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Abstract 
Hexagonal silicon-germanium semiconductor nanowires, with the one-dimensional geometry 
and direct bandgap property, attract interest in the application of the optoelectrical devices 
for silicon-based on-chip integration. This novel structure can be achieved by the core-shell 
transfer method, using wurtzite gallium arsenide nanowire as the core template. The volume 
of Hex-SiGe is limited by the length of core GaAs nanowire, hence impede the efficiency of 
light emission. In this thesis, the optimizing of the growth process towards long WZ GaAs 
nanowire is investigated and pushing the length of thick nanowires to11 μm, more than three 
times of the record. And the shortage of gallium and the physical mechanism of crystal phase 
switch during the elongation growth of nanowire is analyzed. These achievements will 
contribute to the enhancement of lasing efficiency, as well as the understanding of physics 
mechanism of wurtzite nanowire formation. 
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Chapter 1 Introduction 

1.1  Superiority of semiconductor nanowires 

Towards a smaller and faster world, the field of semiconductor materials down to the 
nanoscale has attracted intense interest from researchers all over the world and went through 
a fast expansion in the past decades. Compared to those with conventional bulk or two-
dimensional (2D) thin film structures, the semiconductors with this one-dimensional (1D) 
geometry have a lot of unique properties and offer another solution for some long-standing 
technical problems. Considering the fundamentally difference between 1D and 2D/bulk 
materials, the small dimension makes 1D materials ideal for device with a small dimension. 
Not only saving materials for economic concern, but also realizing the high density of 
transistors for on-chip integration [1 ]. For a material with recued scale of dimension, the 
surface to volume ratio increases. This increasing surface ratio enhances the efficiency and 
sensitivity of catalyst particle and sensors, where the molecular or electron reactions happen 
at the surface of the materials[2].  

Furthermore, nanowire with narrow diameter the natural relaxation mechanism of allows it 
to relax strain. This ability to release strain reduces the formation of defects during the growth, 
hence enable high quality interfaces between heterostructure materials [3 -5 ]. And it also 
provides more option of materials to optimize the performance of designed structure [6]. For 
nanowires, a new construction of crystalline structure differs from that in nature is also 
possible to be formed [7]. While the bulk III-V materials are usually formed with cubic zinc-
blende (ZB) crystal structure as the stable phase, the III-V nanowires are not the same. With a 
proper growth condition, the formation of III-V nanowires with hexagonal wurtzite (WZ) phase 
can be achieved [8].  

Besides, a stronger photon, phonon and electron confinement is realized by changing the 
geometry of material to a nanostructure. For example, the thermal conductivity of the silicon 
(Si) nanowires is demonstrated to be about  1/20  of a bulk silicon material at room 
temperature [9]. Thus, semiconductor nanowires, display some unique properties that differ 
from planar and bulk materials, and significant developments have been made in a wide range 
of researches and applications based on nanowire structure, such as nanowire lasers [10-14], 
nanowire solar cells [15-18], photodetectors [19-21], biological sensors [22,23] and nanowire 
for storage [24-26].  

1.2  Hexagonal SiGe nanowire for lasing 

The optical property of a material is closely related to its electronic band structure. In 1973, 
the band structure and optical properties of germanium (Ge) with hexagonal structure was 
calculated, using a transferable model empirical pseudopotential method with spin–orbit 
interactions. Interestingly, the direct bandgap characteristic with a small bandgap energy of 
0.3 eV of Ge has been predicted [27]. Though Si with hexagonal crystal structure preserved its 
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indirect bandgap characteristic from the calculation [28 ,29 ],the Ge-rich hexagonal Si1-xGex 
compound, the alloy of Si and Ge formed with the hexagonal structure, is predicted to be a 
direct bandgap semiconductor. For the hexagonal Si1-xGex with a Ge concentration over 60%, 
as shown in Figure 1.1, the minimum site of the conduction band appears at Γ-point. Hence, 
the minimum site of the conduction band is allied with maximum site of the valence band and 
a direct bandgap feature is realized [30 ]. A direct bandgap of Si1-xGex corresponding to a 
wavelength from 1.38 μm  to 1.8 μm  was predicted, tunable by modulating the Ge 
concentration in the compound [31]. This property almost meets with the telecommunication 
requirement of a wavelength of 1.55. μm [32]. 

 

Figure 1.2. (a)BFTEM image and (b)HAADF-HRTEM image of GaAs/Ge core/shell nanowire. 

Based on the predicted electronic band structure, the direct bandgap property of Ge-rich Si1-

xGex compound with hexagonal structure re-ignites the interest of the group-IV based optical 

Figure 1.1. Calculated energies of the different symmetry points of hexagonal Si1-xGex alloy 
as a function of germanium content (by Rene Suckert and Silvana Botti in Friedrich-Schiller 

University of Jena, Germany). 
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device which facilitates the integration on electronic semiconductor circuits. One way to 
obtain hexagonal Si1-xGex compound is named core-shell crystal structure transfer method 
[33-37]. In this method, a core nanowire with the hexagonal crystal structure is first prepared 
as a template, and the shell with another materials is further epitaxially grown out around the 
core nanowire, which helps to transfer the structure of core nanowire to the shell and release 
the radially strain efficiently [23]. The hexagonal Ge grown by crystal transfer method is shown 
in TEM image of Figure 1.2, where the Ge shell perfectly copy the crystal structure of the 
gallium arsenide (GaAs) core nanowire. The reason why GaAs is the material chose as the core 
nanowire for Si1-xGex is explained in the next section. 

1.3  Wurtzite gallium arsenide nanowire 

For the optoelectronic applications, high-quality materials with low defect density in core-
shell structures is desirable to avoid the degradation of optoelectronic properties [24]. 
Therefore, a smaller lattice mismatch between core/shell materials becomes an important 
requirement in the growth of radial heterostructure. Besides, a core nanowire with hexagonal 
structure is needed as the template for the synthesis of hexagonal Si1-xGex compound, 
obviously.  

Figure 1.3 below shows the lattice constant and gap energy of important semiconductors. We 
can find that the lattice constant of GaAs is matched to Ge, and close to Ge-rich SiGe 
compound. This small mismatch of lattice constants makes GaAs a promising material of core 
nanowire for high quality hexagonal Si1-xGex. And since the gap energy of GaAs is larger than 
that of the Si1-xGex compound, the Si1-xGex shell with a smaller energy gap performs as a carrier 
reservoir, which facilitate the light emission in the shell material [38].  

 

Figure 1.3. Bandgaps of the most important elemental and binary cubic semiconductors 

versus their lattice constant at 300 ℃. The right-hand scale gives the light wavelength λ, 
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corresponding to the band gap energy [39]. 

Unfortunately, the III-V nanowires tend to naturally exhibit a random mixed crystal structure 
of WZ and ZB stacking. It does offer an opportunity for the homo-material heterostructure. 
For example, an axial stacking of alternating WZ and ZB segments allows the fabrication of 
crystal phase quantum dots [40,41]. However, this natural tendency also implies a challenge 
for the growing pure WZ III-V nanowires [42]. For the core-shell nanowire, the ZB layers or 
segments formed in the wurtzite core nanowire will be copied by the shell as well. And the 
cubic segment in the hexagonal structure is performed as defects in the shell material, which 
is undesirable for optical device. