2

)/2exp( 
    (2.1) 

where kB is Boltzmann’s constant, T is the growth temperature, P is the reactant pressure 

surrounding the NW, rw is the Au alloy particle radius (~NW radius),  is the vapor-liquid 

surface energy of the particle,  is the atomic volume of the reactant element in the Au 

particle, m is the mass of the reactant species, and P is the reactant pressure in a particle 

of infinite radius of curvature.  The second term in the numerator of Eq. (2.1) describes 

the Gibbs-Thomson (GT) effect whereby smaller Au alloy particles exert a greater vapor 

pressure.  Owing to the low supersaturations operable during MBE and the small 

nanoparticle sizes (<10 nm) used in this study, reactant incorporation, such as In, may be 

suppressed.  On the other hand, considering the higher surface energy for Ga compared to 

In (~0.72 Jm-2 versus 0.565 Jm-2, respectively [28]) means that, according to Eq. (2.1), 

any decrease in incorporation due to the GT effect should be greater for Ga compared to 

In.  

Apart from the GT effect, another relevant effect is the different eutectic melting 

temperatures for In-Au and Ga-Au alloys, which are 454 C and 339 C, respectively 

[29], compared to our growth temperature of 430 C.  Therefore, there has been some 

debate whether NW growth occurs by the VLS process or the alternative vapor-solid-

solid (VSS) mechanism [30].  A related consideration is therefore the different pathways 

for incorporation of the reactants, whether by bulk diffusion through the Au particle or 
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diffusion at the Au-NW interface.  A recent study suggested that In may prefer bulk 

diffusion while Ga may incorporate by both pathways (bulk and interface diffusion) [28].  

Therefore, the incorporation of In and Ga may differ substantially depending on growth 

conditions.  Furthermore, Glas et al. [31] showed that nucleation occurs preferentially at 

the triple-phase line where interfacial and surface tensions may differ for In and Ga 

nucleation, though precise parameter values are lacking. 

The observation of higher In incorporation in NWs grown with higher group III or 

V impingement rate may be explained by the increased supersaturation of the Au alloy 

where the relevance of the GT effect decreases.  NWs were also grown with identical 

conditions as sample B but at a higher growth temperature of 490 C.  In this case, no In 

was observed in the NWs consistent with a lower supersaturation existing at the higher 

growth temperature.  Finally, we note that EDX measurements of 3-4 nm diameter Au 

particles indicated no presence of In, while >10 nm diameter particles showed 25-35 at.% 

In, which again is consistent with the GT effect operating at smaller Au particles.   

A more subtle effect in our study was the observed increase of In toward the top 

of the NWs as shown in the axial EDX profiles.  This phenomenon might be explained by 

an increase in supersaturation as growth proceeds.  A transient phase may be present in 

the initial stage of growth where the supersaturation of In and Ga (and possibly P) in the 

Au alloy is less at the beginning of growth compared to later stages of wire growth [31].  

When the growth fluxes are turned on, the supersaturation, and therefore the In content, 

may increase until steady-state is achieved.  In addition, if Ga competes with In solubility 

as suggested by Johansson et al. [25], then In supersaturation may increase as Ga content 

in the Au particle diminishes with NW length (as the NW length exceeds the diffusion 

length of Ga as discussed above).    
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Crystal Structure 

 

Many efforts have been directed to understand the polytypism in NWs and the 

recurrence of stacking faults. Akiyama et al. [32, 33] attributed the WZ phase formation 

in NWs to the lower surface energy of the WZ phase when compared to ZB at small NW 

diameters.  However, the estimated cross-over diameter between WZ and ZB NWs was 

underestimated, as WZ NWs with diameters much larger than those predicted have been 

reported in the literature. Later, Glas et al. [31] described the formation of different 

phases in NW growth by the nucleation process at the growth interface. Their analysis 

revealed that nucleation at the Au-NW interface was favored at the triple phase line. 

Johansson et al. [25] used these findings to develop a model to estimate the probability of 

stacking fault formation versus supersaturation.  Further analysis was performed by 

Dubrovskii et al. [34, 35] to calculate the critical radii that allow NW formation and the 

radii that would favor WZ formation over ZB for a variety of III-V compounds.  Based on 

these models, it is generally accepted that high group III supersaturation of the Au 

particle favors WZ while low supersaturation favors ZB.  These models do not consider 

the influence of group V species, and instead define supersaturation relative to the group 

III species.   

Diffraction analysis showed that all NWs in our study had the WZ crystal 

structure, with insertions of short ZB segments as stacking faults (except sample D which 

was nearly stacking fault-free). Comparing samples A to D indicated that SFD decreased 

as the group III impingement rate decreased and as the group V impingement rate (i.e., 

V/III ratio) increased.  Promotion of the WZ phase with a low density of stacking faults 

upon lowering of the group III impingement rate (lower In and Ga supersaturation) as 

observed in our study is not predicted by current models, although it is in agreement with 

similar observations made for GaAs [11], GaP [36] and InP NWs [37].  The observed 

decrease in stacking fault density at high V/III flux ratio (sample D) suggests that a high 

group V supersaturation at the particle is also desired for crystallization in the WZ 

structure, as observed also in GaAs [11, 17] and InP NWs [37, 38].  Note that a prior 
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study indicated the possible solubility of group V species in Au during NW growth [39].  

Therefore, group V supersaturation may play an important role in stacking fault 

formation, especially considering the possible group V limited nature of the NW growth 

discussed earlier.  Joyce et. al. [17] speculated that As species may decrease the incidence 

of twin defects (or stacking faults) by reducing surface and interfacial tensions.  

We also observed lower SFD in all samples A-D with smaller Au particle 

diameter.  Although the latter observation will be the focus of another publication in the 

near future, we simply note here that these results have also been obtained for binary 

NWs including GaAs [40], InP [37, 38], and InAs [41].   

 

2.4  Conclusions 

 

InGaP NWs showed inhomogeneous distribution of In and Ga, with higher In 

content in the core of the NWs.  This observation was explained by the different adatom 

diffusion lengths for In and Ga.  Such self-assembled core-shell structures will have 

larger bandgaps at the NW periphery, which may have useful applications where carrier 

confinement in the core of the NW is required.  A difference in In and Ga content was 

also observed, where we speculated on the influence of the GT effect, and different 

incorporation pathways and kinetics.  The GT effect appeared to diminish with higher 

group III or V impingement rates due to higher supersaturation.  Near elimination of 

stacking faults was also observed at lower group III and higher group V impingement 

rates.  Understanding of these growth processes will require further clarification on the 

various kinetic and thermodynamic aspects of the NW growth including nucleation and 

diffusion processes.  Nevertheless, our observations on the influence of growth conditions 

on the ternary InGaP morphology and stacking fault density was consistent with similar 
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observations made on simpler binary NWs, indicating common underlying growth 

processes. 
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Chapter 3  

 

Modelling of InGaP Nanowire Morphology, Composition 

and Structure on Molecular Beam Epitaxy Growth 

Conditions 

 

 

Many device applications require heterostructures containing III-V compound 

semiconductors such as InGaP for LEDs [4], GaAsP for near-infrared lasers [6] and 

quantum dot LEDs [8], InAsP for infrared photodetectors [5], and InGaAs for field-effect 

transistors [7].  Efforts have demonstrated the photovoltaic capabilities of III-V 

semiconductor NWs [1] where InGaP might be incorporated in a multi-junction design to 

improve energy conversion efficiency.  Despite this, comparatively little work has been 

performed to understand the growth of ternary III-V compound semiconductor NWs as 

compared to elemental NWs such as Si, Ge and binary III-V NWs. We have previously 

reported on the influence of MBE growth conditions on morphology, composition, and 

crystal structure of InGaP NWs [20]. In this chapter we develop a detailed analytical 

model for the evolution of NWs depending on MBE growth parameters.   

We first begin by discussing the physical model and the resulting model 

equations. We then provide a summary of the experimental data, identifying 

measurements that may be compared with model predictions. Thirdly, we provide details 

on our simulation approach and the physical significance of model parameters. We 

conclude this chapter with discussion of both the fit of the model to experimental data, 
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explaining the predictions of the model in terms of the impact of growth conditions, and 

discussing the observations that were driven by the model and simulations. 

 

3.1  Model 

 

Diffusion based models have successfully been applied to the case of binary 

nanowires [16]-[18]. In this work we extend these models to the case of ternary 

nanowires. We do this by taking into account the interaction between the different growth 

species, including the effect of composition on different model parameters, and making 

assumptions on equation boundary conditions to simplify the model equations. The 

resulting correspondence with experimental data and physical insights obtained from the 

model justify these simplifying assumptions. 

