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Abstract
The tunable bandgap of InP nanowires compared to bulk InP offers a wide
range of applications in optoelectronic and high-speed electronic devices including photodetectors, lasers, light-emitting diodes, transistors and solar cells.
The aforementioned devices demand nanowires with good morphology, highquality crystal structure and controllable optical properties. This can be realised
by tailoring growth parameters to achieve nanowires of uniform diameter along
their length and structurally controlled nanowires where crystal defects including rotational twins and stacking faults can be minimised.
This thesis deals with the growth of Au-catalysed InP nanowires via the
vapour-liquid-solid (VLS) mechanism using metal organic chemical vapour deposition (MOCVD) technique. This work details various strategies adopted to
produce morphologically controlled high-quality nanowires with desired properties. This thesis focuses on the effect of growth parameters that include growth
temperature, V/III ratio, Au catalyst size, growth rate and pre-growth annealing
temperature on nanowire morphology, crystal quality and optical properties.
The nanowires' morphology, shape and size are characterised carefully by using scanning electron microscopy (SEM), while substrate-surface morphology is
examined by atomic force microscopy (AFM). Transmission electron microscopy
(TEM) was used to investigate nanowire crystal structures (zinc-blende or wurtzite), while high-resolution TEM is performed to examine defects (twins or stacking faults) in single nanowires. The optical properties are characterised using

continuous-wave and time-resolved photoluminescence (PL) spectroscopy.
Growth temperature and V/III ratio are found to have very significant effect on nanowire morphology, where irregular nanowires are produced at lowgrowth temperatures and low V/III ratios whereas straight (lll)-oriented nanowires are produced at higher-growth temperature and/or higher V/III ratios.
Increasing the temperature and V/III ratio further, however, increases nanowire
tapering, where nanowire bases are wider than tips. Thus an intermediate combination of temperature and V/III ratios are chosen in order to obtain the best
compromised vertically aligned InP nanowires with minimal tapering. TEM
confirms that higher growth temperatures or higher V/III ratios promotes the
formation of wurtzite nanowires, while zinc-blende nanowires are favourable
to grow at lower-growth temperatures and lower V/III ratios. PL spectra show
a blue-shift with increasing growth temperature and/or V/III ratio, with the
bandgap attributed to zinc-blende and wurtzite nanowires. The mixed phase of
zinc-blende and wurtzite nanowires show emission energy between these two.
Au nanoparticle size is also found to strongly affect the InP nanowire crystal structure and optical properties. TEM studies confirmed that nanowires can
be grown predominantly in the zinc-blende phase or completely wurtzite phase
irrespective of the nanoparticle size. Interestingly, nanowires grown in between
these two regions (mixed zinc-blende/wurtzite region), exhibit diameter dependent crystal structures, with the smaller Au nanoparticle size exhibiting wurtzite crystal structures whereas larger Au nanoparticle size show a zinc-blende
dominated structure. Continuous-wave photoluminescence measurements under different excitation intensities show that nanowires grew preferably in wurtzite rather than in zinc-blende crystal structures with decreasing diameters.
Time-resolved photoluminescence studies reveal that wurtzite nanowires have
longer carrier lifetimes than zinc-blende nanowires.
InP nanowire morphology, crystal structures and optical properties are also

affected by growth rate. Low growth rates result in a wurtzite phase with fewer
stacking faults and, in contrast, higher growth rates produce zinc-blend nanowires with high density of twin defects. Nonetheless, the tapering effect can be
reduced with growth rate. The PL spectrum shows an emission peak for the
WZ-dominated phase at the lowest growth rate with this peak shifting to lower
energies as the nanowire gradually changes to a twinned zinc-blende structure.
Lowering the pre-growth annealing temperature results in several interesting
features and changes in the nanowires. The tapering parameter markedly decreases, this leading to a better nanowire shape and stacking fault-free wurtzite
structure for (lll)-oriented nanowires grown on (lll)B substrates.
This study shows that there are many growth parameters that can influence the morphology-crystal structure-optical relationships in InP nanowires.
By controlling growth parameters, InP nanowire morphology can be optimised,
thus producing nanowires with minimal tapering and uniform diameters, while
their crystal structures can be tuned to obtain desired properties. This will allow
InP nanowires of known crystal structures to be designed and grown for future
nanowire-device applications.
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Chapter 1
Introduction
1.1

Background and significance

Nanowires are one-dimensional nanostructures, which derive their name from
their physical dimensions with diameters less than 100 nm [5, 6] and lengths
up to a few /um. Semiconductor nanowires exhibit many exciting properties
compared to those in their bulk form. For example, due to size reduction,
nanowires have remarkably high surface-to-volume ratios allowing their use
for ultra-sensitive sensing applications [7].
Nanowires can be fabricated by two general methods, top down and bottom up techniques. The top-down approach starts by using a large piece of
material, patterning and then etching down to a desired small shape and size.
Nanolithography and electrophoresis are examples of this top-down fabrication
technique, where in nanolithography, a mask is used to protect the required
material. The uncovered material is thus exposed and can be removed chemically (using acids, wet etching) or by dry (plasma) etching techniques. This
process suffers from material damage during dry etching techniques and poor
lateral control of the final dimensions using wet etching. Bottom-up fabrication
on the other hand starts by assembling the desired nanostructure molecule by
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molecule. This can be done using a seed or patterned mask to grow the nanostructure where the atoms arrange themselves at the seed position or at the mask
opening. Vapour-liquid-solid (VLS) growth and selective area epitaxy are examples of this that are preferable to the top-down approach.
A common technique for producing nanowires uses the VLS mechanism.
This mechanism was first proposed and demonstrated by Wagner and Ellis
in 1964 for growth of Si whiskers [8], Basically the VLS-growth mechanism
uses metal as seed particles and when these particles are exposed to a vapour
(as source material), nanowires grow underneath these seed particles. Further
details of this VLS technique are described in Section 2.2.1 of this thesis. Researchers are still investigating the VLS mechanism in order to understand and
explain the inconsistencies that exist between modeling and experimental results of nanowires under various growth conditions, such as diameter and other
growth-parameter effects.
Many studies have shown that nanowires of III-V semiconductor materials
can be used as building blocks for applications in optoelectronic devices and
nanophotonics [9,10]. This is possible with careful selection of III-V alloy compositions to allow the manipulation of band gaps. Significant research progress
in these nanowire-based devices has been achieved in recent years, including
the demonstration of light-emitting diodes [9, 11], single nanowire field-effect
transistors [10,12,13], chemical sensors [10], photodetectors [14], single-electron
transistors [15-18], single-nanowire electrical injection lasers [19], waveguides
[20], quantum dot heterostructures [17, 21], core-shell structures [22] and very
recently reports on photo-voltaic applications taking advantage of core-shell pn
junction InP nanowires [23]. In the case of III-V compound semiconductor materials, InP nanowires are particularly interesting because of the dependence of
their crystal structure on growth conditions.
One important factor for successful use of InP nanowires in device appli-
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cations is the precise control of nanowire growth to achieve the desired morphologies and high crystallographic quality. While the bulk form InP exhibits
a cubic or zinc-blende (ZB) structure, InP nanowires in turn commonly show
wurtzite (WZ) or mixed zinc-blende/wurtzite structures with crystal defects,
such as stacking faults [24-27].
The difference between ZB and WZ structures lies in their close-packed stacking sequence [28]. As schematically illustrated in Figure 1.1, grey and black
circles represent group III and group V atoms, respectively. The upper and lowercase letters represent group III and group V atomic layers. Thus, each atomic
layer consist of group III and group V layers, the bilayers. Two notations can be
used to describe the atomic stacking sequences, for example AaBbCcAaBbCc or
simply ABCABC as a shortened notation.
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Figure 1.1: Schematic illustration of atomic-stacking sequences in (a) ZB and (b)
WZ crystal structures. Black and grey circles represent group III and group V
atoms, respectively.

Figure 1.1a shows ZB structures have an ABCABC stacking sequence, while
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Figure 1.1b shows WZ structures have an ABABAB stacking sequence. The
stacking sequence is important in describing planar defects in crystal structure.
For example, a twin plane defect in a ZB stacking sequence creates ABCACBA
with A as a twin layer. Stacking faults in WZ produce an ABACACAC sequence
where C is a fault in the ABABAB sequence. Crystal imperfections can be recognised from high-resolution TEM imaging.
One problem resulting from these defects is the formation of polytypic crystal phases, where the existence of both ZB and WZ crystal structures occur in
nanowires. This problem is closely related to the intermediate ionicity factor of
InP (fi = 0.421/0.35) [29-31], where high ionicity factor favours the WZ phase
(e.g., GaN,/, = 0.5/0.74) and low ionicity favours the ZB phase (e.g., GaSb, f =
0.261/0.15) [31].
Many theoretical models have been proposed to predict or explain this crystal structure polytypism under various growth conditions [31-33]. In general,
these models proposed supersaturation as a main factor that influences the crystal structure of III-V semiconductor nanowires. These models, however, only fit
specific growth conditions and cannot be used as a universal model.
Experimentally, numerous studies have been focused on how to control the
InP nanowire crystal structure through various techniques, for instance MOCVD [34-37], molecular beam epitaxy (MBE) [38], and chemical beam epitaxy
(CBE) [39] using either catalyst-assisted [24, 25,40] or catalyst-free growth procedures [26, 41-43], including selective-area epitaxy [43], because the crystal
structure (whether it is ZB or WZ) can significantly affect optical properties as
the band structures of nanowires change with the crystal phase. Most of these
studies demonstrate how growth parameters can be tailored with the aim of
obtaining stacking fault-free InP nanowires. In the case of InP nanowires that
are grown epitaxially on InP (lll)B substrates, the ZB phase nanowires are often found to have rotational twins [27, 34, 44] and the WZ phase with stacking
t
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faults [45].
The crystal structure of nanowires grown by the VLS mechanism is markedly
influenced by growth parameters such as growth temperature [46-50], group V
to III precursor flow ratio (V/III ratio) [40, 48, 51, 52], catalyst size [40, 50, 53],
growth rate [54, 55] and impurity doping [45]. In most cases, the nanowire
crystal structures are believed to be controlled by supersaturation, which in turn
is also affected by these growth parameters. The results reported from this work
will be discussed further throughout this thesis, in relation to the experimental
results.
Several authors have reported the effect of defects or structural properties on
nanowire performance [56,57]. For example stacking faults can scatter electrons
[56] and twin defects can degrade PL intensity [49]. Additionally, it has been
demonstrated that the mixed phases of WZ and ZB in a single InP nanowire affects the bandgap [25,58]. More recently, a study has shown that defects can significantly shorten the carrier lifetime in ZB InP nanowires [40], which is undesirable for solar-cell applications. On the other hand, controlled defects in nanowires could be beneficial, for example the twinning or polytypism phenomenon
has attracted great interest and been used to create twinning superlattices which
can change the band-gap alignment in a homostructure [27,45, 50, 59].
The morphology and structural properties of InP nanowires are largely controlled by the growth parameters and hence they can have a significant impact
on the nanowire properties. However, due to the complexity of the VLS mechanism and the bistability in WZ and ZB crystal structures in InP nanowires
[53, 60, 61], crystallographic phase purity remains a problem for InP nanowires
grown along the (111) direction. Phase purity and morphology control in InP
nanowires is clearly a challenge not only for fundamental material physics but
also for future device applications. Thus, it is crucial to understand the growth
mechanism of InP nanowires to better control their structural and optical prop-
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erties.
The overall objective of this thesis is to grow InP nanowires using MOCVD
via Au-catalysed VLS growth mechanism and characterise their structural and
optical properties. Various growth parameters, including V/III ratio, growth
temperature, growth rate, size effects and substrate orientations are systematically studied. Electron microscopy was used for morphological and structural
characterisation. Photoluminescence was used to characterise the properties of
the nanowires.

1.2

Structure of the thesis

The thesis is divided into six Chapters. Chapter I introduces the thesis background, as well as the significance of this research. Chapter 2 presents the experimental techniques including sample preparation, MOCVD growth, scanning
electron microscopy, transmission electron microscopy and microphotoluminescence. Chapter 3 examines two crucial MOCVD growth parameters, growth
temperature and V/III ratio, in order to achieve minimally tapered nanowires
with controlled crystal phases. Chapter 4 discusses the effect of catalyst particle size on InP nanowire crystal structures and optical properties. Chapter 5
focuses on the effect of total precursor flow rates on the nanowires, as well as
the effect of pre-growth annealing temperatures on nanowire growth on ( l l l ) B
substrates. Finally, Chapter 6 summarises the results of this study and suggests
directions for future work.

Chapter 2
Experimental techniques
2.1

Introduction

This chapter describes the experimental techniques used for growth and characterisation of the nanowires studied in this thesis. The first section details the
nanowire growth mechanism and MOCVD procedures used to grow InP nanowire samples. The characterisation techniques, namely field-emission scanning
electron microscopy (FESEM), transmission electron microscopy (TEM), atomic
force microscopy (AFM) and photoluminescence (PL) spectroscopy techniques
are described in the second part of this chapter. The PL setup implemented
for single wire and time-resolved measurements are also mentioned in Section
2.4.2.

2.2

Nanowire growth techniques

2.2.1

Vapour-liquid-solid mechanism

The vapour-liquid-solid (VLS) growth mechanism is a widely accepted crystal
growth technique used to synthesise semiconductor nanowires which involve a
three-phase system. This method was first reported by Wagner and Ellis in 1964,
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for the growth of silicon whiskers [8]. According to this mechanism, whiskers
(or nanowires) can be grown using metal nanoparticles (usually gold) as catalysts which act as a liquid sink for the vapour phase source adatoms. This
droplet is then supersaturated with a further supply of vapour source resulting
in precipitation and formation of solid crystalline nanowires.
The use of gold nanoparticles in the growth of InP nanowires is more complicated than in Si nanowires, because two different species, i.e. In and P (group
III and group V elements) are involved with gold and both have to be taken into
consideration. In order to understand the reactions between In, P, and Au in
the VLS growth process, the binary phase diagrams of Au-P and Au-In can be
useful since the ternary phase diagram is not available.
It has been reported that the liquid eutectic temperature for the Au-P system
(Figure 2.1) is at approximately 935 °C [1]. On the other hand, the lowest AuIn liquid eutectic (Figure 2.2) can be formed at 454.3 °C, even though there are
three eutectic points corresponding to an indium percentage of 24%, 28% and
42% at 456.5 °C, 454.3 °C, and 495.4 °C, respectively [2], From these binary phase
diagrams, one can expect that In can form a eutectic liquid with Au more readily
than P and that solubility of P in Au is very low. The growth temperature range
used for InP nanowires growth in this thesis lies between 375 and 520 °C, where
Au-In will form a liquid droplet for the VLS growth of InP nanowires.
Considering only In forming a liquid eutectic with Au, the VLS growth of
InP nanowires is shown schematically in Figure 2.3. At growth temperature,
the Au-In eutectic liquid is formed (Figure 2.3(i)). With further incoming source
of adatoms, the Au-In alloy becomes supersaturated (Figure 2.3(ii)), and this
results in nanowire nucleation from the liquid droplet (Figure 2.3(iii)) and final
InP nanowire growth (Figure 2.3(iv)). The chemical reaction will be discussed
in detail in Section 2.2.3.3 while the InP nanowire growth in Figure 2.3(iv) will
be discussed in Chapter 3.
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A number of reactions need to be taken into account in the Au-catalysed
growth of InP nanowires. First, the reactions between Au and the InP substrate
during pre-growth annealing. It is expected that the In species from the substrate is consumed to form a liquid Au-In eutectic at this temperature [34,38,46].
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Figure 2.3: Schematic illustration of the InP VLS growth mechanism.

Based on the Au-In phase diagram [2], it is possible to predict the In composition in the Au-In alloy at any given temperature. The effect of the pre-growth
annealing temperature on nanowire growth is studied in detail in Chapter 5.4.
Following the pre-annealing step, the substrate temperature is lowered to the
growth temperature between 375 and 520 °C. During this cooling-down step,
the Au-In droplet is expected to hold the liquid phase, which is required for the
VLS process to occur. Further VLS growth steps will be discussed in Section
2.2.4.

2.2.2

Substrate preparation

( l l l ) B substrate is used for all InP nanowires grown in this thesis. The substrates used in this work are from American Xtal Technology. B notation in
( l l l ) B substrate indicates that the planes are phosphorus terminated and were
chosen to obtain the vertical nanowire growth direction.
First, the substrate is immersed in 0.1% poly-L-lysine (PLL) solution for 1
minute to positively charge the substrate. PLL is a highly positively charged
amino acid chain which is commonly used as a sticking agent to immobilise gold
nanoparticles in order to avoid agglomeration of the particles on the surface
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[10,62], After 1 minute, the substrate is cleaned by flowing deionised (DI) water
and then dried with a nitrogen (N 2 ) gas. Then the Au nanoparticle colloidal
solution is dropped on the substrate surface and kept for 2 to 120 s depending
on the size of the particles as listed in Table 2.1. Gold colloidal solutions with a
particle size of 5 and 10 nm were diluted 100- and 10-fold, respectively, with DI
water before being applied to on the substrates to decrease the Au nanoparticles
sticking to the substrate.

Table 2.1: Au nanoparticle size, density and immersion time used in this thesis.
Au Size

Nanoparticle Density

Immersion Time

5 nm (100-fold diluted)

5.0 x 1013 particles/ml

2 sec

10 nm (10-fold diluted)

5.7 x 1012 particles/ml

3 sec

20 nm

7.0 x 1011 particles/ml

4 sec

30 nm

2.0 x 1011 particles/ml

6 sec

50 nm

5.0 x 10 10 particles/ml

60 sec

100 nm

5.6 x 109 particles/ml

90 sec

150 nm

7.0 x 108 particles/ml

120 sec

The treated substrate is then rinsed with DI water to remove any excessive
gold colloids and blown dry with N 2 gas. Finally, the treated substrate is transferred immediately into the MOCVD reactor for nanowire growth. The PLL
solutions (Figure 2.4a) are obtained from Sigma Aldrich Chemie GmbH, while
the gold colloidal solutions are sourced from Ted Pella Inc., British BioCell International (Figure 2.4b).
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Figure 2.4: Photograph of (a) a bottle containing PLL solution and (b) vials containing varying sizes of gold colloidal solutions.

2.2.3

Metalorganic chemical vapour deposition

MOCVD is one of the techniques most favourable for the growth of III-V compound semiconductors. The MOCVD process is also known as metal-organic
vapour phase epitaxy (MOVPE) or organometallic vapour phase epitaxy (OMVPE). All InP nanowire samples in this thesis were grown using an AIXTRON
200/4 horizontal flow MOCVD system at 100 mbar located at the Research
School of Physics and Engineering, the Australian National University, as shown
in Figure 2.5.
2.2.3.1

MOCVD system

A schematic diagram of the MOCVD system is shown in Figure 2.6. Generally,
the MOCVD system consists of a gas-handling system, reactor chamber and
safety system [63]. The gas-handling system includes the gas pipework system
for all sources, valves to switch over the gas flows and mass-flow controllers to
control the mass flows, where sources mix as they enter the reactor.
All MO compounds are stored in stainless steel containers called bubblers,
which are kept in constant-temperature baths. High-purity hydrogen (purified
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Figure 2.5: Photograph of MOCVD reactor at the ANU.
using palladium membrane heated to 400 °C) is used as the carrier gas and allowed to flow through the MO source to collect the MO vapour, then transporting it to the reactor. The amount of MO source going into the chamber depends
on the flow rate of carrier gas and the bubbler temperature and pressure.
There are two lines called 'run' and 'vent' lines for each MO and hydrides,
where the 'run' line goes into the reactor and 'vent' line goes directly into the
exhaust. The total gas flow entering the reactor was kept constant at 15 standard
litres per minute (slm) throughout the growth period.
The reactor chamber consists of a liner, a susceptor and a heating system. The
susceptor is made of graphite which is coated with silicon carbide. Rotation is
achieved using the patented Gas Foil Rotation (Aixtron) technology during the
nanowire growth to achieve uniform deposition.
For heating purposes, a three-zone infra-red lamp heating is used. Finally,
the exhaust system is a waste treatment system, where by-products formed together with any unreacted gases are carried away to a scrubber.
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Figure 2.6: Schematic illustration of a typical MOCVD system.

2.2.3.2

Material sources

In the ANU MOCVD system, trimethyindium (In(CH 3 ) 3 , TMIn), trimethylgallium (Ga(CH 3 ) 3 , TMGa), and trimethylaluminium (A1(CH3)3/ TMA1) were used
as group III metalorganic sources, whereas the group V sources were hydrides
such as arsine (AsH 3 ) and phosphine (PH3).
2.2.3.3

Growth reactions

Material growth is achieved when the group III (carried by hydrogen) and group
V precursors in vapour form pass over a hot susceptor (upon which the substrate is placed) where precursor molecules decompose into elemental atoms
which then diffused onto the substrate and initiate the epitaxial growth.
The simplified chemical reaction process for epitaxial growth of InP films

Chapter 2. Experimental

techniques

during MOCVD growth is shown below. :

In(CH3)3 + PH3 = InP + 3 CH4
2.2.3.4

(2.1)

Precursor decomposition

Perhaps the most important parameters in the MOCVD growth system are the
growth temperature and the ratio of group V species to group III species [i.e., the
V/III ratio]. It is therefore crucial to understand the decomposition or pyrolysis
of each precursor involved in the reaction. Stringfellow and co-workers extensively studied the pyrolysis reactions of TMIn and PH3/ using either TMIn or
PH3 alone, or using both precursors in an H2 ambient conditions [64-66]. They
claim that the PH3 decomposition reaction is dominant at the substrate surface,
while the TMIn decomposition reaction is, however, dominant in the vapour
phase. TMI is known to decompose homogeneously in H 2 ambient at the lower
temperature of 350 °C [66], while the PH3 decomposition occurs between 400550 °C [67, 68]. More importantly, the decomposition temperature of TMIn in
the presence of PH3 has been reported as 300 °C [65].

2.2.4

Nanowire growth steps

As mentioned in Section 2.2.2, the InP substrates dispersed with Au nanoparticles were transferred into the MOCVD reactor for nanowire growth. Initially the
reactor chamber was heated up in H2 ambient until 350 °C, with PH3 turned on
afterwards in order to prevent the decomposition of the InP substrate at higher
temperatures [69]. Under PH3 flow, the reactor temperature was increased to
600 °C for the pre-growth annealing step. After 10 minutes of this pre-annealing
step, the reactor temperature was lowered to growth temperature to start the
growth of nanowires by turning on the TMIn source.
Finally when the nanowire growth was finished, the TMIn was removed
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Figure 2.7: Schematic illustration of nanowire growth steps.

whilst the sample was cooled to room temperature. The flow of PH3 into the
reactor was maintained during this step until the temperature was below 350
°C to prevent preferential desorption of P from the surface. The temperature
and time flow diagram of nanowire growth procedure is shown in Figure 2.7.

2.3

Structural characterisation

2.3.1

Field-emission scanning electron microscopy

Electron microscopy is a technique that uses electrons instead of light to form
an image. As shown in Figures 2.8a and 2.8b, an electron microscope consists of
several important components.
Primary electrons are generated in a column by an electron gun located on
top of the column. The electron gun provides a high current with a small beam
size. A specimen chamber is located at the end of the column where the sample
stage is placed. When a high energy electron beam is directed onto the sample, the electrons interact with the sample on the stage and generate a num-
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Figure 2.8: Main components of (a) Zeiss UltraPlus and (b) Hitachi S4500 FESEM systems at the Electron Microscopy Unit, ANU.

ber of signals. There are two types of electron detectors used to collect these
signals, one measures the number of electrons coming from the sample surface (i.e. backscattered electrons) and the other detector determines the number
of electrons which are ejected from the sample (i.e. secondary electrons). The
secondary electron detector is located next to the specimen chamber where the
backscattered electron detector projects horizontally to the specimen chamber.
A typical SEM system contains a condenser lens, an objective lens and stigmator lenses shown in Figure 2.9. Electrons are released from the field emission
source in the high vacuum column as primary electrons. These electrons are
focused and deflected by lenses to produce a narrow scan beam that hits the object which is placed on the sample holder in the specimen chamber. As a result,
secondary electrons are emitted from the sample, where the angle of these secondary electrons relates to the surface structure of the sample. A detector then
collects these signals which are then amplified and converted to an image that
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Figure 2.9: Schematic illustration of a typical scanning electron microscope.
can be seen on a monitor.
It is important to understand the effects of the controllable parameters required to produce a good quality and useful SEM image. For example, accelerating voltage, working distance and aperture are some of these important parameters. When the sample is bombarded by the electron beam, electrons are
ejected from the specimen surface. This interaction depends on the energy of
the electron beam. Higher accelerating voltages cause a larger interaction volume as shown in Figure 2.10. There are two main effects from beam-sample
interaction: image resolution and the generation of various signals. Resolution
depends on the area from which secondary electrons are produced, which is
normally defined by the spot size.
Resolution also depends on the working distance, which is the distance between the objective lens and the specimen, as indicated in Figure 2.11. Changing
this working distance will effect the resolution of the final image due to the effect on the imaging system. In addition, working distance also has an effect on
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Figure 2.10: Schematic illustration of interaction volume between the electron
beam and the specimen.

the depth of field, as shown in Figure 2.11. This means that at a short working
distance, the sample will be scanned with a wide angle of electrons, resulting in
an image with short depth of field (Figure 2.11a). At a longer working distance,
on the other hand, the sample will be scanned with a narrow angle producing
an image with an increased depth of field (Figure 2.11b). However, one should
choose the optimum combination of all SEM parameters in order to obtain the
best compromise between resolution and focus.

Figure 2.11: Schematic illustration of depth of field in a FESEM system.

With InP nanowire samples, several significant issues are observed during
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scanning. First, nanowire bundling (between nanowire tips) occurred when
the upper detector is used and this problem is worse with shorter working distances. This 'bundling' phenomenon is shown in Figure 2.12a which may be due
to charging effect during scanning [24], Secondly, beam contamination, which
is expected for high accelerating voltage with a slower scanning rate, results in
nanowires that seem to have larger diameters (Figure 2.12b).

Figure 2.12: (a) 45° tilted FESEM image of InP nanowire bundles and (b) 90°
tilted FESEM image of contaminated region.

All SEM micrographs in this work were imaged using either the Hitachi
S4500 or Zeiss UltraPlus analytical FESEM which are located at the Electron
Microscopy Unit at the Australian National University.

2.3.2 Transmission electron microscopy
TEM is known as a very useful technique for nanoscale imaging, which provides
information on the crystal structure of a specimen. Unlike SEM, TEM works
with an electron beam directed through a very thin sample, which is usually
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placed on a copper grid. The image formed through this thin specimen provides
crystal structure information of the sample.
TheTEM can be operated in diffraction mode and / or image mode. In diffraction mode (Figures 2.13a), the first intermediate image is formed on the back focal plane of the objective lens, while the intermediate image is focused on the inverted image in the imaging mode (Figures 2.13b). The image is then magnified
and displayed on the viewing screen. This final image and the electron diffraction patterns can be recorded either on a fluorescent screen, a layer of photographic film or detected by a charge-coupled device (CCD) camera. The operation of a TEM for selected area diffraction and bright field imaging is shown in
the Figures 2.13a and 2.13b, respectively.
The crystal phase of single InP nanowires can be identified from the selected
area electron diffraction (SAED) patterns. Figure 2.14 shows the example of
SAED patterns of pure ZB, pure WZ, twin planes in ZB and mixed ZB/WZ
crystal phases recorded from high-resolution TEM imaging. The twin defects in
ZB are shown in Figure 2.14c, while stacking faults in WZ can be clearly seen
as long streaky lines around the dots (yellow circle in Figure 2.14d), resulting in
the mixed ZB/WZ phase. These patterns are used to define the nanowire crystal
phase throughout this thesis.
All TEM and high-resolution TEM (HRTEM) work in this thesis was carried
out by Professor Dr. Jin Zou, Dr. Xin Zhang and Mr. Yanan Guo at the University of Queensland, Australia using the FEI Technai F30 and F20.

2.3.3

Atomic force microscopy

Atomic force microscopy (AFM) is one of the scanning probe techniques used
to study the microstructure of surfaces. The general principle of the AFM is to
maintain the probe in very close contact with the sample surface by a feedback
loop control as it scans over the surface. The images of the sample surface are
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Figure 2.13: Basic operations of the TEM imaging system, (a) Projecting the
diffraction pattern on the viewing screen and (b) projecting the final image on
the screen. Adapted from [3].
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Figure 2.14: ED patterns of (a) pure ZB, (b) pure WZ, (c) twin in ZB, and (d)
mixed ZB/WZ phase.

collected by moving the probe over the surface in a raster pattern. As the sample
moves, the probe measures the height of the surface.
Normally, AFM uses a silicon or silicon nitride tip (as the probe) mounted
at the end of a silicon cantilever spring to scan the sample surface. This probe
radius varies from 5 to 20 nm, with the vertical bending of the cantilever monitored by a device called an optical lever. This optical lever consists of a laser
focused on the back of the cantilever, which is reflected onto a photodetector
(commonly a split photodiode). The movement of the probe over the surface
is controlled by a XYZ-piezo scanner, which is mounted at the base of the sample. The feedback control records the distance between the tip and the sample,
and is based on the changes of force between the tip and the surface. This will
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Figure 2.15: (a) AFM system at the Department of Applied Mathematics, ANU.
(b) Basic principle of AFM [4].

change the angle of the cantilever and thus move the spring up and down. If
the distance is small or large, the feedback mechanism will send the signal to the
piezoscanner to lower or raise the stage. A laser reflected from the end of the
cantilever is used to record the bending of the cantilever, and is collected by a
photodetector. An image of the sample is obtained by recording the height scale
or amplitude-mode images by plotting its horizontal and vertical movement as
the tip scans the surface. The schematic block diagram of an AFM is illustrated
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in Figure 2.15b.
AFM was used in this study to examine the surface structures and roughness of very short nanowire samples, which is discussed in Section 5.4. For this
purpose, tapping mode AFM, using a Digital Instrument/Veeco Nanoscope III
Multimode AFM, see Figure 2.15a, located in the Department of Applied Mathematics at the Australian National University was used.

2.4

Optical characterisation

Photoluminescence (PL) spectroscopy is a very convenient and important technique for optical characterisation, since it provides information about the bandgap and electronic states in semiconductors [70]. When the sample is illuminated by a light source, commonly a laser with a wavelength of higher energy
than the material's bandgap, the material will absorb these high-energy photons
thereby creating electron-hole pairs which will then recombine through various
processes. For radiative recombination, photons of energies characteristic to the
sample are emitted. Information from this luminescence such as wavelength,
intensity and spectral linewidth can then be extracted to provide information
about the sample. Micro-photoluminescence (//-PL) is a variant of PL, whereby
the excitation laser beam goes through an objective lens resulting in a much
smaller spot size. Two fi-PL systems were used in this work: one at ANU for the
measurement of nanowire ensembles and the other at the University of Cincinnati (UC) for single nanowire spectroscopy. The schematic diagrams of the /i-PL
setup used in ANU and UC are shown in Figures 2.16 and Figure 2.18, respectively. In order to perform these PL measurements, nanowires were transferred
onto a Si substrate from an as-grown substrate by gently rubbing the surfaces of
two substrates together.
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2.4.1 Microphotoluminescence at ANU
The //-PL system at ANU combines a Janis ST-500 cryostat with a Nikon Eclipse
L150 microscope. Figure 2.16 is a schematic diagram of the system.
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Figure 2.16:

ANU.

Schematic illustration of the microphotoluminescence set-up at the

It operates under a continuous flow of liquid helium to maintain a temperature of 4.2 K. A diode laser with a 637 nm line was used as the excitation source
and focused on the sample stage through a lOOx objective lens (MUE30900 CFIL
Plan Epi SLWD lOOx). Luminescence from the nanowires was collected through
the objective lens and displayed onto a charge-coupled device (CCD) detector
through a 750 mm long spectrometer (Princeton Instruments/Actonn SpecPro
2750).
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2.4.2

Microphotoluminescence spectroscopy at the University
of Cincinnati

Continuous-wave photoluminescence (CWPL) and time-resolved photoluminescence (TRPL) measurements were carried out in collaboration with Professor Leigh Smith, Professor Howard Jackson and co-workers at the University of
Cincinnati. In order to reliably perform the single nanowire spectroscopy, patterned Si substrates were used so that the same single nanowire can be probed
repeatedly as shown in Figure 2.17.

w ^ f H i ;

|

Figure 2.17: InP nanowires transferred on Si with marked grid.

All measurements were performed at a temperature of 16 K. For these measurements, as-grown nanowires were sonicated into a methanol solution and
then dispersed onto the patterned Si substrates. For each sample, both clusters
and 3 to 5 single nanowires were examined.
A continuous-wave Ti-sapphire laser with 780 nm wavelength, or an argon
ion laser of 458 nm wavelength, was used and focused on the sample through
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a long working distance (10.6 mm) 50x/0.5 NA microscope objective. Luminescence was collected by the same objective and then spatially filtered by a
pinhole, and finally focused into the spectrometer. The PL spectra were then
detected by a CCD (for CWPL). Figure 2.18 shows a schematic diagram of the
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Figure 2.18: Schematic illustration of the CWPL/TRPL set-up at the University
of Cincinnati.

The TRPL system used in this work is similar to CWPL aforementioned.
However, the laser used in this case was a mode-locked Ti-sapphire laser with 1
ps pulses at 800 nm. A photo-multiplier tube (PMT) or Si avalanche photodiode
(APD) was used for time-correlated single photon counting. Figures C.l, C.2
and C.3 in the Appendix show the laser, cryostat and spectrometers used in this
work.
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3.1

Introduction

InP nanowires have been studied extensively for their applicability in lightemitting diodes [9, 11], field-effect transistors [10], chemical sensors [10], photodetectors [14], and single-electron transistors [15,16]. Though InP nanowires
have been readily synthesised through different techniques such as metal organic chemical vapour deposition (MOCVD), molecular beam epitaxy (MBE),
pulsed laser deposition (PLD) and chemical beam epitaxy (CBE), crystallographic
phase purity remains a problem for InP nanowires grown along the (111) direction. They often exhibit a high density of defects (i.e. stacking faults and rotational twins), thus resulting in a polytypic crystal structure of mixed ZB and WZ
crystal phases. These defects have important implications on the device performance, since the InP nanowires bandgap energy is found to change, markedly
with their phase purity [25, 59]. Therefore, growth parameters must be optimised in order to obtain the desired crystal structure in these nanowires which
then can be used for devices.
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Growth temperature [25, 46-49, 71] and V/III ratio [40, 48, 51, 52, 71] are
known as the most crucial growth parameters to have major effects on the morphology and structural properties of III-V nanowires grown by MOCVD. For
example, in the growth temperature range of 400 to 450 °C, nanowires showed
little tapering [25, 49]. For a fixed growth temperature, kinked nanowires were
observed at low V/III ratios, while shorter nanowires were observed at higher
V/III ratios [72], The crystal structure is also influenced by the growth temperature and V/III ratio. This is due to the degree of precursor decomposition that is
strongly temperature dependent [66-68] thereby affecting the nanowire growth
mechanisms. Mattila et al. [25] and Dick et al. [55] observed that InP nanowire
crystal structure changed from ZB to WZ with increasing temperature from 420
to 450 °C. For a constant growth temperature on the other hand, the nanowire
crystal structure changed from ZB to WZ with increasing V/III ratio (increasing
group V and fixed group III) [40]. However, this trend can be better understood by studying various growth factors influencing crystal structure during
VLS growth.
In this chapter, the effects of growth temperature and V/III ratio on the
morphology and crystallographic phases of InP nanowires are investigated systematically. It is demonstrated that vertically aligned nanowires with minimal
tapering can be obtained by optimising the growth parameters. In addition,
higher growth temperatures or higher V/III ratios promote the formation of
WZ nanowires while ZB nanowires are favourable at lower growth temperatures and lower V/III ratios. Most importantly, a distribution map of ZB and
WZ structures is developed for the range of growth temperatures (400-510 °C)
and V/III ratios (44 to 700) investigated in this work. The outcome of this study
will allow us to design and grow InP nanowires with desired properties for device applications.
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3.2

ratio

Experimental details

A solution of colloidal Au nanoparticles with 30 nm in diameter were deposited
on InP (IlI)B substrates, as described in Section 2.2.2. The growth temperature
was varied between 400 and 510 °C. PH3 flow rates were varied between 5.34 x
1 0 - 4 and 8.53 x 10~3 mol/min whereas TMIn flow rate was fixed at 1.21 x 10~5
mol/min. This corresponded to V/III [PH 3 /TMIn] ratio between 44 and 700.
The nanowires growth time was 20 minutes for each sample.
InP nanowires grown under various combinations of growth temperature
and V/III ratio were characterised by FESEM and TEM as described in Sections
2.3.1 and 2.3.2. The yu-PL measurements of InP nanowire ensembles were carried
out using the setup as illustrated in Section 2.4.1.

3.3

Effect on nanowire morphology

The growth temperature and the V/III ratio have a very significant effect on
the nanowire morphology. FESEM images in Figure 3.1 summarise the samples
investigated in this study. The images were taken at an angle of 45° from the
surface normal. As the images show, the morphology of nanowires changes
from highly irregular shape to straight (lll)-oriented nanowires with increasing
growth temperature or V/III ratio. The 'irregular shape' nanowires is referred to
those bundled, kinked, curled or bent ones, whereas 'vertically aligned' means
'parallel to the normal of (lll)B substrates'.
Low V/III ratios at low growth temperatures [Figure 3.1(k, p and q)] cause
the formation of highly irregular shapes due to insufficient P adatoms resulted
from the low pyrolysis efficiency of PH3 at low temperatures [25,40]. It is possible that, with PH3 as the limiting reactant, the In content within each nanoparticle is significant. Since In has a lower surface tension than gold (7 In = 0.565 J m - 2
and 7AU = 1-14 Jm - 2 ) [73], the incorporation of In in Au is expected to lower the
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Figure 3.1: FESEM images of InP nanowires grown with different growth temperatures and V/III ratios. The TMIn flow rate was constant at 1.21 x 10~5
mol/min and 30 nm Au nanoparticles were used for all samples. The average
density of nanowires for each growth condition is (3.01 ± 0.73) nanowires//im 2 .
The scale bars are 2/xm.

liquid-vapour surface tension and thereby increase the work of adhesion [74].
In this case, work of adhesion is related to the strengths of bond interaction between two different phases, and its depends on the contact angle and interfacial
tensions between the droplet and the nanowire [75, 76]. Similar lower surface

Chapter 3. Effect of growth temperature and V/III ratio
energies were reported in the case of Au and Ga ( j = 0.72 Jm ) [32]. When
the work of adhesion is higher, a small perturbation (e.g. fluctuation of temperature or gas flow) may be sufficient to displace the catalyst from the nanowire
tip, thereby allowing kinking. This makes the particle more likely to slide off
the tip of the growing nanowires, creating kinked nanowires.
For the temperature of 400 °C, as the V/III ratio increases from 110 to 350 (i.e.
higher PH flow rate), the nanowires grow preferentially along the [111] direction perpendicular to the substrate surface, as shown in Figure 3.1f. This change
indicates that a higher PH flow rate is required to achieve straight nanowires at
low temperatures, which is expected because more P adatoms will be available
at higher V/III ratio (i.e. higher PH flow rate). A further increase in V/III ratio
(Figure 3.1a) however results in more tapered nanowires, where the base has
much larger diameter than the tip.
While the nanowires morphology changes significantly from highly irregular shape to straight nanowires with increasing V/III ratio at low growth temperatures (up to 420 °C), nanowires grown at higher temperatures (from 450 °C
and above) behave differently. Vertical and straight nanowires can be grown
even at the lowest V/III ratio of 44 (Figure 3.1r). This can be explained again
by decomposition efficiency of precursor, where the percentage of PH decomposition increases with increasing temperature [67, 68]. Therefore, supply of P
adatoms would be sufficient at 450 °C allowing straight vertical [111] growth at
such a low V/III ratio.
Similar morphology changes were observed with growth temperatures at a
fixed V/III ratio, changing from irregular shapes (up to 420 °C) to vertically
aligned nanowires. Higher growth temperatures however results in the shorter
nanowires due to the tapering effect. Additionally, at the highest temperature
of 510 °C (Figure 3.1e), some of the nanowires kink in random directions with
substantial planar growth because planar growth is favoured at higher growth
Ga
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3

3

3

3
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temperatures where lower energy barrier is expected.
The significant impact on morphology from growth temperature and V/III
ratio is expected by considering the VLS growth mechanism, which is well
modeled by several groups [77-79], Basically, these models considered thermodynamic and kinetic effects of adatoms at the Au-nanowire growth interface. There are three possible paths that adatoms are likely to contribute to Auassisted nanowires growth, namely (I) direct impingement on the catalyst particle, (II) adsorbed atoms on the nanowire sidewalls and (III) adsorbed atoms
on the substrate surface within the available collection area (Aavailable), as illustrated in Figure 3.2a [80]. Depending on the growth conditions, the diffusion of
Axial growth <111> B

Schematic illustration of (a) three possible paths that adatoms are
likely to contribute to the Au-assisted nanowire growth, where A is adatom
diffusion length, (b) axial growth and (c) radial growth modes in VLS growth
mechanism influenced by the adatoms contributions from three possible paths
in (a).
Figure 3.2:

these adatoms through paths (II) and (III) may contribute to the nanowire radial
and/or axial growth. It is generally accepted during growth Au nanoparticles
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form a eutectic liquid alloy with group III species, and thus nanowires nucleate
from Au-group III catalyst droplets [39, 81]. Due to the low solubility of group
V species in Au [81], only Au-In droplets will be considered in this discussion.
Figures 3.2b and 3.2c illustrate the axial and radial growth modes in the
Au-catalysed VLS growth mechanism. 'Axial growth' is referred to explain
the nanowire growth perpendicular to the (lll)B substrates, whereas 'radial
growth' means lateral or planar growth parallel to the substrates. The axial
growth rate is quantified as the length of the nanowires, L divided by the growth
time, t s . Radial growth rate, on the other hand is estimated as the diameter difference between the base, b and the top of the nanowire, d divided by the growth
time, t s . These can be written as
L
Raxial = t —
9

(3.1)

and
b-d
Rradial —

(3.2)

As shown in Figure 3.2b, axial growth consumes adatoms from the direct
impingement of adatoms on the catalyst particle (path I), the adsorbed atoms
on the nanowire sidewalls (path II) and the adsorbed atoms on the substrate
surface (path III) which then diffuse to the Au nanoparticle-nanowire interface.
Radial growth as shown in Figure 3.2c happens when adatoms from paths II and
III deposit on the nanowire sidewalls, and cannot reach the Au nanoparticlenanowire interface. Consequently, the nanowire base becomes wider than the
nanowire tip, an effect known as tapering. This tapering is quantified by a tapering parameter (nm//im), which is estimated by the diameter difference between the base, b and the top of the nanowire, d divided by per nanowire length,
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L (//m).
b— d
iapering parameter = —-—
L

(3.3)

The effect of growth temperature and V/III ratio on axial, radial growth rates
and tapering are further examined in Section 3.4.

3.4

Effect on nanowire growth rates and tapering

At least ten nanowires were measured for every sample. The average values
of the axial and radial growth rates of the nanowires as a function of growth
temperature are plotted in Figure 3.3 for samples grown with V/III ratios of
110, 350 and 700. These measurements were obtained from FESEM images and
only considered for straight nanowires. An obvious trend shown by this plot
is that the axial growth rate for all samples decreases with increasing growth
temperature while radial growth rate increases. The different trend of axial and
radial growth rates result in a dramatic change in tapering.
Based on growth temperatures and V/III ratios investigated in this work,
the optimum growth condition for InP nanowires with minimal tapering and
highest axial growth rate is 400 °C at a V/III ratio of 350. It is possible that at
this optimum growth condition, adatoms that contribute to axial growth come
from all three paths mentioned above and the diffusion length of In adatoms
are long enough to enable all In adatoms from paths II and III to reach the tip of
nanowires [79]. There maybe a concern that In adatoms at the edge of collection
area can only reach the base of the nanowire. However, the average distance
between two nanowires in this work is approximately 514 ± 181 nm. The diffusion length of In adatoms is reported to be 6 fim on GaAs substrates at 450 °C, as
measured for InGaAs nanowire growth [82]. Since the available collection area
is much smaller than the reported value on GaAs substrates and therefore it is
reasonable to assume most In adatoms from paths II and III can reach the Au-
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Figure 3.3: Axial and radial growth rates as a function of growth temperature at
various V/III ratios.

nanowire interface to contribute to axial growth. The effect of nanowire density
on In diffusion length is further examined in Section 3.5. At other growth conditions, the axial growth rate decreases with increasing V/III ratio. This is due to
increasing P flow which reduces the diffusion length of In adatoms [83]. Therefore adatoms impinging on the sidewall and diffusing from the collected area
cannot reach the Au-nanowire interface.
The dependence of tapering on growth temperature (Figure 3.4) on the other
hand can be explained by the effect of planar growth. In this work, as the growth
temperature increases, tapering also increases, while the axial growth rate decreases significantly (Figure 3.3a), indicating that the radial growth rate is kinetically favoured at high temperatures [80]. At higher growth temperatures,
In adatoms from paths II and III have less chances of diffusing to the tip of the
nanowire due to the availability of more P adatoms. Hence, they are incorporated more onto the nanowire sidewalls and the substrate, which contribute to
the radial growth rather than axial growth [80]. Substantial planar growth also
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Figure 3.4: Effect of growth temperature on the tapering of nanowires, and FESEM image of tapered nanowire transferred on a Si substrate (inset). The solid
lines connect data points with the same V/III ratio.

occurred at high temperatures (480 to 510 °C ) on the substrate surface resulting
in island-like structures on the surface. Apparently, more nanowires are kinked
(Figure 3.1e) at such high temperatures, which is similar to the report on GaAs
nanowires grown at 450 °C using a high V/III ratio [52]. The authors speculated that at a high V/III ratio, radial growth consumes majority of group-Ill
adatoms, preventing them from reaching the nanoparticle. This could deplete
the nanoparticle of the group III element, resulting in complete or partial solidification of the Au-group III alloy nanoparticle. This can result in kinked irregular growth away from the [111] growth direction. The tapering effect is common
in MOCVD-grown GaAs and InAs nanowires [46, 84] due to the higher lateral
growth rates of the nanowires under higher overpressure conditions.
Overall, these results indicate that both the growth temperature and V/III
ratio have profound effects on nanowire morphology, growth rate and tapering. Figures 3.3 and 3.4 suggest that tapering in nanowires can be significantly
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reduced by lowering the growth temperature, whereas optimum axial growth
rate can be achieved using an intermediate V/III ratio.

3.5

Effect of density on nanowire morphology

As discussed in previous section, the InP nanowire morphology is strongly affected by adatom diffusions. The adsorbed atoms from nanowire sidewalls and
substrate can contribute to axial growth, or radial growth (result in tapering) depending on In diffusion length, A [71]. To understand the growth temperature
and V/III ratio effects on the nanowire density on InP(lll)B surface, FESEM
analysis was used to measure nanowires height and diameter of nanowires in
low and high nanowire density regions, as shown in Figure 3.5. This figure compares FESEM images of nanowires at low and high density regions at various
V/III ratios and growth temperatures.
Clearly, nanowires grown in the low density region in Figure 3.5a-h are taller
and exhibit broader bases as compared to nanowires in the higher density region. This can be explained with the contribution of adsorbed atoms through
paths (II) and (III) in Section 3.3. Nanowires in the high density regions which
are spaced within one diffusion length of adjacent nanowires would have to
compete for adatoms from the collection area (path III), while nanowires in low
density regions would not have to. As a result, nanowires in high density regions are shorter than those in low density regions.
Based on the data from these SEM images of the samples in Figure 3.5, several graphs of nanowire length are plotted as a function of temperature and
V/III ratio for the high and low density regions, and shown in Figure 3.6. There
are two important observations to be made from this plot. First, the nanowires
grown in the low density regions are taller (square symbol) compared to nanowires at high density regions (circle symbol). Secondly, nanowires grown at low
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Figure 3.5: FESEM images of InP nanowires at high and low nanowire density
regions grown with different growth temperatures and V/III ratios.
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V/III ratio (44) exhibit strong density dependence, where the nanowire height
depends significantly on the nanowire density Nanowires grown with high
V/III ratios (110, 350 and 700) on the other hand show only weak density dependence.
To explain the nanowire density dependencies discussed above, the available collection area, Aavailable for each sample will be considered. For this purpose, nanowires with the similar density features are considered. The A available
is measured as the inverse of nanowire density, cr, and the square root value
of this parameter provides the information of In diffusion length between two
adjacent nanowires [82], defined as follows:

Aavailable = — ~ A 2

a

(3.4)

Figure 3.7 shows the collection area as a function of growth temperature for
all V/III ratios studied. The collection area decreases with increasing growth
temperatures, except for V/III ratio of 44 as shown in Figure 3.6d. It is unclear
how V/III ratio of 44 gives the strongest density dependence of all. It may be
possible that >450 °C growth temperature, more P adatoms will be available so
that the diffusion of In adatoms is suppressed. Since the available diffusion area
is larger at these higher growth temperatures (as clearly seen at 480 °C), this
may be responsible for the observed strongest density dependence at the lowest
V/III ratio of 44.

3.6

Crystal structure

Although GaAs- and InP-based semiconductors are known to crystallise into
cubic zinc-blende structures in bulk form, nanowires of these materials on the
other hand have been reported to exhibit either ZB or WZ structures when
grown along the [111] direction. In this section, the effects of growth temper-
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Figure 3.6: Effect of nanowire density on the nanowire length as a function of
growth temperature for different V/III ratios.

ature and V/III ratio on crystallographic properties are discussed.
Figure 3.8 illustrates TEM and HRTEM images of some typical nanowires
grown at different growth temperatures and V/III ratios. Though the low V/III
ratio favours ZB structure at low growth temperatures [40], at high growth tem-
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Figure 3.7: Collection area as a function of growth temperature for different
V/III ratios.
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Figure 3.8: HR-TEM images of InP nanowires grown at growth temperature of
420 °C (a,e,i), 450 °C (b,f,j), 480 °C (c,g,k) and 510 °C (d,h,l) for V/III ratio 700
(top row), V/III 110 (middle row) and V/III 44 (bottom row). The insets in part
a, e and j show the corresponding ED patterns of WZ, ZB and twinned-ZB InP
nanowires.

peratures (> 510 °C), the InP nanowires form WZ crystal structure regardless
of the V/III ratio (as shown in Figure 3.8d, h and 1). At a fixed V/III ratio, as
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the growth temperature increases, the crystal structure changes from ZB to WZ,
except for a very high V/III ratio of 700, where WZ structure is formed at all
temperatures investigated here. At a V/III ratio of 44, nanowires have a ZB
structure with blocks of rotational twins at low temperatures (420 - 450 °C) as
shown in Figures 3.8i and j. With increasing growth temperature, the density
of planar defects (such as twins and/or stacking faults) increases significantly
which creates a WZ/ZB mixed-phase crystal structure at 480 °C (Figure 3.8k).
Finally, the WZ phase dominates in nanowires at the growth temperature of
510 °C, where the density of stacking faults decreases significantly compared
to mixed phase or ZB structures. This ZB-WZ transition temperature decreases
with increasing V/III ratio. As shown in Figure 3.8f, the crystal structure has
already changed to WZ at 450 °C with a V/III ratio of 110. In all cases, these
results clearly show that higher growth temperatures promote WZ phase, in
agreement with previous studies by Mattila et al. [25] and Dick et al. [55] where
InP nanowires changed from ZB to WZ with increasing temperature from 420
to 450 °C.
Based on TEM analysis, a map of crystal structure of InP nanowires as a
function of temperature and V/III ratio is constructed as shown in Figure 3.9.
The nanowires exhibit ZB crystal structure at low V/III ratios combined with
low growth temperatures (yellow shaded region). As the growth temperature
and V/III ratio increase, the nanowires show a mixed ZB and WZ structure (red
shaded region) before forming a stable WZ-dominated structure (green shaded
region). WZ nanowires free of stacking faults are observed at a specific condition (450 °C and V/III of 300) in this transition region.
Results obtained in this work show that growth temperature and V/III ratio
strongly affect the InP nanowire crystal structure. Several theoretical models
have been developed to explain the crystal structure transition in III-V nanowires [32, 45, 47]. In most cases, supersaturation of group III species in Au is
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Figure 3.9: Map of crystal structure in the range of V/III ratio 44 to 700 and
growth temperature of 400 to 510 °C.
believed to be the driving force for nanowire nucleation, which takes place at
the three phase boundary [85]. For a constant V/III ratio, increasing growth
temperature increases precursor decomposition [66-68]. This means that supersaturation increases with increasing temperature. High supersaturation can
promote WZ nanowire growth [32], which supports the reported experimental
results that raising V/III ratio (under constant group III flow and at constant
temperature) also causes a transition to a WZ structure [40]. Joyce et al. has
recently reported a nucleation model which considers the supersaturation of
both group III and group V species [86]. This model predicts a high group V
flow creates high supersaturation growth conditions, which can result in WZ
growth. This agrees with these experimental observations for InP nanowires.
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3.7

Microphotoluminescence

Low temperature //-PL spectroscopy was carried out at 4K on ensembles of
nanowires for all samples in Figure 3.1, as described in Section 2.4.1. From these
measurements, the PL spectra typically showed an exciton peak at around 1.42
- 1.44 eV, or around 1.48 - 1.50 eV peak, depending on the growth conditions.
For instance, PL spectra of Figure 3.10 were measured from ensembles of
nanowires grown at V/III ratio of 700 under two different growth temperatures.
The PL spectra show a blueshift by 55 meV when the temperature is increased
from 400 to 450 °C. Previous investigations by Titova et al. [87] and Mishra
et al. [88] used polarisation and temperature-dependence photoluminescence
studies to compare the optical properties of ZB and WZ InP nanowires grown
at constant V/III ratio of 110 have shown that ZB nanowires emit at 1.42 eV
(the free exciton emission line) while the excitons in WZ InP nanowires emit
at 1.49 - 1.50 eV, which are consistent with other reported values for ZB and
WZ structures [25, 89]. From this, one can see that the emission for the 400 °C
nanowire is at 1.44 eV, 20 meV higher than the expected emission energy for ZB
InP. This shift indicates the presence of twin defects in ZB structure [40]. The
450 °C nanowire on the other hand emits at 1.495 eV is consistent with Mishra et
al [88] which is attributed to the bandgap energy for WZ crystal structure. With
increasing growth temperature, the crystal phase changes from ZB to WZ, and
this causes a blue-shift in the PL peak. Further detailed PL measurements are
discussed in Section 4.5.
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3.8

Summary

This chapter demonstrates that the morphology and the crystal structure of InP
nanowires grown by MOCVD depend critically on the growth temperature and
V/III ratio. The optimal growth condition to produce nanowires with minimal
tapering is found to be at 400 °C and V/III ratio of 350. It is observed that the
nanowire tapering increases with growth temperature and V/III ratio. The observed tapering is attributed to the adatoms contribution in VLS mechanism.
Additionally, nanowire density has a significant influence on the nanowires
morphology, particularly at very low V/III ratio and high growth temperature.
This is related to the large available collection area for In adatoms on (lll)B
InP substrates. The crystal structure changes from ZB to WZ with increasing
growth temperature as well as increasing V/III ratio, where nanowires grown
at very high temperatures (> 510 °C) or V/III ratios (> 700) exhibit a WZ phase
regardless of the V/III ratio or growth temperature. This causes a blue-shift in
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the bandgap as growth temperature increases. These results show that careful
control of both growth temperature and V/III ratio is crucial for obtaining InP
nanowires of a specific crystal structure needed for device applications.

Chapter 4
Effect of catalyst particle size
4.1

Introduction

As described in Chapter 3, good nanowire morphology with known crystal
structure can be achieved through the right combination of growth temperature
and V/III ratio, where the results were for 30 nm diameter Au nanoparticles.
This chapter investigates Au nanoparticle size with ranging diameters of 5 to
100 nm. The size of the Au nanoparticle usually governs the diameter of the
nanowires [10, 90].
Several studies have reported how the nanowire diameter affects the crystal structure and optical properties of various III-V compound semiconductor
nanowires [40, 50, 53, 91-93]. Gudiksen et al. reported the optical properties of
InP nanowires with diameters ranging from 10 to 50 nm, and showed a blueshift in a PL spectrum with decreasing nanowire diameter for nanowires with
diameter lower than 20 nm [91], due to quantum confinement. Moewe et al.
studied the InP nanowires grown on GaAs substrates, which showed that the
nanowire can have WZ or ZB crystal structures, depending on the size of the
Au nanoparticles [53]. Caroff et al. studied the influence of nanowire diameter
and growth temperature on the crystal structure of InAs grown by MOCVD.
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The nanowires exhibited WZ crystal structure for small diameters, while larger
diameters showed periodically twinned ZB crystal structure [50]. A recent work
by Shtrikman et al. showed the diameter dependency of GaAs nanowire crystal
structure with smaller diameter nanowires exhibiting WZ structure and larger
diameter nanowires showing a ZB structure [93]. Several studies [45, 94] on
the other hand used dopants to control crystal phase of InP nanowires. For instance, Algra et al. showed the InP nanowire crystal structure changes from a
WZ phase to a twinned ZB with the addition of Zn dopants during the nanowire growth [45]. However, this method is not preferred for device applications
as the doping could possibly change the nanowire properties.
This chapter examines how the catalyst size affects InP nanowires crystal
structure and optical properties with no doping involved. This is carried out by
varying the Au catalyst particle size as well as varying the V/III ratio. At 400
°C growth temperature, InP nanowires grow preferably in WZ crystal structure
with decreasing diameter. More interestingly, regardless of nanowire diameter,
twinned ZB nanowires are observed at low growth temperature and low V/III
ratio, whilst WZ nanowires are observed at a high growth temperature and high
V/III ratio. On the other hand, at intermediate growth temperatures and V/III
ratios, nanowires have a mixed ZB/WZ phase and they exhibit a diameterdependent crystal structure. Theoretical calculations have shown that smaller
catalysts lead to WZ structure while larger diameter nanowires exhibit ZB structure [33,60,95] due to contribution of surface dangling bonds for small (<12 nm)
diameters. It is assumed that the side facet energies may be lower for WZ and
thus play a more dominant role for small diameter nanowires.
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4.2

Experimental details

Colloidal solution of Au particles between 5 and 100 nm diameters were applied
to ( l l l ) B semi-insulating InP substrates. Growth was carried out between 400
and 420 °C for 20 minutes. The V/III ratio was varied by changing PH 3 flow
rate between 1.339 x 10" 3 mol/min to 8.527 xl0~ 3 mol/min, while keeping the
TMIn flow rate constant at 1.214 x 10~5 mol/min. Four V/III ratios between 110
and 700 were chosen for this study. The optical properties of nanowires were investigated using continuous wave and time-resolved micro-photoluminescence
measurements as described in Section 2.4.2.

4.3

Effect of catalyst size on nanowire morphology

The FESEM images (40° tilted) of InP nanowires grown with different Au particle sizes (in columns) and different V/III ratios (in rows) are shown in Figure 4.1. Clearly V/III ratio has a significant effect on the nanowire morphology, which changes from irregular shapes to long and straight vertically aligned
nanowires with increasing V/III ratios for all three catalyst sizes. The irregular shape of nanowires at low V/III ratios (up to 200) may suggest insufficient
P adatoms due to the incomplete decomposition of PH 3 at such a low growth
temperature (400 °C) and low V/III ratios as already discussed in Chapter 3.
Larger Au nanoparticles (50 nm) require a higher V/III ratio than smaller
ones (20 and 30 nm) to obtain vertically aligned nanowires as shown in Figures 4.1(h) and (i). Owing to the Gibbs-Thomson pressure effect, smaller diameter
particles are known to exert higher vapor pressures as a result of their smaller
radius of curvature. Due to this surface tension and pressure effects, In composition in the Au-In alloy maybe less for smaller Au particles. This means that
smaller Au particles are less likely to reach a eutectic condition compared to
larger Au particles under the same growth condition. So it is possible that the
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Figure 4.1: FESEM images of InP nanowires grown at 400 °C with different
V/III ratios: (a,b,c) 110, (d,e,f) 200, (g,h,i) 350 and (j,k,l) 700. Left, middle and
right columns are for 20,30 and 50 nm particle size, respectively. Specimens are
tilted at 40° from substrate normal and the scale bars are 1 /im.

Chapter 4. Effect of catalyst particle size

liquid-vapour surface tension is sufficiently lowered to allow movement of the
Au particle and resulting in nanowires kinking [76].
Figure 4.2 shows FESEM images of additional results using Au particles of
various sizes for nanowires grown at 420 °C. All of the nano wires grow vertically in the [111]B direction normal to the substrate surface, compared to those
grown at 400 °C. This is consistent with previous discussion in Section 3.3,
where nanowires morphology changes significantly from highly irregular shape
to straight nanowires with increasing growth temperature. Figure 4.2a shows
very narrow nanowires, grown with 5 nm Au nanoparticle. These thin nanowires appear bent at the tip due to the charging effect during FESEM imaging,
as discussed in Section 2.3.1. For nanowires grown with larger Au nanoparticles as seen in Figures 4.2f and 4.2g, several nanowires kinked, similar to the
observation for larger diameter nanowires in Figure 4.1.

5nm

3 0 nm

1 0 0 nm

V/III =700

V/IIM10

Figure 4.2: FESEM images of InP nanowires grown at 420 °C with V/III ratio of
110 (d-g) and V / I I I ratio of 700 (a-c) using different Au nanoparticle sizes. Scale
bars are 1 nm. Samples are tilted at 45°.
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4.4

size

Effect of catalyst size on nanowire crystal structure

Figure 4.3 shows TEM/HRTEM images of the nanowires from selected samples
of Figure 4.1. Enlarged HRTEM images or selected area electron diffraction
(SAED) patterns are also shown in the insets to further confirm the crystal structure. At the lowest V/III ratio (110), regardless of the Au nanoparticle size, the
SAED patterns and the TEM images show a ZB structure (Figures 4.3(e) and (f)).
The SAED patterns in Figure 4.3f clearly show no streaky lines indicating that
the crystal structure is pure ZB phase. With increasing V/III ratio, the density
of planar defects (such as twins or stacking faults) increases significantly. These
planar defects create WZ insertions within the ZB phase, similar to previous reports [27, 50, 59] to create a mixed WZ/ZB crystal structure. At V/III ratio of
700, based on the analysis of HRTEM images along the nanowires or SAED patterns, the crystal structure is confirmed to be mainly WZ for both Au nanoparticle sizes (about 90% WZ for 20 nm, and 80% WZ for 50 nm). It is likely that with
increasing V/III ratio the interfacial energy at the growth front and nucleation
kinetics are affected, resulting in a mixed crystal structures. Additionally, it has
been proposed that a high V/III ratio, or high enough supersaturation conditions can affect the crystallisation into a WZ phase [51]. At these higher V/III
ratios, or higher supersaturation conditions, larger energy fluctuations are expected [32] and these factors can lead to the formation of WZ structure [96,97].
More interestingly, not only V/III ratio affects the crystal structure, but the
nanowire diameter also influences it at a given V/III ratio. For example, at V/III
= 350, the crystal structure is clearly different between 20 and 50 nm nanowires.
The HRTEM image of a 50 nm nanowire (Figure 4.3(d)) shows a ZB structure
but with many WZ segments (about 40% WZ) and the SAED pattern shows
long streaky lines around the dots indicating the existence of rotational twins
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V/lll=700

V/lll=350

V/IIN110

20 nm

50 nm

Figure 4.3: TEM/HR-TEM and SAED images of InP nanowires grown with
V/III ratio of (e,f) 110, (c,d) 350 and (a,b) 700. Left row is for 20 nm nanowires
and right row is for 50 nm nanowires.
and mixed structures. For 20 nm nanowires, the SAED pattern shows a clear
WZ structure and confirmed by the HRTEM image in the inset of Figure 4.3(c)
though there still exists a few ZB segments in other parts of the nanowire (about
90% WZ). This result is consistent with theoretical prediction based on an empirical potential model showing that most III-V semiconductor nanowires with
diameters below 20 nm preferably nucleate in the WZ phase [31]. This WZ formation is favourable when surface energy is more than the volume cohesive
energy, which leads to a predominantly WZ phase when the nanowire diameter
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is below a critical diameter [31]. In the case of InP nanowires with diameters
>20 nm, the energy barrier for the WZ/ZB transition is low, estimated as 3.4
meV/ atom [31,98]. Such a small energy difference thus results in a mixed phase
structure [99].
The above discussion is based on results for 20,30 and 50 nm diameter nanowires grown at 400 °C growth temperature. Figure 4.4 shows the TEM/HRTEM
images obtained from the additional studies of using different Au nanoparticle diameters, grown at two different V/III ratios. At low V/III ratio (110), the
5 nm

10nm

20nm

30nm

50nm

100nm

100nm

Figure 4.4: TEM/HR-TEM images of InP nanowires grown at 420 °C with V/III
ratio of 110 (d-g) and V/III ratio of 700 (a-c) using Au nanoparticles of various
sizes.

nanowires are WZ with stacking faults for 10 and 20 nm diameter (Figures 4.4d
and e), and ZB for larger diameter nanowires (Figures 4.4f and g). Here, the
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same crystal structure trend is observed for nanowires grown at 400 °C with
V/III ratio of 350, as noted in Figure 4.3. At higher V/III ratio (700), all nanowires of various diameters studied are WZ, as seen in Figures 4.4a, b and c.
Based on these TEM analysis, a map of InP nanowires crystal structure is plotted in Figure 4.5.
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The dependence of crystal structure on the nanowire diameter.

Clearly, nanowires can be grown within the ZB region or within the WZ
region and in these regions, the crystal structure is not affected by the catalyst
size. Nanowires can also be grown in between these two regions to form a mixed
ZB/WZ region phase. However in this case they exhibit a diameter-dependent
crystal structure, which confirms theoretical prediction that smaller catalysts
lead to WZ structure while larger diameter nanowires exhibit ZB structure [33,
60].

The InP nanowires crystal structure change has been theoretically studied in
detail using thermodynamic stability by Akiyama et al. [60]. They considered
the formation energies between WZ and ZB nanowires side facets, where this
formation energy is strongly dependent on the dangling bonds at these facets.
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Using cohesive energy calculations as a function of nanowire radius, it is found
that the number of dangling bonds in WZ facets is less than that on the ZB facets
[60]. As a result, WZ crystal structure is more stable than ZB below a critical
nanowire diameter depending on materials. In the case of InP nanowires, it is
predicted that the critical diameter is 32 nm [60]. The critical diameter for crystal
structure change from WZ to ZB in this work is within the range of estimated
diameters (see Figure 4.3c-d and Figure 4.4d-g).
In another study, Dubrovskii et al. claimed that the transformation of nanowire crystal structure can be controlled by the growth kinetics rather than thermodynamics [100]. They assumed that the phase formation strongly depends
on the supersaturation level in the nanoparticle and nanowire radius, which are
again affected by growth conditions. This effect may be explained based on the
observed similar diameter-dependent crystal structure for nanowires grown at
two different growth conditions (400 °C with 350 V/III ratio and 420 °C with 110
V/III ratio). It may be possible that the diameter-dependent crystal structure observed in this mixed ZB/WZ phase region phase occurs at a certain threshold
growth condition [92], depending on the stability of the side facets and interface
energy conditions [50].
The reason why WZ crystal structures are observed for catalyst sizes between 5 and 100 nm in Figure 4.4a-c however is unclear. The formation of WZ
InP nanowires at high V/III ratios strongly contrasts observations for GaAs and
InAs nanowires. For GaAs and InAs nanowires ZB lattice formation is favoured
at high V/III ratios [86]. This is attributed to the existence of low energy anionrich (group V-rich) surface reconstructions that ZB structures adopt at high V/III
ratios. WZ surfaces, on the other hand, are not thought to adopt low energy
surface reconstructions at high V/III ratios. Therefore, at high V/III ratios the
lower energy of ZB side facets are energetically favourable, so that ZB nanowires
formed.
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Similar to GaAs and InAs materials, ZB InP surfaces also adopt a low energy
group V-rich reconstruction at high V/III ratios. The trend observed in this
thesis would appear inconsistent. However, there is currently no information
about surface reconstructions in WZ InP, owing to the difficulties in growing
WZ InP in bulk form. The results from this thesis suggest the possibility that
WZ InP surfaces, too, adopt low energy P-rich reconstructions at high V/III
ratios. This would favour WZ nanowire formation over ZB formation.
This marked difference compared to GaAs and InAs materials systems may
be related to the strength of P-P bonds. The P-P bond strength (201 kj/mol) is
comparable to that of In-P bonds (197.9 kj/mol) [101] and considerably stronger
than that of As-As bonds relevant to GaAs and InAs. Therefore it is possible
that low energy P-rich surface reconstructions form in WZ InP, whereas As-rich
surface reconstructions are less stable in WZ GaAs or InAs.
As V/III ratio increases, the threshold diameter for the WZ-ZB transition
also increases. Even 100 nm diameter nanowires grow in the WZ phase, which
is considerably larger than the threshold diameter calculated by thermodynamic
arguments (32 nm) [102]. This can be explained considering that nucleation occurs from the three phase contact line, where the nanowire surface meets the
vapour and nanoparticle. Therefore the surface plays a larger role in crystal
phase formation than anticipated by thermodynamic arguments. This means
that large diameter WZ nanowires are possible, as has been experimentally
demonstrated here.

4.5

Optical characterisation of single nanowires

The potential use of InP nanowires in photonic devices has attracted extensive
interest to synthesise and understand their optical properties. The different
crystal phase, in consequence, affects the optical properties of InP nanowires
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dramatically [88]. Many groups have studied single InP nanowires [14, 25, 59,
103] and some work has been done on the manipulation of InP single nanowire
properties [104-107].

4.5.1 Continuous wave micro-photoluminescence
Figures 4.6(a) and (b) show typical power-dependent spectra at 16 K of a single
InP nanowire grown at a V/III ratio of 350 with 20 nm and 50 nm gold particles, respectively. In Figures 4.6(b), the predominant emission for the 50 nm
nanowire is at 1.42 eV which corresponds to ZB free exciton emission, while the
20 nm nanowire emits at 1.47 eV as shown in Figures 4.6(a) which is nearly 30
meV below the expected emission energy for WZ InP. For each nanowire, the
spectra were recorded at different powers showing a small amount of broadening on the high energy side, and a slight shift to higher energies with increasing
excitation power. This phenomenon is recently observed in InP nanowires by
Titova et al. which indicates the formation of an electron-hole plasma at higher
excitation powers (at 3 mW) [87]. Gudiksen et al. reported the broadening observed in single InP nanowire was attributed to surface states and fluctuations
in single-nanowire diameter [11]. Section 4.5.2 will give further discussion of
the effects of these defects from time-resolved PL measurements.
Similar measurements were made for at least 2 single nanowires for each
pair of catalyst sizes (20 or 50 nm), and V/III ratios of 110, 200, 350 and 700.
For each nanowire the peak emission energy was recorded at low powers, and
shown in Figure 4.7. These CW measurements clearly show a dramatic change
from ZB-like emission at low V/III ratios (110 and 200), to WZ-like emission at
V/III ratios of 700. At V/III ratio of 350, the 20 nm nanowires are WZ phase
stabilised whilst ZB phase is stabilised for 50 nm nanowires.
Although such CW measurements appear to indicate that the InP nanowires
occur in ZB or WZ phases, this is in sharp contrast to the TEM images of these
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Figure 4.6: Power-dependent CW spectra for 350 V/III ratio for (a) 20 nm and
(b) 50 nm nanowires. The black vertical lines indicate pure WZ (1.50 eV) and
pure ZB (1.42 eV) emission energies for InP.

nanowires (refer to Figure 4.3) which shows various amounts of ZB or WZ
phases, with many rotational twins or stacking faults.

4.5.2

Time-resolved photoluminescence

The complexity of these mixed-phase nanowires is revealed by the time-resolved
spectra on a single 20 nm InP nanowire grown with V/III ratio of 350, at 400
°C as shown in Figure 4.8. The spectra were collected using a 780 nm laser to
excite the nanowire with a pulse duration of

ps. As the excitation inten-

sity was quite high, the effective instantaneous electron-hole density was 3 orders of magnitude larger than the CW spectra shown previously. While power-
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Figure 4.8: Time-resolved spectral map for a single nanowire grown with 20 nm
catalyst with V/III ratio = 350 at 400 °C. The white vertical lines indicate pure
W Z (1.50 eV) and pure ZB (1.42 eV) emission energies for InP.
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dependent CW spectra (Figure 4.6) show only one emission line at 1.47 eV (30
meV below the expected WZ band edge), the time-resolved spectral map of this
nanowire shows intense emission from the WZ band edge at 1.52 eV which then
relaxes rapidly to a presumed defect state at a lower energy of 1.47 eV (845 nm)
which subsequently decays with a 2500 ps lifetime. A small amount of emission
is seen near the ZB edge at 1.42 eV at early times. Time-resolved spectra of the
50 nm InP nanowire, on the other hand, shows short-lived (~200 ps lifetime)
emission which extends from above the WZ edge to well below the ZB edge
(Figure 4.9). This will be discussed later in this section.

1.40

1.45

1.50

1.55

Photon energy (eV)

4.9: Time-resolved spectral map for a single nanowire grown with 50 nm
catalyst with V/III ratio = 350 at 400 °C. The white vertical lines indicate pure
WZ (1.50 eV) and pure ZB (1.42 eV) emission energies for InP.
Figure

Similar time-resolved spectra were taken for nanowires of 20 and 50 nm diameters grown at 400 °C with various V/III ratios. To provide a measure of
the relative amounts of ZB and WZ emission from these nanowires, the time-
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resolved spectra over all times is integrated, and summed for the number of
photons emitted at energies higher than 1.5 eV (WZ emission line) or lower than
1.42 eV (ZB emission line). The ratio of these intensities yields an imperfect but
useful measure of the relative amounts of WZ to ZB phases in each nanowire as
shown in Figure 4.10a.
While there is a trend that the PL emission changed from ZB to WZ with
increasing V/III ratio (or decreasing catalyst size at V/III = 350), the transition is
not so abrupt as seen in the previous CW spectra (Figure 4.7). Such spectra show
that the mixed ZB and WZ phases in these nanowires can be clearly detected
from time-resolved spectra where the carrier density is able to nearly saturate
all available states within these nanowires.
In contrast, the recombination lifetime plot (Figure 4.10(b)) shows a remarkable change with V/III ratio and Au nanoparticle size, especially at higher V/III
ratio. The nanowires which are predominantly ZB (e.g. V/III = 110 and 200,
and the 50 nm V/III = 350 nanowires) exhibit extremely short recombination
lifetimes of ~200 ps which corresponds to the system response time. Such lifetimes are much shorter than the 1000 ps lifetimes observed previously by Titova
et d. [87] for ZB InP nanowires grown at V/III §= 110 and 420 °C. Based on previous reports [108-110] and our optical measurements, it is suggested that the
low growth temperature of 400 °C appears to result in the formation of point
defects (interstitials, vacancies, and antisites) which affects both the recombination lifetime and quantum efficiency. One possible reason for this phenomenon
is explained as follows. It is known that the low growth temperature of III-V
system cause a highly nonstoichiometric compounds [108, 109], leading to the
occurrence of vacancy- or antisite-related defects [108-112], So, it is possible that
low growth temperatures with low V/III ratios result in insufficient phosphine
decomposition, leading to defect formation in the nanowires. In addition, the
nanowires which are mainly WZ phase (e.g. the 20 nm V/III = 350 and V/III
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ratio-dependent recombination lifetimes for single 20 and 50 nm nanowires.
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= 700 nanowires) exhibit recombination lifetimes an order of magnitude longer
(2000 ps) with significantly higher quantum efficiencies. Using time-resolved
//-PL, Pemasiri et al. demonstrated that a mixed phase of WZ/ZB nanowires are
strongly affected by the band off-set nature which result in type-II band alignment. Here, electrons and holes are spatially separated and confined in the ZB
and WZ layers, respectively, thereby leading to a longer recombination carrier
lifetime [59].
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4.6

Summary

This chapter reports on the significant changes in the crystal structure and optical properties of InP nanowires grown by MOCVD at various V/III ratios and
catalyst (Au nanoparticle) sizes. It is shown that the crystal structure of InP
nanowires can be largely controlled by tuning the V/III ratio or catalyst size at a
certain V/III ratio. Results show that higher V/III ratio or smaller catalyst size
promotes WZ crystal growth. The changes from WZ to ZB crystal phase as the
nanowire diameter is increased occurred only at the transition region between
both crystal structures regions. It can be also noted that by changing the catalyst
size and the V/III ratio, one can tune the emission wavelength of the nanowires
which is attractive for device applications.

Chapter 5
Effect of growth rate and pre-growth
annealing temperature
5.1

Introduction

In previous chapters, it was shown that catalyst particle size, V/III ratio and
growth temperature are important parameters to control the InP nanowire morphology and properties. For example, at a constant growth temperature of 400
°C, increasing V/III ratio leads to a change in the crystal structure from ZB to
WZ. However, this crystal structure change was not observed at higher growth
temperature ( > 510 °C) where all nanowires exhibit a WZ phase regardless of
the V/III ratio. All of these studies used a constant group III flow of 1.21 x 10~ 5
mol/min aiming to maintain a constant growth rate.
In this chapter, the effect of group III flow rate on the crystal structure of
InP nanowires is investigated. In the mass-transport regime of MOCVD, the
growth rate is only dependent on the total group III flow rate. Although under
the VLS regime in which the nanowires are grown this is not strictly the case,
we can loosely associate increasing the total group III flow rate as increasing the
growth rate of the nanowires. Joyce et al. observed that defect-free ZB GaAs
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nanowires can be achieved using a rapid growth rate, under a constant V/III
ratio and growth temperature [54]. Plante et al. on the other hand, observed
pure WZ nanowires in MBE-grown GaAs nanowires using low precursor flow
(again, under a constant V/III flux ratio) [113]. However, Dick et al. observed
the crystal structure changing from WZ to mixed WZ/ZB phase with increasing
total precursor flow (with a constant V/III ratio) for InP nanowires grown at 430
°C [55]. Interestingly, if the growth temperature drops to 380 °C, changing the
growth rate did not result in any crystal structure change [55]. In this section, the
effect of growth rate on the crystal structure is explored by using TEM/HRTEM
and //-PL measurements for two different growth temperatures.
Similar to growth rate study, the effect of pre-growth annealing temperature
on InP nanowires growth is also explored. The previous chapters have shown
that InP nanowires normally grow perpendicular to the (lll)B substrate surface.
As a result, the growth direction of these nanowires is [111]B. The main factor for
this preferential growth direction is the surface free energy at the nanoparticlenanowire interface in which nanowire with the lowest energy is the preferred
growth direction [114], However, nanowires that grow in the [111]B direction
always exhibit a high density of stacking faults and/or rotational twins [24-27]
compared to [001] nanowires grown on (001) substrates [35]. A systematic investigation is therefore needed in controlling the nanowire growth directions as
this will greatly affect the morphology, crystal structure and optical properties
of nanowires [11,115].
This chapter also investigates the role of pre-growth annealing temperature
and substrate orientation on the morphology, structural and optical properties
of InP nanowires. This study reveals significant influence of pre-growth annealing temperature prior and during the initial stage of the nanowire growth. First,
nanowires grown on (lll)B substrates show minimally tapered morphology at
lowest pre-growth annealing temperature. The initial phase of the nucleation
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and nanowire growth processes have been studied by atomic force microscopy
(AFM) to obtain the surface structures that contribute to nanowires that have
minimal tapering. Transmission electron microscopy (TEM) analysis shows that
these nanowires have WZ phase and free of stacking faults regardless of the pregrowth annealing temperature.
5.2

Experimental details

The SI InP (lll)B substrates were prepared by a procedure previously described
in Section 2.2.2 using 30 nm Au colloidal solution. The growth rate was varied
by changing the TMIn flow rate. In order to maintain a constant V/III ratio of
350, the PH flow rate was also changed simultaneously. The growth time was
scaled for each TMIn flow rate in order to obtain nanowires of similar lengths.
Table 5.1 summarises the conditions used for these growths.
For the pre-growth annealing study, the pre-growth annealing temperature
was varied from 450 to 600 °C. All the growths were carried out at a constant
growth temperature of 450 °C for 20 minutes, except for the nucleation study,
where the nanowires were grown for only 20 s or 60 s. The PH and TMIn flow
rate were 1.027 x 10" mol/min and 3.373 x 10" mol/min, respectively, and
this corresponded to V/III [PH /TMIn] ratio of 300.
The structural and crystallographic properties of nanowires were characterised using FESEM and TEM which are described in Section 2.3.1 and 2.3.2, respectively. AFM observations were made using Digital Instruments Nanoscope
III, as described in Section 2.3.3. Images were acquired in the tapping mode
using Si cantilevers. For /i-PL measurements, nanowires were transferred from
the as-grown InP substrates to Si wafers by gently rubbing the surfaces of the
two substrates together. Single nanowire spectra were obtained using the /iPL setup explained in Section 2.4.2, while the spectra from nanowire ensembles
3

3

3

6

3
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Table 5.1: Summary of growth parameters used to study the effect of growth
rate on InP nanowires at a constant V/III ratio of 350.
Samples at 400 °C

WR1

WR2

WR3

WR4

Samples at 420 °C

WR5

WR6

WR7

WR8

Increment factor of TMIn

0.2

1

5

7

TMIn (mol/min)

2.4xl0-6

1.2xl0~ 5

6.0xl0 - 5

8.4xl0 - 5

PH3 (mol/min)

8.4xl0~ 4

4.2xl0-3

2.1xl0~ 2

2.9xl0 - 2

Growth time (minute)

50

10

2

1

were measured using /x-PL set-up explained in Section 2.4.1.

5.3

Effect of growth rate on morphology, crystal structure and photoluminescence

5.3.1

Nanowire morphology

Figure 5.1 shows the 45° tilted FESEM images of InP nanowires grown with
different TMIn flow rates. As the images show, the nanowires grow vertically
in the (11 Indirection normal to the substrate surface and show different morphologies for different TMIn flow rates. Nanowires grown with faster growth
rates show less tapered morphology than nanowires grown at slower growth
rates for both growth temperatures investigated.
Tapering is measured as the diameter difference between the base and the
top of the nanowire divided by per nanowire length, as described in Chapter 3.
These measurements were obtained from FESEM images and only considered
for straight nanowires. At least ten nanowires were measured for every sample
and the average values are plotted in Figures 5.2. Clearly, as the TMIn flow
rate increases (under constant V/III ratio), tapering decreases from 45 n m / ^ m
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Figure 5.1: FESEM images of InP nanowires grown at 400 °C (top row) and 420
°C (bottom row) with different TMIn flow rates. The scale bars are 1 /zm.

to < 5 n m / f i m . In addition, nanowires grown at 420 °C show more tapering
than nanowires grown at 400 °C due to enhanced deposition on the nanowire
sidewalls at higher growth temperature, as reported in Chapter 3.
To investigate this effect further, the nanowire growth rate is plotted as a
function of TMIn flow rate as shown in Figures 5.3. The axial growth rate is
quantified as the length of the nanowires, L divided by the growth time, t g . Radial growth (also known as lateral growth) rate, on the other hand is estimated
as the diameter difference between the base and the top of the nanowire divided
by the growth time, as described in Chapter 3.
In this plot, the axial growth rate increases significantly while radial growth
rate only increases slowly with increasing TMIn flow rate. This indicates that
the axial growth rate is mass-transport limited and controlled by the diffusion
of group III adatoms from the vapour phase. This is further confirmed by the
same axial growth rates obtained at 400 and 420 °C. The results are consistent
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TMIn flow rale ( x 1.2 xlO"5 mol/min)

Figure 5.2: Effect of TMIn flow rate on the tapering of nanowires.

Figure 5.3: Axial and radial growth rates as a function of TMIn flow rate.

with previous studies of III-V nanowires, where growth rate increases with increasing group III flow rate in MOCVD growth of GaP, InAs and GaAs nanowires [52,116-118]. Radial growth (i.e. planar growth) rate, on the other hand,
is substantially lower at 400 °C than at 420 °C, indicating it is kinetically limited
and depends mainly on the growth temperature rather than precursor flow rate
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[80,119] as seen in Figure 5.3 and discussed in Chapter 3. It is also interesting to
note that the radial growth rate appears to saturate for higher TMIn flow rate,
which further confirms the kinetically limited growth for radial growth. Most
likely this radial growth rate is related to decomposition rate of TMIn in the VPE
growth regime.
The axial growth rate is significantly affected by nanowire density as shown
in Figure 5.4, which shows FESEM images of nanowires with different density
for WR5 (Figures 5.4a and 5.4b) and WR8 (Figures 5.4c and 5.4d). Irrespective
of the growth rate (WR5 is the slowest and WR8 is the fasted growth in our
study), nanowires in the low density region (Figures 5.4b and d) are significantly
taller and exhibit broader nanowire bases as compared to nanowires in the high
density region (Figures 5.4a and c).

High density

Low density

WR5

High density

Growth rate

Figure 5.4: FESEM images of high (a and c) and low (b and d) nanowire density
regions for WR5 (a,b) and WR8 (c,d) nanowires. Scale bars for FESEM images
are 1 /xm.

Based on these FESEM images, the length ratio of low density region to high
density region is 1.19 for WR5 and 1.11 for WR8. As discussed in Chapter 3,
available area and diffusion length are two important parameters in explaining
the observed results, in which the In diffusion length is measured as the inverse
of nanowire density, a [82]. This gives the collection area of 0.5 jum2 (Figure
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5.4a), 5.6 /im2 (Figure 5.4b), 1.9 /xm2 (Figure 5.4c) and 18.6 /zm2 (Figure 5.4d).
The ratio of collection area is 11.2 for WR5 and 9.8 for WR8, respectively, which
could result in slightly greater enhancement on nanowire length for WR5.

5.3.2

Crystal structure

Figure 5.5 illustrates TEM and HRTEM images of InP nanowires grown with
varying growth rates. At low growth rates, nanowires WR1 and WR5 exhibit
WZ structure with stacking faults. With increasing growth rate, the crystal structure changes from WZ to ZB with increasing density of twin defects. For both
temperatures investigated the transition from WZ-dominated to ZB-dominated
phase occurs with increasing TMIn flow rate with the transition occurring earlier at lower growth temperature. From HRTEM analyses, a graph of defect
density (defects//xm) is plotted as a function of growth rate for different growth
temperatures as shown in Figure 5.6. Defect density is determined as the number of planar defects per unit length. For all growth temperatures, increasing
the growth rate increases the defect density. At the same time, increasing the
growth temperature decreases the defect density.
The results are consistent with other studies on both nanowires [55, 97] and
planar growth [96,120], where higher supersaturation initiates twin formation.
Several theoretical approaches have also been developed to explain this supersaturation affect on twin defects in nanowires [121, 122] and also in bulk materials [96, 123]. For example, Neubert et al. showed that the twin formation
increases with increasing growth rate due to growth instabilities (thermal fluctuations) in liquid phase epitaxy growth of InP [123]. This is expected to lead
to lower quality material [123]. The growth mechanism in this case considered
the nucleation model at the three phase boundary [96]. For the planar growth
of III-V compounds, the precursors of the chosen material are expected to be
supplied from the supersaturated vapour phase [124]. In the case of nanowire
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5.5: TEM/HR-TEM and SAED images of InP nanowires grown at 400 °C
(top row) and 420 °C (bottom row) with different TMIn flow rates.

Figure

growth, nucleation also begins at the three phase boundary [85], where vapour,
liquid (nanoparticle) and solid (nanowire) phases meet [32,47]. The changes in
In concentration in Au nanoparticle (which brought by changes in growth temperature and V/III ratio) could increase twin formation in the nanowire during growth, which can be seen from Figure 5.6 where defects density increases
significantly at higher growth rates. This result is also consistent with recent
growth rate studies of InP nanowires, which TEM images showed crystal structure changes from WZ at low growth rate to mixed WZ/ZB at higher growth
rates due to the unstable side facet changes of the WZ structure [55].
When the growth temperature is increased, a decrease in the defect density is
observed. This result is consistent with recent TEM studies in Chapter 3, which
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Figure 5.6: Defect density measured at different growth temperatures as a function of growth rate.

showed a reduction in twin defects with increasing growth temperature. That
is, the crystal phase changes from ZB to WZ as growth temperature increases.

5.3.3

Micro-photoluminescence

To explore how growth rate affects the optical properties of the nanowires, lowtemperature //-PL measurements on single nanowires were carried out and the
resulting spectra are shown in Figures 5.7a and 5.7b for the 400 and 420 °C samples, respectively. The PL spectrum of ( l l l ) B InP substrate is also shown as
reference. Two peaks located at 1.378 eV and 1.420 eV can be seen from the InP
substrate. The 1.378 eV peak can be attributed to Fe-related defects [125-128]
present in our Fe-doped SI InP substrates which were used for these growths.
As discussed in previous chapters, the PL spectrum of single InP nanowire normally shows a peak at around 1.42 eV and 1.50 eV for ZB and WZ phase, respectively. Figure 5.7a shows the emission peak for lowest growth rate nanowire (WR1) at 1.49 eV which is attributed to WZ-dominated emission. As the
growth rate increases from nanowire WR1 to nanowire WR3, the emission peak
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shifted to lower energies as the nanowire gradually changes to ZB-dominated
structure, consistent with TEM results in Figure 5.5. Unexpectedly, for nanowire
WR4 an additional peak at 1.378 eV which is related to Fe-related defects in InP
substrate could be seen. It is unclear how this additional impurity-related peak
appears in the nanowire. One possibility is the contamination of substrate materials during process of rubbing off the nanowires. The peak at around 1.430
eV for sample WR3 and WR4 is located about 10 meV above the bandgap of
ZB suggesting that it may be due to the twin defects in ZB structure. Similar
measurements were made for nanowires WR5, WR6, WR7 and WR8, grown at
420 °C and the results are shown in Figure 5.7b. The PL spectra show a similar
trend for 400 °C samples.
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Photon energy (eV)

Growth temperature 420 °C

Figure 5.7: Normalised PL spectra comparing single wires grown at (a) 400 and
(b) 420 °C with constant V/III ratio of 350. The black dotted lines indicate pure
WZ (1.50 eV) and pure ZB (1.42 eV) emission energies for InP.
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temperature

Effect of pre-growth annealing temperature on
nanowire morphology and crystal structure

5.4.1

Nanowire morphology

The 45° tilted and top view FESEM images of the nanowires grown with different pre-growth annealing temperatures are shown in Figure 5.8. All the nanowires grow vertically along the (111) direction, normal to the substrate surface.

Figure 5.8: FESEM images of InP nanowires grown on InP ( l l l ) B substrate as
a function of pre-growth annealing temperatures. (a,d) 600 °C, (b,e) 500 °C and
(c,f) 450 °C. Top row is 45° tilted view while bottom row is the top view.

It can be observed that the nanowire tapering decreases with decreasing pregrowth annealing temperature. As a result, nanowires grown with pre-growth
annealing temperature of 450 °C in Figure 5.8c are taller than nanowires grown
with 600 °C pre-growth annealing temperature as shown in Figure 5.8a. The topview FESEM images exhibit hexagonal or truncated triangular shape (Figures
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5.8f) with six (112)/(1100) facets [48]. At 600 °C and 500 °C pre-growth annealing temperatures, lateral growth or tapering was very significant at the nanowire sidewalls, as clearly seen from top-view images in Figures 5.8d and 5.8e.
Bhunia et al. reported vertical InP nanowires cannot be grown if the pre-growth
annealing temperature is below 490 °C [24]. Our results show that vertical InP
nanowires still can be grown even at the pre-growth annealing temperature of
450 °C [129,130].

Annealing temperature (°C)

Figure 5.9: Tapering parameter of nanowires on (lll)B substrates as a function
of pre-growth annealing temperatures. Inset: Axial and radial growth rates as a
function of pre-growth annealing temperatures.

As discussed in previous chapters, tapering parameter is estimated as the
diameter difference between the base and the top of the nanowire (nm) divided
by the nanowire length (/jm). At least ten nanowires were measured for every
sample and the averaged values are plotted in Figure 5.9. Clearly, nanowire
tapering increases from 20 to 37 nm/fim with increasing pre-growth annealing
temperature. The averaged values of the axial and radial growth rates of the
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nanowires as a function of pre-growth annealing temperature are plotted as inset in Figure 5.9. An obvious trend shown by this plot is that the axial growth
rate decreases substantially for the 500 and 600 °C samples while radial growth
rate shows only a minor increase with increasing pre-growth annealing temperature. The large difference between these axial and radial growth rates results in
tapering. To explain this result, similar samples as in Figures 5.8a and 5.8c were
grown but only for 20 s and 60 s. The nucleation and initial stages of nanowires
growth were then carefully studied by AFM.

Figure 5.10: AFM images (5 p,m x 5 jum) of InP nanowires grown 20 s (a,c) and
60 s (b,d) growth time for pre-growth annealing temperatures of 600 °C (top
row) and 450 °C (bottom row). Inset is the magnified 1 /im x 1 yum AFM image
of(d).

Figure 5.10 shows the AFM images of nanowires grown with 600 °C and 450
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°C pre-growth annealing temperatures for the two different growth durations.
Some artifacts are visible in Figure 5.10d which may be due to some nanowire
formation. The inset image in Figure 5.10d shows the surface morphology at
the region without Au droplets of this sample. For this purpose, two different
regions were examined, regions with droplets and regions without droplets. An
area of 25 jum2 was measured for regions with droplets while 1 /im2 was used for
regions without droplets. At least five different regions across the samples were
examined in detail by AFM. The surface roughness in regions without droplets
is shown in Table 5.2 which can affect the adatoms's movement in the collection
area.

Table 5.2: Summary of surface roughness between the droplets.
600 °C

450 °C

20 s

0.42 ± 0.39 nm

0.72 ± 0.11 nm

60s

0.67 ± 0.37 nm

0.87 ± 0.01 nm

From this table, it appears that the surface roughness is higher at lower pregrowth annealing temperature. The surface roughness between the droplets
also increases with increasing growth time for both annealing temperatures
studied. The reduction in tapering at lower annealing temperature is related to
surface roughness and is explained with reference to the three contributions of
adatoms arriving at the nanoparticle-nanowire growth interface, as illustrated
schematically in Figure 3.2. For surfaces with a higher degree of roughness it
is reasonable to expect reduced In adatom mobility. As a result, the adsorbed
adatoms from substrate (path III) cannot reach the nanowires, and consequently,
less tapering is expected. This is indeed the case for 450 °C pre-growth anneal-
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ing temperature as shown in Figure 5.8c compared to nanowires with higher
pre-growth annealing temperature (Figures 5.8a,b).
5.4.2

Crystal structure

Figure 5.11 illustrates TEM and HRTEM images at the top and bottom parts of
nanowires grown on the (lll)B substrates with different pre-growth annealing
temperatures.

Figure 5.11: HR-TEM images of InP nanowires grown on (lll)B substrate for
different pre-growth annealing temperatures, (a) 600 °C, (b) 500 °C and (c) 450
°C.

These TEM images show a stacking fault-free WZ crystal structure, regardless of the pre-growth annealing temperature. The magnified HRTEM images
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are shown in the inset for each case to further confirm this pure WZ structure.
The WZ structure has been reported in Chapter 3 for nanowires grown with
standard pre-growth annealing (600 °C) and growth temperatures (450 °C). The
results demonstrate that although the morphology of the nanowires is dependent on the pre-growth annealing temperature, the crystal structure is not.
5.5

Summary

This chapter demonstrates that the morphology and the crystal structure of InP
nanowires also depend on the TMIn flow rate or the growth rate. The minimised
TMIn flow rate is required to produce nanowires with minimal tapering at a
fixed V/III ratio of 350. The crystal structure changes from WZ to ZB with increasing growth rate. It is also observed that nanowire tapering decreases with
increasing growth rate. Tuning the crystal structure by just simply changing the
growth rate is attractive for future nanowire device applications.
The effect of pre-growth annealing temperature on the growth of InP nanowires on (lll)B substrates is also studied. Minimally tapered InP nanowires
growth along (lll)B has been observed at the lowest annealing temperature of
450 °C. Nanowires become more tapered with increasing annealing temperature. All the nanowires however, exhibited defect free WZ crystal structure at
all annealing temperatures.

Chapter 6
Conclusions and future work
6.1

Conclusions

This thesis has studied the growth of InP nanowires catalysed from Au nanoparticles using MOCVD technique via the VLS mechanism. The main aim of this
thesis is to control the growth and properties of InP nanowires and to selectively tune the crystal structure between the WZ and ZB phase. The nanowire
growth conditions have been optimised through growth parameters including
growth temperature, V/III ratio, Au catalyst size, growth rate and pre-growth
annealing temperature.
Firstly, the growth of Au-catalysed InP nanowires was investigated using the
most basic MOCVD growth parameters: temperature and V/III ratio. The combination of these parameters were found to affect the nanowires morphology,
growth rates, tapering and crystal phase. A low growth temperature and low
V/III ratio resulted in irregular nanowires such as kinked, or bent due to the
insufficient P adatoms. This can be improved by increasing the growth temperature and/or V/III ratio to grow straight nanowires growing vertically on InP
( l l l ) B substrates. However, increasing these two parameters further caused severe tapering due to the increased competition of planar growth. Therefore,
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intermediate growth condition at 400 °C growth temperature and V/III ratio
of 350 was found as the optimal growth condition to achieve vertically aligned
nanowires with minimal tapering.
The crystal structure of InP nanowires can be loosely grouped into three regions depending on the growth temperature and V/III ratio. In the ZB region,
where low V/III ratios combined with low growth temperatures produced pure
or predominantly ZB crystal structure while in the WZ region, where higher
growth temperatures and higher V/III ratios were used, a stable WZ-dominated
crystal structure was obtained. In particular, defect-free WZ structure was grown
at 450 °C with a V/III ratio of 350 in the WZ region. Nanowires grown inbetween these two regions showed a mixed ZB and WZ structure. However, at
very high temperatures (> 510 °C) or V/III ratios (> 700) nanowires only grow
in the WZ phase regardless of the V/III ratio or growth temperature. Additionally, ZB to WZ transition was found to be related with the change in nanowire
morphology, indicating that surface and interfacial energies play a very important role in determining the crystal phase of the nanowires.
The above studies used Au nanoparticle size of 30 nm. Extensive studies
using various Au nanoparticle sizes between 10 and 150 nm were also carried
out to investigate the effect of catalyst size on the morphology and crystal phase
of the nanowires. It was found that the crystal structure of InP nanowires grown
in the mixed ZB-WZ region exhibited a diameter-dependent crystal structure,
where smaller catalyst size favoured WZ crystal growth while larger catalyst
size preferred the ZB crystal structure. Nanowires grown in the ZB and WZ
regions on the other hand showed twinned ZB and WZ structures, respectively,
regardless of the catalyst size. Clearly, catalyst size can only be used to tune the
crystal structure in the transition region.
The effect of growth rate on the nanowires morphology and crystal structure was also investigated in order to achieve defect-free InP nanowires. By
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increasing the growth rate using TMIn flow rates, the nanowire tapering was
significantly decreased. TEM measurements showed that low growth rates resulted in straight but tapered nanowires growing vertically in the [111]B direction with a WZ crystal structure. A higher growth rate, in contrast, resulted in
nanowires forming in the ZB phase. In addition, the defect density was found
to increase significantly with the growth rate. Finally, it was found that pregrowth annealing temperature also affect the growth of InP nanowires due to
the thermal annealing behaviour of Au droplets on InP surfaces. Minimally
tapered InP nanowires can be grown using a lower pre-growth annealing temperature as low as 450 °C. AFM measurements confirmed the increase in surface
roughness with decreasing pre-growth annealing temperature which led to less
adatoms diffusing from the substrate surface to the nanowires due to reduced
adatom mobility. TEM measurements showed that these nanowires exhibited
same crystal structure regardless of the pre-growth annealing temperature.
Indeed, controlling the InP nanowires phase transition is important because
the crystal structure was found to have a significant influence on their optical
properties. Depending on the growth conditions, low temperature PL analyses showed exciton peaks between 1.42 to 1.50 eV, corresponding to the pure
ZB and WZ crystal structure, respectively. The peaks could shift to lower or
higher than these values, indicating the presence of defects or mixed WZ/ZB
structure in the nanowires. The crystal phase changed from ZB to WZ with increasing growth temperature and/or V/III ratio resulting in a blue-shift of the
PL spectra. Nanoparticle size was also found to affect the nanowire emission
wavelength in certain growth conditions, where smaller catalyst size produced
predominantly WZ nanowires at around 1.47 eV, while larger catalyst size produced ZB nanowires showing emission peak at around 1.42 eV. Continuouswave PL measurements performed at different powers showed a small amount
of peak broadening, indicating the presence of planar defects in WZ or ZB
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dominated InP nanowires. Further time-resolved photoluminescence studies
revealed that WZ dominated nanowires show longer recombination lifetimes of
about 2500 ps compared with predominantly ZB nanowires which exhibit a very
fast recombination lifetimes of 200 ps. Point defects were thought to be the dominant defects in InP material grown at low temperatures which consequently
affects the recombination lifetime and quantum efficiency. The extremely long
lifetime in WZ dominated nanowires, on the other hand, were due to the quantum confinement effects in type-II band alignments of ZB/WZ nanowires.

6.2 Recommendation for future work
The results presented in this thesis suggest a precise control of InP nanowires
morphology, crystal structure and optical properties are achievable. However,
significant challenges remain in achieving pure defect-free ZB InP nanowires
on (lll)B substrates. This needs to be the subject of future work. In addition,
several studies needs to be done to completely characterise and understand the
growth and the complex WZ-ZB phase transition in InP nanowires.
Since the control of nanowire diameters for InP is critical, the selection of
Au catalyst size for typical or standard growth should not be in the region of
critical diameter reported in the literatures (i.e. 30 - 40 nm diameter). Further
examination of the size effect in the growth parameter space is highly desirable
to better understand how growth mechanisms are related to the catalyst size.
The side facet studies of (lll)-oriented InP nanowires presented in Section
3.3 for different WZ, ZB or mixed ZB/WZ crystal structures warrant further
investigation. This would provide an opportunity to study the surface energy
changes at nanowire sidewalls for different nanowire phases grown under different growth conditions.
Additional studies on the effect of growth rate would be useful in order to
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better understand the Au-In alloy phase and composition and how this affect
the formation of defects. This may lead to the development of a theoretical
model to support the experimental results observed.
More thorough understanding in the mechanism of InP nanowire formation
and how these structural properties affect their optical and electrical properties
would be useful so that various single nanowire devices can be designed and
fabricated for new generation InP nanowire-based devices.

Appendix A
Example of InP nanowires growth
recipe
#

recipe

: su InP NWs 460

#

InP nanowires on ( l l l ) B

ThermData

LaudaTemp5 LaudaTemp4 LaudaTemp3 LaudaTemp2 LaudaTempl
Power

substrate

ReactorTemp DORPress d P . F i l t e r

Position

ReactorPress;

layer{
1

"Initial
N2. l i n e

setting",
c l o s e , H2. l i n e open, N2.run c l o s e , H2.run open,

R e a c t o r V a l v e open, PumpBypass c l o s e ,
MainPump o n , Heater o f f ,
ReactorPress =

IGS open, DORVac c l o s e ,

Cooling on, P a r a m e t e r s o f f ,

DORFill c l o s e ,

VentVac open,

Heattape o n ,

970,

# HYDRIDES #
AsH3_l.line

off,

AsH3-2. l i n e

AsH3.1.run
off,

o f f , AsH3.1. s o u r c e = d e f a u l t ,

AsH3-2.run

AsH3-2. s o u r c e = d e f a u l t ,

AsH3-2. d i l u t e = d e f a u l t ,

AsH3-2. i n j e c t

AsH3_2. push =

PH3.1. line

= default,

off,

AsH3.1.push =

default,

off,
AsH3_2. p r e s s =

default,

default,

P H 3 . 1 . r u n o f f , P H 3 . 1 . s o u r c e = 5 0 , PH3_l.push =

450,

PH3.2. line

off,

PH3-2.run o f f , PH3.2. source = d e f a u l t , PH3.2. push =

HC1 1 . l i n e

off,

HCl.l.run

off,

HC1.1. source = d e f a u l t ,

HCl.l.push =

default,
default,

# M) #
TMGa 1 l i n e

o f f , TMGa.1. run o f f , TMGa.1. s o u r c e = d e f a u l t , T M G a . l . p u s h =

TMGa.1. p r e s s =
TMGa.2 l i n e

default,

o f f , TMGa_2.run o f f ,

TMGa.1. p r e s s =

default,

default,

TMGa.2. s o u r c e = d e f a u l t ,

TMGa_2. d i l u t e =

default,
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TMGa.2. i n j e c t

= d e f a u l t , TMGa_2.push = d e f a u l t ,

TMA1.1 . l i n e

o f f , TMA1.1. run o f f , TMA1.1. source = d e f a u l t , TMAl.l.push = d e f a u l t ,

TMAL1. p r e s s = d e f a u l t ,
TMAl_2.1ine

o f f , TMAL2.run o f f , TMA1.2. source = d e f a u l t , TMAl_2.push = 450,

T M A U . press = d e f a u l t ,
TMIn.l . l i n e

o f f , TMIn.l. run o f f , TMIn.l. source = 300, T M I n . l . p u s h = 450,

T M I n . l . press = d e f a u l t ,
TMIn_2. l i n e

o f f , TMIn_2.run o f f , TMIn_2. source = 90, TMIn_2.push = 410,

TMIn_2. press = d e f a u l t ,

# DOPANIS #
DEZn.l.line

o f f , DEZn.l. run o f f , DEZn.l. source = d e f a u l t ,

DEZn.l. d i l u t e = d e f a u l t ,

DEZn.l. p r e s s l ® d e f a u l t , DEZn.l. i n j e c t = d e f a u l t ,
Cp2Mg_l . l i n e

o f f , Cp2Mg.l.run o f f , Cp2Mg.l. source = d e f a u l t , Cp2Mg.l. d i l u t e = d e f a u l t ,

Cp2Mg_l. press = d e f a u l t , Cp2Mg_l. i n j e c t = d e f a u l t ,
SiH4_l. line

off,

SiH4_l.run o f f ,

SiH4.1. source = d e f a u l t ,

S i H 4 . 1 . i n j e c t = d e f a u l t , SiH4_l. press = d e f a u l t ,

# MISC #
RunHydrideB 3500, VentHydride = 1320,
DummyHydrid.l. source = 500, DummyHydrid.l.run o n ,
RunM0= 9500, VentMO = 1900,
DummyMOJ.run on, DummyMCU. source = 500,
RunDopant = 1000, VentDopant = 1100,
LinerPurge = 5000, ViewPortPurge = 200,
SatelliteRotation

until

1

= 90, MainRotation = 180;

Vent Vac open;

"Taking over pressure

control",

C o n t r o l o n , Power = 2;

2:00

"Pump down r e a c t o r " ,
ReactorPress

1

"Set

to

100;

pressure f o r

bubbler",

TMIn_2. press = 350;

3:00

"Heat u p " ,
Heater on, Power to

until

85;

ReactorTemp>>400;

SiH4.1. dilute = d e f a u l t ,

Chapter A. Example of InP nanowires growth recipe
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"Stabilization

and s e t

reactor

temperature",

P H 3 . 1 . l i n e o n , P H 3 . 1 . r u n on,
DummyHydrid.l. run off ,
ReactorTemp =

until

600;

ReactorTemp »

10:00

" B a k e out f o r gold

1

"Set

growth

5:00

agglomeration";

temperature",

ReactorTemp =

until

595;

460;

ReactorTemp «

"TMIn_2 and PH3 S e t

465;

flows",

TMIn_2. l i n e o n , P H 3 . 1 . source = 1 2 , PH3_l.push =

20:00

" I n P nanowire
begin

stat

488;

growth",

ThermData,

TMln_2. run o n ,
DummyMCXl.run

10

off;

"End g r o w t h " ,
end

stat,

TMIn_2. run o f f ,

TMIn.2. p r e s s to

R e a c t o r T e m p = 1 5 , Heater

1

TMIn_2. l i n e

until

1

off,

"Backfill

350;

until

PH3-l.line

off;

with H 2 " ,

ReactorPress

2:00

default;

"Remove PH3",
PH3.1.run o f f ,

3:00

off;

TMIn_2. p r e s s =

ReactorTemp «

350,

to

970;

ReactorTemp «

200;

"Pump down under N 2 " ,
N2.run open, H2.run c l o s e , N 2 . 1 i n e

c l o s e , H2.1ine

open,

Chapter A. Example
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growth

recipe

VentVac close ,
LinerPurge = d e f a u l t , ViewPortPurge = d e f a u l t ,
RunMO = default , RunHydride= default , RunDopant = default ,
VentMO = default , VentHydride= default , VentDopant = d e f a u l t ,
ReactorPress to 50;

3:00

" R e f i l l under Nitrogen",
RunMO = 5000, RunHydride = 2500, RunDopant^ 2500,
ReactorPress to 970;

1:00

"Prepare for unloading",
Control o f f , DORVac open,
RunMO = d e f a u l t , RunHydride= d e f a u l t , RunDopant = d e f a u l t ;

1

"MFCs to default

values",

AsH3.1. source = d e f a u l t , AsH3.1.push = d e f a u l t ,
AsH3_2. source = d e f a u l t , AsH3_2.push = d e f a u l t , AsH3_2. d i l u t e = d e f a u l t ,
AsH3_2. inject = default, AsH3_2. press B

default,

PH3.1. source = d e f a u l t , PH3.1.push = d e f a u l t ,
PH3.2. source = d e f a u l t , PH3-2.push = d e f a u l t ,
SiH4.1. source = d e f a u l t , SiH4.1. d i l u t e = d e f a u l t , SiH4.1. inject = d e f a u l t ,
SiH4_l. press = default ,
HC1.1. source = d e f a u l t , HCl.l.push = d e f a u l t ,
TMGa.1. source = d e f a u l t , TMGa.l.push = d e f a u l t , TMGa.1. press = d e f a u l t ,
TMGa.2. source = d e f a u l t , TMGa_2.push = d e f a u l t , TMGa_2. d i l u t e = d e f a u l t ,
TMGa.2. inject = d e f a u l t , TMGa^. press = d e f a u l t ,
TMA1.1. source = default, TMAl.l.push ^ d e f a u l t , TMA1.1. press = d e f a u l t ,
TMA1.2. source = default , TMAl_2.push = d e f a u l t , TMAl^.press = d e f a u l t ,
TMIn.l. source = d e f a u l t , TMIn.l.push = d e f a u l t , TMIn.l. press = d e f a u l t ,
TMIn.2. source = d e f a u l t , TMIn.2. push = d e f a u l t , TMIn^. press = d e f a u l t ,
DEZn.1. source S d e f a u l t , DEZn.l. dilute = d e f a u l t , DEZn.l. inject = d e f a u l t ,
DEZn.l. press = d e f a u l t ,
Cp2Mg.l. source = default, Cp2Mg-l. dilute = d e f a u l t , Cp2Mg.l. inject = d e f a u l t ,
Cp2Mg-l. press = default,
DummyHydrid-1. source = d e f a u l t , DummyMOJ. source = d e f a u l t ,
VentHydride = d e f a u l t , RunHydride = d e f a u l t ;

Appendix B
Example of CACE Simulation for
MOCVD growth

• CACE Simulation V2.7 AIXTRON System: 1488
I {jile

Epitaxy

3

• • I

1

Log legend

| Sources |

Pump/Vac j
Operator unknown

Recipe: 007WR166.EPI
Alerts:
Messages: InP nanowtre growth

Juinp

Legend

ninntng

16:02 17. 2.2910
End: 16:31

20:00 "InP nanowire growth",
begin slat ThermData,
TMIn_2.ruo on,
D u m m y M O l .run off;
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Appendix C
Photoluminescence system in UC

Chapter C. Photoluminescence

system in UC

Figure C.l: Photograph of the (a) argon-pumped tunable dye laser and (b) modelocked titanium:sapphire (Ti:S) laser system used at UC. Photograph courtesy
of University of Cincinnati
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system in UC

Figure C.2: Photograph of cryostat system used at UC. Photograph courtesy of
University of Cincinnati.
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Figure C.3: Photograph of (a) newport spectrometer, (b) spectrometer and (c)
Raman spectrograph. Photograph courtesy of University of Cincinnati
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