Figure 3.1 shows the physical processes that contribute to the growth of nanowires 

in our system. Atomic or molecular species (In, Ga, P2) impinge on the substrate surface 

from the vapor phase. For each species i, we denote the rate of impingement on the 

surface (atoms per unit area per unit time) by iJ . Atoms impinging on the Au seed 

dissolve and alloy with the Au and contribute to the nanowire growth. Atoms impinging 

onto the substrate surface adsorb as adatoms that diffuse along the 2D surface and then 

desorb from the surface, are captured by nucleation islands where they contribute to 2D  
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Figure 3.1  A Schematic of the diffusion based model. 

 

 

surface growth, or arrive at the base of a nanowire. We denote the diffusion flux of 

species i on the surface by 
,s iF . Atoms reaching the base of a nanowire diffuse upwards 

along the sidewalls of the wire until they either deposit on the sidewalls or reach the top 

of the wire. The flux of atoms of species i diffusing on the sidewalls of the wires we 

denote 
,w iF . The flux of atoms reaching the top of the nanowire is denoted 

,L iF ; these 

adatoms dissolve in the liquid seed to contribute to the supersaturation of the Au droplet. 

These are therefore responsible for deposition from the Au seed at the top of the growing 

nanowire. Due to the relatively short lengths of the NWs and the substantial 2D film 

growth, the impingement on the NW sidewalls was ignored. In addition, our model 

strongly addresses the dependence of the growth on the interaction between the 2D island 
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nucleation and the onset of NW growth where the direct impingement on the sidewalls 

has minimal effect.  

The surface diffusivity, 
,s iD , of adatom i on the surface is a material property 

depending only on the diffusing species, the underlying surface material, and temperature. 

If we consider the “free” surface, without growth of new material, we may also 

characterize each adatom species with an average lifetime on the surface, 
,s i 0

, that 

describes the balance between adsorption, desorption and incorporation processes. We 

may also speak of a free surface diffusion length, , , ,s i s i s iD 0 0 . The parameters 
,s i 0

 

and 
,s i 0

 are also material properties. They are solely determined by the diffusing species, 

the stoichiometry and orientation of the underlying surface, and temperature. However, in 

a growth process where the surface is modified, nucleation islands, Au seeds, and 

nanowires act as sinks for the diffusing species. Under these circumstances, 
,s iD  remains 

unchanged but the average lifetime and effective diffusion length will change. We will 

denote these variables as 
,s i  and 

,s i  respectively, removing the subscript ‘0’ that refers 

specifically to the free surface or “equilibrium” case. These parameters satisfy the 

relationship [28] 

 
 

 , ,
,

, ,

s i s i
s i

s i s i

D
2 2

0

0               (3.1) 

 

The effective diffusion length is determined by the free surface diffusion length 

and the density of sinks. In our case, possible sinks are the nanowires and nucleation 

islands. We may therefore write  

 






,s i

w IN N

1

             (3.2) 
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where NI and Nw are the density of nucleating 2D islands and nanowire density, 

respectively. We will always have  , ,s i s i0 . 

We assume that adsorption to and desorption from the surface, dissolution in and  

evaporation from the liquid, and incorporation in the solid phase are all much faster 

processes than the diffusion process. This means that the system will be in a quasi-steady 

state with the concentration of adatoms everywhere nearly constant in time, dependent 

only on the thermodynamic equilibrium between the different phases. Under this 

assumption, the appropriate equation describing the concentration of adatoms is the static 

diffusion equation [17], 

,2
, ,

,

0s i
s i s i i

s i

n
D n J


   

            (3.3)  

 

where 
,s in  is the concentration of adatoms on the surface per unit area and depends on the 

growth conditions. It is useful to think of the free surface or equilibrium case and denote 

by 
,s in 0

 the equilibrium concentration of adatoms of species i on a surface of the given 

stoichiometry and orientation at the given temperature and pressure. This quantity is 

given by [19] 


 

  
 

,
,

( )
exp B C

s i
s i B

k T
n

k T0

21

            (3.4) 

 

where 
,s i  is the area per nucleation site for species i, the term B Ck T2 is the phase-

transition heat, where CT  is the critical temperature of the phase transition between 

rarefied and dense phases of the adsorbate, and T is the absolute temperature of the 2D 
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surface. Corresponding to this equilibrium concentration we may define an equilibrium 

impingement flux 


 ,

,
,

s i
i

s i

n
J 0

0

0                 (3.5) 

Returning to Eq.(3.3) we may define the supersaturation of adatoms of species i as 

,
,

,

s i
s i

s i

n

n
 

0

 and rewrite Eq. (3.3)  in terms of the supersaturtion to get 

,2
, , , ,

0, 0 ,

0s ii
s i s i s i s i

i s i

J
D

J


  


   

          (3.6) 

  

which may be rewritten in terms of the effective diffusion length as 


  


 

     
 

2

2 2
, , ,

0, 0 ,

0i s
s i s i s i

i s i

J

J
      (3.7) 

For our model system we consider a single nanowire with material flowing to that 

wire from the surrounding area. We can do this because on average each wire is fed by 

adatoms impinging on a surrounding “collection area.” The size of the collection area for 

a given wire is governed by the local density of Au seeds at the onset of growth. This has 

implications for the model parameters that we explore in more detail in subsequent 

sections. 

Considering a single nanowire, Eq. (3.7) is reduced to a 1D equation with the 

supersaturation as a function only of radial distance from the center of the wire, 

 , ,s i s i r  . The solutions to the homogeneous part of Eq. (3.7) in 1D are the modified 

Bessel functions 0
,

I
s i

r


 
  
 

 and 


 
  
 ,

K
s i

r
0 . However, for the homogenous case iJ  0  and 
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we require solutions that tend to 0 as r   . This condition is only satisfied by 


 
  
 ,

K
s i

r
0 . Therefore, the complete solution to Eq. (3.7) subject to this boundary 

condition is 

  


 
   

       
   

2

,
, 0

0 0 , ,

Ks ii
s i i

i s i s i

J r
r C

J
          (3.8) 

 

where Ci is a constant to be determined from a second boundary condition. 

Wherever in the foregoing discussion we have used a subscript ‘s’ to refer to the 

surface, we may define an analogous quantity on the wire sidewalls, for which we will 

use the subscript ‘w’. For example, 
, ,, ,w i w in n 0

 and  ,w i
 will refer, respectively, to the 

concentration, equilibrium concentration, and supersaturation of adatoms of species i 

along the wire sidewalls. 

 

The supersaturation of adatoms along the nanowire sidewalls will be a function 

only of distance from the base of the wire,  , ,w i w i z   and has to satisfy the equation 

,
, ,

w i
w i w i

d

dz


  

2

2

2
0
              (3.9) 

 

and the boundary condition  , 0w i z    , where 
,w i  is the effective diffusion length 

along the wire sidewalls. This equation has a simple solution 

 ,
,

expw i i
w i

z
z A


 

   
              (3.10) 
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where Ai is a constant to be determined from a second boundary condition. 

The boundary conditions required to determine Ai and Ci are that the 

supersaturation of adatoms and their flux be continuous at the base of the wire. This is a 

consequence of our assumption of a quasi-steady state and may be expressed as 

    

 

 



 

, ,

, ,
0 , , 0 , ,

0

0w i s i

w i s i
w i w i s i s i

z r R

R

d d
n D n D

dz dr
        (3.11) 

 

where R is the radius of the wire during growth. This results in 

  ,,
,

, , , ,
1

, , , , ,

K

K K

s is ii
s i

i s i s i s i w i

s i w i w i s i s i

r

J
r

J n DR R
n D




 
  

  
                          

    

2 0

0 0 0

0

0

1

  (3.12) 

 

and 

   , ,
,

expw i s i
w i

z
z R 


 

   
            (3.13) 

 

If we introduce the definition 

, , ,

, , ,

s i s i w i
i

w i w i s i

n D

n D





 0

0               (3.14) 

 

we may rewrite Eq. (3.12) as 
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  ,,
,

,

, ,

K

K K

s is ii
s i

i s i
i

s i s i

r
J

r
J R R




  

  
                          

2
0

0 0
0 1

1

    (3.15) 

 

The surface diffusion flux of species i arriving at the base of the wire is given by 





 , , ,s i s i s i
r R

d
F n D

dr0

            (3.16) 

 

Since this is a surface diffusion flux, it has dimension of atoms per unit time per unit 

length. Recalling that there is no angular variation we find the total dose of material 

arriving at the base of the nanowire in unit time by multiplying by the circumference at 

the base of the nanowire. Thus, 

, i
,

, ,

i
,

K

K

s i i
s i

i s i s i
r R

i
s i

RR J
d

F Rn D
dr R

  
 



 
 
    

   
 

0

2

2

1
     (3.17) 

 

where we have introduced the definition 

 
1

,

i

0
,

K
K

K

s i

s i

r

r
R





 
 
 
 
 
                (3.18) 

  

As discussed previously, and reflected in Eq.(3.13), some of the material arriving at the 

base of the wire gets deposited on the wire sidewalls so that we have 
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,
,

expw i i
w i

z
F F


 

   
               (3.19) 

 

The amount of material arriving at the top of the wire to be introduced into the Au seed is 

given by 

, ,
,

expL i w i iz L
w i

L
F F F



 
    

            (3.20) 

 

Some of that material evaporates from the Au seed due to the Gibbs-Thompson effect. 

That dose is given by [17] 





 
 
 

*

,

exp l l
i i

B
GT i

i

x P
Rk T

F
m kT

2

2
            (3.21) 

 

where l  is the surface energy, l  is the average molecular volume in the liquid, *
iP  is 

the vapor pressure of species i above its pure liquid, ix  is the mole fraction of species i in 

the InGaAu system, and mi is the atomic mass of species i. The total amount of material 

deposited from the Au seed at the top of the wire will be given by 
, ,L i G T iF F  so that the 

wire growth rate will be given by 

 , ,L i GT i i

III

F FdL
dt R

 
 2

            (3.22) 

 

where the sum is carried over the group III species since these are the growth limiting 
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species in our case. In Eq. (3.22) L is the wire length and i  refers to the molecular 

volume of the III-V compound including species i. 

 

3.2  Experimental Data 

 

We have previously reported detailed experimental findings on the variation in the 

morphology and composition of InGaP nanowires grown under different experimental 

conditions [20]. Four samples of InGaP NWs were grown at several growth rates and 

V/III fluxes. Samples A, B, C and D were grown at a substrate temperature of 430  ̊C, 

with growth rates of 2 μm/h, 1 μm/h, 0.25 μm/h and 0.25 μm/h , respectively. The V/III 

flux of the first three sample was set to 1.75 while sample D was grown with a V/III flux 

ratio of 8. These four samples were compared to a sample E grown with similar pressure 

conditions as sample B but at higher growth temperature of 510 ̊C. These conditions are 

summarized in Table 3.1. 

Samples A-D displayed similar elemental distribution dependence as a function of 

the nanowire length and width and the Au-seed diameter. Firstly, the In fraction was 

found to increase along the length of the nanowire, which indicates that In concentration 

increases relative to the Ga as the nanowires grow. Secondly, the nanowires acquired a 

core/shell structure, with the core being In-rich while the shell was Ga-rich. This was 

attributed to the higher diffusion length of In along the nanowire (λw,In) compared to that 

of Ga (λw,Ga). Thirdly, the In/Ga fraction in the core was found to decrease as the Au-seed 

diameter, d, or the growth rate decreased. Small diameter nanowires in sample C were 

simultaneously affected by both trends and as a result were GaP wires with no presence 

of In. Lastly, the In/Ga fraction was found to increase in sample D, despite having the 

same growth rate as sample C, when the V/III was increased from 1.75 to 8. Details are 

provided in Ref. [20]. 
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Table 3.1 Growth conditions for samples used in this study. 

Sample 
Growth 

temperature (̊C) 

Group-III 

impingment flux 

(µm/h) 

Growth Duration 

(Minutes) 
V/III flux ratio 

A 430 2 10 1.75 

B 430 1 20 1.75 

C 430 0.25 80 1.75 

D 430 0.25 80 8 

E 510 1 20 1.75 

 

 

Although grown with the same rate and V/III ratio, the difference in growth temperatures 

between samples B (430 ̊C) and E (510 ̊C) had an impact on the elemental composition 

where nanowires of sample E were purely GaP with no trace of In along the nanowire, 

even though In was found in the Au-seed alloy. Furthermore, the density of nanowires in 

sample E was significantly lower compared to sample B, as shown in the scanning 

electron microscopy (SEM) images of  

 

Figure 3.2. The figure shows very few grown NWs in sample E and Au particles 

distributed on the surface without any NW growth or minimal growth in the case of large 

Au diameters. 

Therefore, for each of the samples A, B, C, D, the model should quantitatively 

predict the dependence of wire length on the Au seed diameter (L vs. d), the final 

observed NW width vs. the Au seed diameter (W/d vs. d), and the axial profile of the 

In/Ga ratio (In/Ga vs. L). In addition, the model should qualitatively explain the following 

phenomena: 
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a) Sample E grown at higher temperature exhibited a low density of NWs and no 

incorporation of In, compared with sample B; 

b) Incorporation of In in sample D but not sample C (grown at lower V/III flux ratio) for 

small seed diameters, and higher In fraction for larger seed diameters; 

c) For the same V/III flux ratio, decrease of In with decreasing growth rate; and 

d) For a given sample, decrease of In with decreasing Au seed diameter. 

Finally, to be physically consistent with the hypothesized phenomena, we expect 

, ,w In w Ga  . 

 

 

 

 

 

Figure 3.2  SEM 30o tilted view images for sample (a) E and (b) B. Scale bar indicates 

500 nm. 

 

(a) (b) 



Ph.D. Thesis - A. Fakhr  McMaster University - ECE 

57 
  

3.3  Model Parameters and Simulation Approach 

 

Eqs. (3.17)-(3.22) may be solved to predict all the properties of the nanowire. Eq.  

(3.22) yields the growth rate and final length of the nanowire. By discretizing the growth 

duration into n steps each of a duration Δt, the evolution of the nanowire length and width 

is discretized into n steps. The simulation starts with a primary step of 2 nm in length and 

an initial radius of R (see discussion below). The new segment forming with the new time 

step forms on the top of the previous one with diameter 2R and its length (dln) is 

calculated by Eq.  (3.22). Figure 3.3 shows a schematic of the simulation process. At the 

end of the simulation, summation of dl for only the steps that are above the 2D surface 

produces the total length of the nanowire. 

Eq.  (3.22) also yields the fraction of In and Ga in the core region, the part of the 

nanowire grown directly under the Au seed, as a function of distance along the length of 

the nanowire. Similarly, Eq. (3.19) yields the fraction of In and Ga deposited on the 

sidewalls at a given height. A calculation similar to Eq.  (3.22) gives the volume of 

material deposited on the sidewalls and therefore predicts the final tapering shape of the 

nanowire. The output of these equations and the simulation provide us with the core/shell 

structure, with In-rich core and Ga-rich shell, as shown in Figure 3.4. 

We may now consider the parameters in the model equations, their physical 

significance, and their extraction from theory, measurement, or simulation. 

The impingement rate, Ji, is a process parameter and must therefore be specified 

as an input to the model. The Ga and In impingement fluxes were equal for all of the 

samples.  For Ga and In the fluxes in samples A, B, C, and D are, respectively, 5.324, 

2.663, 0.666, and 0.666×1018 atoms/m2·s. For P2, the flux is obtained in each case by 

multiplying by half the V/III flux ratio.  
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Figure 3.3 Step-by-step growth of NW taking into account axial growth and sidewall 
deposition on each step. 
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Figure 3.4 Elemental distribution along the NW radius of In (blue), Ga (red).  

 

 

In Eq.  (3.21), l  and l  are obtained using Raoult’s law [21], the im  are known 

and values for *
iP  at 430°C were interpolated from the desorption curves for In and Ga 

using the Clausius-Clapeyron equation [17] and using heats of evaporation of 231.5 

kJ/mol and 258.7 kJ/mol for In and Ga, respectively. The values we used are provided in 

Table 3.2. 

 

In 

Ga 
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Table 3.2 Material properties used in calculating the Gibbs-Thompson effect. 

Parameter In Ga Au 

m 114.8 69.5 − 

*P  at 430°C 6.28×10-8 Pa 1.07×10-10 Pa − 

l  0.4886 N/m 0.683 N/m2 1.272 N/m2 

l  2.61×10-29 m3 1.91×10-29 m3 1.89×10-29 m 

 

The variables L, W and R describe the geometry of the wire. These are, 

respectively, the length of the nanowire, the final width of the base of the wire, and the 

radius of the Au-seed during growth. The first two are solution variables obtained from 

solving the equations at each time step. The last should ostensibly be the same as half the 

Au seed diameter, d, measured by transmission electron microscopy (TEM) post cool-

down. However, due to the group-III purging from the Au seed alloy that takes place 

during cool-down after growth terminates, the diameter of the Au-seed particle during 

growth (2R) is different than the diameter, d, measured after cool-down [22]. Figure 3.5 

shows a TEM image of a nanowire showing these two values. Seeds with small diameter (



 20 nm), had a higher ratio of 2R/d, and this ratio decreased as d increased. 

Compositional analysis done on the Au-seed particles using energy dispersive x-ray 

spectroscopy (EDX), showed that Au seed particles with diameters < 6 nm purge out all 

the In and Ga. As the diameter increased, the Ga fraction in the Au-seed particle 

increased, and for d  10 nm, the In fraction in the Au-seed alloy increased. The purging 

out of the In and Ga from the Au seed for small diameters can be attributed to the GT 

effect, which, as shown in Eq. (3.21), is a function of the radius. Furthermore, the 

solubility of group-IIIs forming a eutectic alloy with Au differ in nano particles than that 

of bulk material [23], which could cause the purging of Ga and In for small diameter 

seeds to reach a stable state when the growth terminates and during the cool-down period. 

The exact relationship between 2R and d will depend on the  
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Figure 3.5 (a) TEM image of the top of a nanowire showing the difference between the 
diameter of the Au seed particle d and the diameter during growth 2R. Scale bar indicates 
10 nm. 

 

 

 

characteristics of the cool-down period and the supersaturation of In and Ga during 

growth. From TEM micrographs both of these dimensions may be determined and so we 

have calibrated 2R as a function of d for each of the growth conditions used. Regardless 

of this correction, whether we assume 2R = d or we take into account the exact 

relationship between R and d, the model predicts different behavior depending on the size 

of the Au seed. In a given experiment the Au seed radius is a random variable following a 

particular distribution. Modeling the distribution of Au seed radius as a function of 

process conditions is beyond the scope of our work. Our model gives predictions as a 

function of the Au seed radius so that the morphology and composition of nanowires will 

follow a distribution corresponding to the distribution of Au seed radius. 

2R 
d 
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The parameter i  plays a significant role in determining the diffusion fluxes of 

the different species. From Eq. (3.14) we see that this is a composite of three ratios. The 

ratio ,

,

w i

s i




 is fully discussed later in this chapter. The second ratio, ,

,

s i

w i

n

n
0

0

, may be 

calculated using Eq. (3.4). However, for a ternary system we must take into account the 

different composition on the nanowire sidewalls and the 2D surface. We therefore write 




, ,

, ,

.s i w i

w i s i i

n

n x
0

0

0 5
, where xi is the fraction of species i on the nanowire sidewall and the 2D 

surface is assumed to have approximately equal contributions of In and Ga. For our 

samples the facets of the nanowires are {2110}


 and a 2D surface of {111}, the ratio 




,

,

.w i

s i

1 8  so that we may write ,

,

. /s i
i

w i

n
x

n
0

0

0 9 . The mole fraction xi thus appears in 

both Eq. (3.14) and Eq. (3.21). As the growth progresses, xi is obtained as a solution 

variable from the model. However, the initial value of xi is unknown and it is inaccurate 

to assume that it will be the same as the 2D surface. Rather, the initial value is the 

composition of an initial stump of material deposited under the Au seed. This initial value 

must satisfy 

In In In

Ga Ga Ga

R J F x

R J F x









2

2

              (3.23) 

 

with In Gax x 1 . Therefore, we setup an initialization loop where we assume .Inx  0 5 , 

solve the model equations, calculate a new Inx  from the resulting fluxes and Eq.  (3.23), 

and repeat until the loop converges to a self-consistent solution for Inx . We found that 

this loop converges rapidly (typically within about 10-13 iterations) and the resultant 

values of Inx  are then compared to EDX measurements and used in the extraction of 
,s i  

and 
,w i . 
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The ratio ,

,

s i

w i

D

D
 is a more complex matter. The surface diffusivity of an adsorbate 

on a given surface is given by the classic Arrhenius relationship exp
diffQ

kTD D


 0
. 

Reference [27] attempts to give a full survey of available values as well as some 

approaches to calculating the effect of different factors such as composition, crystal 

structure, and orientation. In the low temperature regime (below about . mT0 5 ) surface 

diffusion on a semiconductor surface is widely accepted to be by site-to-site hopping and 

not a correlated process involving defects such as vacancies or concerted exchange of 

multiple atoms. Under these circumstances the prefactor D0  is expected to be very nearly 

 71 10  cm2/s and would not be significantly affected by stoichiometry, crystal structure, 

or orientation. The energy diffQ  is expected to be comprised of two components: fH , the 

energy of formation of the adatom, and mH , the energy of migration. The latter quantity 

should be proportional to the desorption energy, desQ . Thus, any difference between the 

surface diffusivity on the nanowire sidewall and the 2D surface has to be attributed to 

changes in either fH  or desQ . The change in the energy of formation in GaP and InP 

from the wurtzite to the zincblende structures are well documented and are given by, 

respectively, 18.3 meV and 6.8 meV [28]. Considering that the change in formation of an 

adatom on the surface is a fraction ( 2
3

 – 2
9

 , depending on the type of material and the 

temperature regime) the difference due to formation of adatoms is seen to be negligible. 

For the energy of migration we may write m desH Q    where   is known as the 

corrugation ratio. Reference [27] cites both experimental and theoretical evidence that   

decreases with an increase in the number of covalent bonds that the adatom makes with 

the surface. However, we observe that as the number of bonds increases desQ  also 

increases so that there is a net increase in mH . The point of these remarks is that the 

increase in mH  between the nanowire sidewalls and the 2D surface due to 

crystallographic orientation and crystal structure are expected to be a very small fraction 

of desQ , probably on the order of about 10%. Noting further that the . eVdesQ  2 32  for Ga 
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on GaP and 1.06eV for In on InP, where these values were extracted from the equilibrium 

pressure Arrhenius plots of Ga on GaP and In on InP, respectively, we may conclude that  

mH  from all sources will be in the range of about 0.1 – 0.25 eV. Reference [25], 

considering the growth of GaAs nanowires on GaAs substrates, used a value of 0.1, citing 

Reference [27]. Unfortunately it is not clear how a specific value could be obtained either 

from the experimental data or theoretical arguments given in [27]. Reference [24] uses a 

value close to 0.01 but does not cite a source for the numbers used. Based on the 

qualitative arguments we have given here, at our growth temperature of 430°C, we expect 

,

,

s i

w i

D

D
 to be in the range 0.025 – 0.2. We expect this number to be a constant across all our 

samples. We found that a value of 0.1 fits our data well. Any variation in this number 

would require re-optimization of the actual fitting parameters in our model, i.e. the 

effective diffusion lengths discussed below. With that caveat, variations in ,

,

s i

w i

D

D
 within 

the range calculated here will not have a dramatic effect on the simulations. 

The fitting parameters that remain are 
,s i  and 

,w i . We used these as fitting 

parameters to predict L, W (final width at the base of the nanowire), Fi, and xi(r,z) for our 

samples, all as functions of the Au seed diameter, d. Figure 3.6 shows the results of 

samples A-D. Figure 3.6 (a, d, g, j) shows the variation of wire length with Au seed radius 

(L vs. d) for samples A-D, respectively. Figure 3.6 (b, e, h, k) and (c, f, i, l) for samples 

A-D, respectively, show the variation of the final wire base width with the Au seed 

parameter (W/d vs d), and the In/Ga fraction along the nanowire length, respectively. The 

discontinuity in the fitting curve in Figure 3.6 (g) represents the onset of In presence in 

the NWs, where NWs of small diameter of sample C are In-free and In starts to contribute 

in the NW growth for larger diameter values. The experimental data for In fraction along 

the length of the wire was obtained by TEM-EDX measurements, which become noisier 

as we get nearer to the tip of the wire due to the narrowing of the wire and the damage 
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Figure 3.6 Experimental data (data points) and simulation results (solid lines) showing (a, 
d, g, j) L vs d, (b, e, h, k) W/d vs d and (c, f, i, l) The ratio of In/Ga as obtained from EDX 
measurements (black line) and the corresponding core composition of In/Ga from the 
simulation (black line), for samples A, B, C and D, respectively. 
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over the course of the measurement. We have therefore used a moving average to smooth 

the data. We produce other data in the next section when we discuss the physical insights 

arising from these simulations. 

The values of 
,w i  obtained for our various samples are given in Table 3.3. The 

values of 
,s i  are expected to vary with d because narrower wires will tend to have 

associated with them smaller collection areas and greater local nanowire density, Nw. 

Figure 3.8 shows the obtained 
,s i  as a function of d for each of our samples. This 

dependence is discussed further in the next section. 

To recap, the only true fitting parameters in this model are the 
,s i  and 

,w i . We 

have extracted values for these two parameters that result in excellent fits to all our data. 

In the next section we discuss in detail the physical justification for these values. All other 

parameters in the model are either inputs to it or calculated from first principles as 

discussed previously. 

 

Table 3.3 Values of 
,w i  for the grown samples 

Sample λw,Ga (nm) λw,In (nm) 

A 180 240 

B 180 240 

C 180 600 

D 180 400 
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3.4  Discussion 

 

Wire growth, nanowire density, and indium inclusion 

 

In the system there is interaction between four phases: vapor (V), adsorbed atoms 

(A), the Au seed liquid phase (L), and the solid (S). There is 2D surface growth with a 

nucleation island density IN , growth from the Au seed into the core of the nanowire, and 

growth on the sidewalls of the wire. The density of the nanowires is WN  and corresponds 

to the density of Au seeds on the surface at the onset of nanowire growth. 

Using the solid phase as a reference, the chemical potential of a given atomic 

species, i, in a given phase, X, may be expressed as: 

, ,lnXS i XS ikT  
              (3.24) 

 

where 
,XS i  is the supersaturation of species i in phase X. 

For the vapor phase, 

 ,
i

VS i
i

J

J0

                (3.25) 

 

where iJ 0  can be extracted from the equilibrium vapor pressure curves , iP0 , available in 

the literature.  The relation between iJ 0  and iP0  is governed by the Langmuir's 

evaporation equation. 

For the adatom phase the supersaturation away from any wire or nucleation site 

was obtained from Eq. (3.12), 
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,
i s

AS i
i s

J

J





 

  
 

2

0 0               (3.26) 

 For the Au seed, 

 ,
, *

,

w i
LS i

Au i Au

n L

C V
 

              (3.27) 

 

where *
,Au iC  is the equilibrium solubility of species i in the Au seed and AuV  is the 

volume of the Au seed. Although we do not intend to use Eq. (3.27) for quantitative 

computations in this work, it should be noted that the solubility *
,Au iC  is not only a 

function of temperature and pressure; it will also be a function of the concentrations of 

the different species in the Au seed. (This equation is also inaccurate in that it ignores the 

contribution to the supersaturation of atoms in the Au seed arising from direct 

impingement onto the Au seed.) 

The thermodynamic condition for 2D surface growth or sidewall nanowire growth 

involving species i is 
, ,VS i AS i   1 . The condition for nanowire growth involving 

species i from the Au seed is 

, , ,VS i AS i LS i     1
             (3.28) 

 

In ternary systems such as InGaP, the enthalpy of mixing during nucleation is 

minimized by nucleation taking the form of separate GaP and InP nuclei and hence we 

assume the presence of two separate systems, InP and GaP. Model equations treat In and 

Ga separately, while the joint factor between the two systems, JP2, will be split between 

the two. Consequently, there will be four species, i, in our equations: In, Ga, P2(InP) for 

the portion of P2 needed for InP nucleation, and P2(GaP) for the portion of P2 responsible 

for GaP nucleation. 
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To analyze the two systems, the best point to start is from the vapor phase of the 

impinging atoms. Equilibrium vapor pressure curves, iP0 , are available in the literature 

for InP and GaP which by applying Langmuir's evaporation equation, these curves can be 

plotted in terms of equilibrium vapor fluxes iJ 0 , for InP and GaP, separately. These 

fluxes are described in the form of InJ 0  and PJ
20  over InP for InP system and GaJ0  and 

PJ
20  over GaP for the GaP system. However, in our analysis, we deal with a ternary 

system and would need to describe the equilibrium vapor pressures InJ 0 , GaJ0  and PJ
20  

to be over InGaP rather that InP or GaP only.  

The fluxes iJ 0  represent an equilibrium between adsorption and desorption 

involving 
,in0
 desorption sites for species i. On the ternary InGaP surface the desorption 

sites allocable to each of our two model systems should be proportional to the fraction of 

In/Ga in the 2D surface and inversely proportional to the lifetime of each species would 

also be expected to change. As an approximation, we will ignore the change in 
,i 0

 and 

will consider the 
,in0
 to be halved. Hence, Eq. (3.25) should be modified to 





 
 
 
 

,
i i

VS i
ii

i B

J J
PJ

m k T

00

2

2
            (3.29) 

 

where the factor 1/2 factor in the denominator represents the transformation of the 

desorption flux curves from InJ 0  and PJ
20  over InP for InP system and GaJ0  and PJ

20  

over GaP for the GaP to InJ 0 , GaJ0  and ,P InPJ
20  ,P GaPJ

20 to be over InGaP. The 

resultant equilibrium desorption flux curves for iJ 0 , for all values of i, is shown in 
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Figure 3.7 (a) and the corresponding values of  ,VS i , as calculated from Eq.(3.29), are 

plotted in Figure 3.7 (b). 

Conceptually we may think of an initial equilibrium between adsorbed atoms and 

the vapor phase with 
, ,s i s i  0

. Since 
,AS i  1 , 2D surface growth proceeds and the 

surface densities NI and Nw starts to show their effect  on 
,s i , as described by begins Eq. 

(3.2), where 
,s i  decreases. Ultimately, the effect is conveyed to 

,AS i  and it decreases. 

While we have expressed this mathematically as a result of the decrease in the effective 

diffusion length, physically this represents the depletion of adsorbed atoms due to 

nucleation and island growth so that the supersaturation of adsorbed atoms on the surface 

is less than the vapor phase. Typically, values of  , , . .s i s i   0 0 01 0 1 . 

Simultaneously, the Au seed acts as a sink for the adsorbed atoms, which then 

diffuse towards the Au seed thus increasing the supersaturation in the Au seed. The onset 

of nanowire growth is inherently a dynamic process requiring sufficient time to establish 

the thermodynamic condition Eq. (3.28) for the growth species. Depending on the growth 

conditions this may be achieved for either InP, GaP, both, or neither. Figure 3.7 (b) shows 

the resulting 
,V S i  for the four species as a function of temperature for samples B, C, and 

E in our experiments. The values of  ,VS Ga
 is much greater than the others, which 

establishes that the supersaturation of Ga is much higher than the other species and it is 

not a limiting factor in the growth. Hence, we excluded it from the plot. Similar to  ,VS Ga
, 

 , ( )V S P G a P2

 does not seem to be a limiting factor in the growth of the GaP due to its high 

value. For the other two growth species that are responsible for the growth of InP, the 

values for their supersaturation seem to be much smaller. The impact of this low 

supersaturation becomes important when  ,AS In
 and  , ( )A S P In P2

are calculated, as shown in 

Figure 3.7 (c) for sample C. The value of  , ( )A S P In P2

, in particular, becomes very close to 

unity and nullifies the driving force for the nucleation of InP in the nanowire, producing a 

pure GaP nanowire. However, when the V/III ratio is increased in sample D, the 
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 , ( )A S P In P2

becomes greater than  ,AS In
and produces enough supersaturation for InP 

nucleation and makes the  ,AS In
to be the critically limiting supersaturation for InP 

growth. 

 The values of  ,AS In
 and  , ( )A S P In P2

for sample B and E can assist us in explaining 

three observations. First, the absence of In in nanowires in sample E is justified by the 

fact that either ,AS In
 and  , ( )A S P In P2

 or both are less than unity. Therefore, the nanowires 

in this sample will be pure GaP as experimentally observed. Additionally, the nanowire 

density in this sample was lower than in sample B. This is the second phenomenon 

explained by the foregoing discussion since 
,VS Ga  for sample E is less than that in sample 

B implying that it will require a longer time to establish the thermodynamic condition Eq. 

(3.28), during which time the Au seeds continue to migrate on the surface and coalesce 

into larger, fewer seeds. This also explains the third observation that the average Au seed 

diameter is larger for sample E than sample B. 

 

Au seed size effects 

 

We have already discussed the fact that at the end of the growth, there is a cool 

down purge during which In and Ga evaporate from the seed as it cools down, resulting in 

a shrinkage of the Au seed to its final diameter, d. We have also noted that the shrinkage 

can be quite significant for small size seeds. Considering this in reverse, this indicates that 

the inclusion of Ga and In results in significant expansion of the Au seed initially. For 

small Au seed diameters we would expect the low supersaturation of In adatoms to 

preclude the inclusion of In in the seed. We would expect wires under these Au seeds to 

be pure GaP. However, once Ga is incorporated in a seed, its volume expands resulting in  
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Figure 3.7 (a) The equilibrium flux J0 vs. 1000/T on the bottom axis and T( ̊C) on the top 
axis, (b) ΦVS versus T( ̊C) for samples B,E (1μm/hr) (solid line) and C 
(0.25μm/hr)(dashed line) and (c) ΦVS (solid line) and ΦAS (dashed line)  for sample C 
(0.25μm/hr). 
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a lower GT effect so that more In may be incorporated in the seeds. At the end of the 

growth, both Ga and In are purged from the seed returning it to its original (small) size. 

Therefore, in the presence of Ga it is possible to grow InGaP nanowires under Au seeds 

down to 1.5-2 nm in radius as we have observed in our own samples. This is in stark 

contrast to experiments where pure InP nanowires have been grown, where the smallest 

seeds resulting in nanowire growth are close to 12 nm in radius, with cut-off GT radius ~ 

4 nm [21].  

 

Effective diffusion length on the 2D surface 

We are finally in a position to give a detailed discussion of the four diffusion 

lengths that comprise the true fitting parameters in our model. The value of the effective 

diffusion length on the 2D surface is given by Eq.(3.2).  

, ,s Ga s In

wN A
  


1

     (3.30) 

 

where A was the remaining fitting parameter that varied from one sample to another. The 

value of wN  were determined from measurement and it was found to vary among the 

sample. It has been observed that wN  is large for nanowires with small diameters and 

becomes smaller for nanowires with larger diameters. This is expected due to the 

coalescence of small Au particles to form larger ones. Thus, the sum of the areas of the 

small particles become the area of the larger formed Au seed. To model this effect we 

used a linear sweep to describe wN  versus d. 

The resulting behavior is shown in Figure 3.8. As expected, the value of s  is a 

nearly linear function of d , and it increases with decreasing VS . 
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Figure 3.8 The values of λS vs the diameter of the seed particle. 

 

 

Table 3.3 shows the values of ,w Ga  and ,w In  for each of our four samples, where 

, ,w In w Ga   for all samples. As expected, these diffusion lengths also increase with 

decreasing VS . However, this effect is not dominant on ,w Ga  and this can be attributed 

to the extremely high values of  ,VS Ga  which would cause any fluctuations in its value to 

be insignificant compared to the great driving from sustained by its absolute value. 

 

3.5  Conclusion 

 

We have successfully modeled the growth of InGaP nanowires using Au assisted 

MBE growth. Our model requires as input only the fluxes of the different species and the 

diameter of the Au seed. Because each sample contains a distribution of Au seed 

diameters, measured wire properties will also display a distribution. Because of purge 

during cool-down, the Au seed diameter during growth is different from the diameter 
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measured after the cool-down. This difference is more significant for seed radii below 

about 10 nm. The relationship may be calibrated by noting the radius of the “neck” of the 

nanowire from TEM measurements. We used that to calibrate the Au seed radius during 

growth to use as input in the model equations. We considered the effective surface 

diffusion length on the 2D surface to be equal for In and Ga and considered it to be an 

increasing function of nanowire radius and a decreasing function of the chemical potential 

difference between the vapor and 2D surface. We took the surface diffusion lengths along 

the nanowire sidewalls as fitting parameters and found, as expected, that , ,w In w Ga  . Our 

model explains the increasing incorporation of In along the length of the wire, the core-

shell structure of the wires, and predicts the dependence of wire morphology and 

composition on process conditions and Au seed diameter. We found that increasing the 

group III flux or the V/III flux ratio resulted in denser, longer wires with higher 

incorporation of In. 
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Chapter 4  

 

 

 

Growth Rate Dependence of MBE-Grown InGaP Nanowire Crystal 

Structure 

 

 

Semiconductor NWs are being explored for a variety of applications [1]-[3]. 

Unlike bulk III-V semiconductors that exists in the ZB phase, III-V NWs are mostly WZ 

in structure with random ZB insertions along its axis. These defects along the axis can 

change the optical and electronic properties of the NWs and, hence, controlling the phase 

of the NW [5] and eliminating the defects to provide perfect phase NWs is important[6]. 

The WZ phase of NWs has been explained by several theoretical models. Early 

models attributed the occurrence of WZ in NWs due to the lower surface energy of WZ 

when compared to ZB at small NW diameters [7]-[8]. This model estimated that NWs 

would turn from the WZ to ZB phase for NW diameters exceeding a certain calculated 

critical diameter. However, the estimated diameter that differentiated WZ and ZB 

formation was underestimated, as NWs reported in literature with much larger diameter 

than the critical diameter were WZ. The nucleation-based model, established by Glas et. 

al [9], showed that nucleation at the seed-NW interface takes place at the triple-phase-line 

(TPL). Nucleation at the TPL energetically favors the WZ phase at high super-saturation 
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of the group-III element in the Au-III alloy, whereas the ZB phase was favored at low 

super-saturation. The estimation of the resultant crystal structure of the NW was 

determined by treating each nucleating event as a random Poisson process [10]. Several 

modifications and additions to this approach has followed to improve the understanding 

of the phase changes. In [11], the NW formation and crystal structure was described 

taking the Gibbs-Thompson effect (GT) into account. Phase transition dependence on 

diameter was discussed [12] and attributed to the change in the GT effect. The growth 

study of several NW facet orientations and the surface energies of the growth interface 

and the nucleus were studied in [6] to produce perfect phase NWs. More recently, 

combinational approaches have been utilized to understand the occurrence of other 

unusual higher order polytypes (4H and 6H) that can result in NWs [13]. 

Experimental results of InGaP NWs grown using molecular beam epitaxy were 

previously discussed [14]. In this chapter, we explain the crystal structure behaviour using 

the nucleation-based model combined with the kinetic growth model. The key in our 

approach is to differentiate between the growth species in the growth kinetic model and 

the nucleation-based model, and deal with each species separately. Finally, we  conclude 

based on our results and model, that each growth species enforces different phase 

formation. 

 

4.1  Model 

 

In the nucleation-based model, the TPL is the energetically favored location for 

the nucleation of a new monolayer, as shown in Figure 4.1. A competition between WZ 

and ZB nucleation takes place and the value of the nucleation barrier for the formation of 

its critical nucleus for each crystal phase play the major role in its formation. The crystal 

phase that has the lower nucleation barrier becomes the energetically favorable phase to 
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form. The process of a specific phase to nucleate is described by the  probability of this 

phase to form using a random Poisson process to describe it [10]: 

*

*
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G
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e
P

e




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


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





,       (4.1) 

where *G  is the nucleation barrier of the critical nucleus for a certain phase  , which 

refers to the phases WZ or ZB, Bk  is Boltzmann constant and T is the absolute 

temperature. 

In a ternary system like InGaP, the energy of formation for a new nucleus is 

minimized by having InP and GaP nucleate separately. This case has been discussed for 

the case of ternary InGaP NWs, as discussed in the previous chapter,  and two flux 

components, InF  and GaF , contributing to the growth has been derived for InP and GaP, 

respectively. As the growth fluxes reach the Au droplet and undergo the nucleation 

process, InP and GaP are expected to nucleate separately. In addition, each of the InP and 

the GaP is subjected to the random Poisson nucleation process separately, which results in 

the probability of phase formation to be: 
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,    (4.2) 

where  In In In GaF F F F


   and  Ga Ga In GaF F F F


  . 

Derivation of the nucleation barriers *G , for the InP and GaP is essential to 

calculate the probability of phase formation. Therefore, it is important to understand the 

thermodynamic driving forces in the system to be able to come to an expression for *G .  
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Figure 4.1: Illustration of the nucleation process (a) at the liquid-solid interface. (b) 
showing. 

 

In this system, the growth species arrive to the Au droplet from the highly 

supersaturated adatom phase, with chemical potential ln( )AS B Ak T   , where A  is 

the supersaturation ratio of the adatoms on the surface. The adatoms alloy with the Au 

droplet to form a supersaturated liquid alloy with chemical potential ln( )LS B Lk T   , 

where L  is the supersaturation ratio of the growth species in the Au droplet. The 

nucleation takes place at the TPL, and the Gibbs-free energy of formation is given by: 

, ,

.
( ) ( . )j j

j LS j j j l j j j
j

A h
G P h A       


,    (4.3) 

 

where the subscript  j refers to either InP or GaP, hj is the height of the nucleus which is 

equivalent to one monolayer, Aj is the area of the nucleus = 2
jar and Pj is the lateral 

perimeter of the nucleus = jpr . These parameters are illustrated in Figure 4.1. The 
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parameter j represents the difference in cohesive energy between the ZB and the WZ 

phase, given that 0j ZB
  . The nucleus surface energy is given by: 

 (1 )l lL lV     
      (4.4) 

where   is the portion of the nucleus exposed to the vapor phase at the TPL, lL  is the 

surface energy between the solid-liquid interface and lV  is the lateral surface energy of 

the nucleus with the vapor phase which depends on the phase of the formed nucleus and it 

take the values of ,lV ZB WZ    for ZB and WZ, respectively. The factor f  is defined as 

WZ ZBf    and is less than unity [9]-[11]. The radius of the critical nucleus and the 

expression for the nucleation barrier are derived by differentiating Eq. (4.3) and equating 

it to zero. The outcome is an expression for the radius of the formed nucleus, 
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By Substituting Eq. (4.5) into Eq. (4.3), we obtain 

22
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.     (4.6) 

 

The value of *G  varies from WZ and ZB as well as from InP and GaP. In the 

following section, we will discuss the results obtained from our samples and their 

interpretations. The above model will also be applied to our case to provide further 

insight on the phase change in our samples. 
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4.2  Results and Discussion 

 

Four NW samples were fabricated.  The growth temperature for all samples was 

430◦C. The flux of the growth species was varied among these samples. The net amount 

of atoms contributing to the growth was similar in all samples. This was achieved by 

adjusting the growth duration. For sample A, the group-III flux was 2 µm/h for a duration 

of 10 minutes. Samples B and C were grown with a group-III flux of 1 µm/h and 0.25 

µm/h, respectively, for durations of 20 minutes and 80 minutes, respectively. For the first 

three samples, the V/III flux ratio was set at 1.75. For sample D, the growth rate was 0.25 

µm/h and the V/III flux ratio was raised to 8, for a duration of 80 minutes. Table 4.1 

summarizes the growth conditions for all our samples. 

The NWs from the four samples were sonicated on a TEM grid. The Au-seed 

diameter distribution of the sonicated NWs that we characterized ranged from 4 nm to 40 

nm. The resultant crystal phase of these NWs varied among the four samples. For 

comparisons between the NWs from the four samples, we have considered the crystal 

structure at the bottom of 100 nm segment of each NW. In addition, when the model is 

compared to the experimental results that contain a variety of NW heights, it is simpler to 

compare the model equations at the bottom of the NWs with the results, rather than 

choosing other random points along the NW height.  

The TEM images and selected area diffraction patterns of the NWs, aligned on the 

_

2  1 1 0   zone axis, revealed that NWs were primarily WZ. As the NW diameter 

increased within the same sample, more ZB insertions occurred and the ZB segment 

length increased. Figure 4.2 (a) shows a NW with a seed diameter of 4nm, with pure 

fault-free WZ phase at the bottom of the NW. On the other hand, Figure 4.2 (b) shows a 

NW with a larger Au seed diameter of 16 nm and ZB insertions within the WZ crystal 

appears at the bottom of the NW. 
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Table 4.1  Growth conditions for the samples. 

Sample 
Temperature 

T (°C) 

Group-III growth rate

(µm/h) 
V/III flux ratio 

 
A 
 

430 2 1.75 

 
B 
 

430 1 1.75 

 
C 
 

430 0.25 1.75 

 
D 
 

430 0.25 8 

 

 

Among the samples, sample A showed longer segments of the ZB phase when 

compared to a NW with similar Au-seed diameter from sample B, as shown in Figure 4.3. 

The NWs in samples C had much longer segments of pure WZ phase with the majority 

having one stacking fault within the bottom 100 nms and many were fault-free. Sample D 

acquired the least stacking fault density, having NWs that are pure WZ phase and fault-

free.  

Based on the above findings, a preliminary conclusions can be assumed which 

would states that the ZB insertions in the NWs increased as the growth rate increased. 

Ultimately, the increase in growth rate translates to a growth with higher supersaturation 

of the growth species, and it leads to higher probability of ZB formation. This conclusion 

can be true in the case of single element group-IV growths or binary III-V compounds, 

where the NW elemental composition is homogenous and does not vary with growth rate. 

In these cases, the higher growth rate can be translated to a higher supersaturation of the 

growth species, because other factors that can affect the crystal structure can be pinned as 
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constants. For example, if the growth rate is the variable among the samples, then the 

temperature and the NW composition is the same and do not vary.  

In our case of InGaP NW growth, if the growth rate is varied, other variables, such 

as temperature, can be pinned as constants. However, a change in the composition along 

the NW length and radius is observed as the growth rate is varied [14]. This change in 

elemental composition can play a role in the change in crystal structure of the NW, 

simultaneously with the variation in the growth rate. Therefore, the assumption of 

increased ZB insertions due to higher growth rate or higher supersaturation cannot 

standalone for the effect of the composition crystal structure has to be simultaneously 

considered. As a result, we have to separate species that can nucleate, and separately 

calculate the probability of phase formation taking into account the composition of the 

NW.  

It was also shown [14] that composition of the NW changes with growth rate and 

diameter. Among the samples, the In concentration in the NWs increased as the growth 

rate increased and for NWs of the same sample, the In fraction decreased as the NW seed 

diameter shrunk. By comparing the In behaviour and the stacking fault behaviour, we can 

then conclude that the change in the In fraction in the NWs is the main cause for ZB 

formation and the link between the dependence of the crystal structure on the growth rate. 

In other words, the In is the promoter of the ZB phase in the NWs and as its fraction 

increase, the ZB formation in the NW increase. 

Now, is the In the only promoter of the ZB phase formation? For NWs that grew 

In-free like the ones in sample C [14], does the pure GaP NW promote ZB or WZ? We 

conclude that GaP growth promotes the WZ crystal structure only. This is attributed to 

our results, where NWs with very small diameters in sample A and B with very small In 

fraction tend to have long periods of pure WZ phase, as shown in Figure 4.2 (a). In 

addition, for wider range of diameters in sample C, the NWs had small traces of In and 

they were mostly WZ. 
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Figure 4.2 TEM image of two nanowires from the same sample B. (a) NW with Au seed 
diameter of 4 nm with puze WZ phase and (b) NW with Au seed diameter of 16 nm 
showing a WZ phase with ZB insertions. Bar is 20 nm   

 

 

Figure 4.3 HR-TEM images showing the typical difference between the length of ZB 
insertions for NWs of similar radii from sample (a) A and (b) B. 

 

(a) (b) 

2 nm 2 nm 

(a) (b) 
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To further justify this conclusion, a unique NW within sample C illustrates the 

effect of In on the change in the crystal structure. The NW shown in Figure 4.4, has its 

bottom portion of pure WZ phase that is completely fault-free. At the onset line shown in 

Figure 4.4, mixed phases started to appear. Energy dispersive x-ray (EDX) analysis on the 

point just before the onset of faults showed that the In composition was xIn=0.09. Just 

beyond the onset line the composition jumps to xIn=0.5. This shows that the crystal 

structure is strongly dependent on In fraction within the NWs in support of our conclusion 

above. NWs grown to be In-free due to small seed diameter or low growth rate are mainly 

WZ in phase, and thus, GaP promotes the WZ phase. This translate to setting ,WZ GaPP  in 

our model to be equal to unity in all our samples. 

In order to find the overall probability of phase formation in the NWs, the kinetic 

model should be solved to find InF


 and GaF


, and the nucleation-based model solved for 

the nucleation barriers for each crystal phase. The kinetic model has been separately 

discussed in Chapter 3. In addition, we assumed that the probability of WZ formation for 

GaP is always set to unity for all our samples. The remaining part is solving the 

nucleation-based model for InP. 

In this section, our goal is to calculate *
,InPG  for the four samples and its Au-seed 

diameter dependence, using the variables LS , lL , lV , f and  .  The difference 

between the cohesive energies of ZB and WZ phase  was tabulated by Dubrovskii et. al 

[11] for several semiconductors. We take the value  6.8InP meV   and 

18.3GaP meV   [6][10][12]. In the case of lV , values in literature varied significantly. 

Values calculated using the expression for Kossel crystal [10] showed 20.125lV J m 

compared to 22lV J m  for GaP [11]. Another example is InAs, where values were 

20.57lV J m  [6] compared to 21lV J m  . For InP, reference [11] gives 
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Figure 4.4  NW from sample C (a) showing the onset of mixed phase formation. (b) HR-
TEM image at the onset line, showing the pre-onset pure WZ phase and the mixed phases 
formed after onset. 

 

  

(a) 

(b) 
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21.3lV J m   compared to 21lV J m  . For InP, reference [11] gives 

21.3lV J m  . Generally, the value of lV varied significantly in the literature over an 

order of magnitude. Therefore, we took the value of lV  to be a fitting parameter and we 

found that 2
, 0.6lV InP J m   and 2

, 1lV GaP J m   fit our results. 

The factor f  in the literature has often been taken as a fitting parameter. Its value 

has been roughly estimated to be around 0.66 when comparing the average lateral surface 

energies of ZnS nanoparticles in ZB and WZ phase [10]. Practically, the values of f 

should be between 0.5 and unity, and in our simulations, we found that the value 

0.86f  for the InP and GaP. 

Our simulations showed that the GaP has a probability equal to unity as discussed 

above. Therefore, through the rest of our discussion, we will only deal with the InP 

portion in the equations of the model, to find the probability of crystal phase formation 

within the NWs. 

 

 

Au Size effect 

 

There are three parameters in our model that contribute to the Au size influence on 

the crystal structure. They are InF


, LS  and lL . Firstly, the flux factor InF


 decreases 

with the decrease in the Au seed diameter, as analysis in Chapter 3 showed. However, 

during our simulations and optimization processes, this effect could not have been solely 

responsible for the decrease in the fault formation and hence, other contributors had to be 

included. Secondly, there is not an exact formula that estimates for the exact value of the 

chemical potential LS . The only criteria known for the chemical potential of a species 
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in the liquid alloy is *
AS LS G       to ensure the thermodynamic picture for NW 

growth. Therefore, we used the upper limit of LS  as its value and set LS AS    . The 

value of AS  can also be derived from the growth model in Chapter 3, and it has a 

dependence on the diameter of the Au droplet. However, combining InF


 and in the model 

was not enough to fully captures the Au shrinking effect. 

Investigations done in the previous Chapter reported the shrinkage of the Au seed 

particle during the cool down period. Very small particles shrunk more than larger seed 

particles and it was found that small Au particles are nearly free from any In or Ga as they 

were all purged out during the cool down period that follow the growth [14]. The original 

volume of the Au droplet was estimated from the diameter of the NW's tip before the cool 

down region, and all the excess volume was estimated to be from In and Ga. The overall 

surface tension of the Au alloy particle LS  was calculated and was found to be 

dependent on the Au seed diameter[15]. The value of LS  ranged from 1 to 1.2 J/m2 for 

particle with large diameters and decreased as the diameter decreased. The decrease with 

the diameter is because the percentage of In and Ga in the droplet compared to Au is 

higher during growth. Provided that In and Ga have lower surface tensions than Au, as 

their percentage increase, the overall surface tension of the droplet decrease. 

Although LS  does not directly appear in our equations for the nucleation-based 

model, there exist a boundary at the TPL shared by LS , lV  and lL . The Au liquid 

droplet with it LS  creates specific contact angles with the lateral surfaces of the nucleus 

with lV  on the lateral nucleus-vapor side and lL  on the lateral nucleus-liquid side. Since 

we have lV  as a surface energy that is independent of the Au size effect and LS  is 

dependent on the Au diameter size, therefore, it is concluded that lL  must be dependent 

on the Au seed diameter size. 
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To model the Au size dependence of lL , we found that the relation 

  2
1lL R R

    satisfies our model. The values of 1  and 2  are used as fitting 

parameters and were found to be 2
1 1.2 J m   and 2

2 1.2 J nm   with radius of the 

seed droplet R is in nms. 

The probability of WZ formation ,WZ InPP   is plotted versus the supersaturation ratio 

of the liquid L , in Figure 4.5. The figure shows the effect of having a variable lL  for 

our model and points out the operating regions of our samples. The effect of lL  can be 

understood if we consider the point R1 in our plot. This point on the green curve 

resembles a NW with large diameter and 21.1lL J m   for a sample with a specific 

supersaturation ratio. Since the supersaturation ratio in a single sample does not vary 

significantly with diameter shrinkage, it is assumed in this discussion that it stays 

constant. As we go on decreasing the NW diameter, the radius R1 decreases to R2, and 

consequently the diameter dependent lL  decreases from 21.1J m  to 20.8J m . The NW 

with the smaller radius R2 would have a smaller 20.8lL J m   and its probability of WZ 

formation becomes higher than the NW with radius R1. Similarly, if the NW`s diameter 

decreases further to the point R3, with 20.5lL J m  , the probability of WZ formation 

becomes higher. This scenario takes place as the NW diameter decreases in each sample, 

and thus, shifts from low probability of WZ formation for NWs with large diameters and 

the probability increases as the diameter decreases. 

Based on the values of the supersaturation ratio, we found that samples A and B 

are located on the transition area of the probability curve for InP WZ formation. For 

sample C, its probability of InP nucleating in the WZ form in nearly zero. Mostly, the 

NWs in sample C has very limited In which results in WZ GaP NWs, however, as shown 

in Figure 4.4, as InP starts contributing to growth, the ZB formation becomes as dominant 

as the WZ from the GaP. 
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Figure 4.5  The probability ,WZ InPP  plotted versus the super-saturation N . Three curves 

are plotted for different values of lL . 
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The group-V flux is significantly increased in sample D. As a result, its chemical 

potential for InP formation for the arriving adatoms 
2

1/2
, , ,ln( )AS InP B A In A Pk T      

increases. This increase in the chemical potential locates sample D at the top of the 

probability curve, due to its high supersaturation ratio. 

In samples C and D, the occurrence of ZB insertions within the NW is low. For 

samples A and B, due to the abundance of NWs with many ZB insertions within it crystal 

structure, it was simpler to quantify the amount of ZB segments compared to WZ. The 

ratio of total length of the measured WZ segments to the total length of the segment (100 

nm) is taken equivalent to WZP . The measured results were plotted and compared to our 

model in Figure 4.6. The model showed the expected behaviour compared to the 

experimental results. The model did not capture the sample point from sample B that is 

reaching the unity probability. This value is attributed to the factor InF


 that can reach 

zero for NWs with very small diameters. This is caused by the randomness of the Au 

distribution on the surface, where we can find values of InF


 that varies from the average 

used in the model. 
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Figure 4.6 Experimental results (dotted data point) for the total length of WZ segments in 
the bottom 100 nm of the NWs from samples A and B and the calculated probability of 
WZ at the bottom of the NWs (solid lines). 
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4.3  Conclusion 

 

In this article, we have addressed the change in crystal structure of InGaP due to 

varying growth conditions. The key to our approach was to assume the nucleation of two 

separate systems, one for InP and another for GaP. The results showed that the GaP 

nucleation favors WZ phase formation for all our samples. The ZB phase formation was 

dependent on the presence of In in the NW, which its concentration depended on the 

growth conditions and NWs. In-free NWs had WZ crystalline phase. 

Utilizing a growth model was important to acquire important parameters that are 

used as inputs for the nucleation model, such as InF


, GaF


, A  and LS . Another key to 

our approach is looking at LS  as a variable and a diameter dependent and its effect on 

lL . We have used  lL R  as a fitting function to model the diameter dependence of the 

phase formation. Probability plots were used to explaining the effect of  lL R  on our 

samples. In addition, we pointed out the operating regions for the four samples. Finally, 

we were able to fit the our experimental results to our simulations. 
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Chapter 5  

 

 

5.1  Summary and Conclusion 

 

Throughout our discussion in the chapters of this thesis, we have been dealing 

with the growth of ternary InGaP nanowires. These types of nanowires do not have a 

recipe of growth similar to that of a thin film two-dimensional epitaxial growth. The 

composition of the nanowires had an unpredictable behaviour at high temperatures, where 

the nanowires appeared In-free and their density on the surface was very low. Lowering 

the growth temperature to 430 ºC, favored the In, where we were able to detect it in our 

samples, and the density of the nanowires was much higher compared to the high 

temperature growth. 

Further analysis on the nanowires indicated that the grown nanowires have a non-

homogenous concentrations of In and Ga. Elemental distribution analysis showed that the 

nanowires form a core/shell structure, where the core is In-rich and the shell is Ga-rich. 

These results were supported by EDX radial line scans and similar line scans performed 

on microtomed disks of the nanowires along with HAADF imaging. The model described 

in chapter 3 attributed the formation of this structure, to the higher diffusion length of In 

on the nanowire facets that would allow it to reach the Au droplet at a higher rate 

compared to Ga. Meanwhile, due to its lower diffusion length on the nanowire sidewalls, 

Ga nucleated as GaP on the sidewalls, promoting radial growth and forming the shell. In 

addition, the simulations of the model in chapter 3, with In having higher diffusion length 
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on the sidewall, revealed the reason for having and increasing In fraction along the 

nanowire axis. 

The key approach in modelling such a ternary system, was to break the analysis 

into the simplest form. We took advantage of the fact that when ternary systems are 

grown, such as InGaP, the nucleation takes place in the form of InP and GaP separately. 

Therefore, we derived model equations for each of the growth species separately to see 

the impact of the growth conditions on each one by its own. 

Starting from the vapor phase, the GaP had much higher supersaturation than InP, 

for both of its growth species (Ga and P2(GaP) versus In and P2 for(InP)). This allowed 

the GaP to be more resilient to growth conditions and contribute to the nanowire all the 

time. Meanwhile, the InP with its low supersaturation was sensitive to variations in 

temperature, growth rate and Au particle distribution on the surface. Consequently, the 

model was able to describe the In deficiency that takes place at high temperature, low 

growth flux which does not create enough driving force of the InP and finally, for small 

Au diameters due to the low surface diffusion length. 

Changes in the crystal structure of the nanowires was also attributed to the 

difference in the nucleation of InP versus GaP. Similar to the growth model, we dealt 

with the InP and the GaP separately and derived an expression that combines the kinetic 

growth model of the system along with the thermodynamic nucleation-based model. It 

was found that nanowires with limited or no presence of In (pure GaP) had WZ crystal 

structure. Therefore, it was concluded that GaP favors WZ crystal formation for all the 

growth conditions of our samples. As a result, our focus was totally on the analysis of the 

crystal phase formation of the InP, as it was responsible for the crystal phase change. The 

model described the regions of operations of our samples with respect to the probability 

of WZ formation of In. Finally, we focused on the Au droplet's size effect and attributed 

the decrease in ZB formation of InP for small diameters to the change in the surface 

energy of the droplet.  
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5.2  Future Work 

 

The vision at the start of this work was to grow ternary and quaternary 

semiconductor NWs. As challenges arise, a comprehensive understanding of the ternary 

NW growth was necessary. The growth model along with the nucleation-based model, 

developed in Chapters 3 and 4, assisted in understanding the physical phenomena that 

takes place during ternary growths. However, additional experiments are needed to 

concluded the recipe for the growth of ternary InGaP NWs with the desired crystal 

structure and elemental distribution. 

The growth model, discussed in Chapter 3, was based on the assumption that 

impingement on the NW sidewalls was neglected. The model showed a great fit to our 

experimental data, however, for a more general case, the NW sidewall impingement 

should be taken into account. In addition, the model should be extended to explain other 

combination of ternary and quaternary  compounds. 

The grown NWs showed few interesting features, such as having a core/shell 

structure and an incremental elemental composition along the NW's length. While 

core/shell structures in NWs has been investigated, it would be of great interest to 

examine the effect of the incremental elemental distribution using photoluminescence 

(PL) measurements. Another area of interest is to explore utilizing these NWs as device 

and take advantage from their incremental composition change.  

 


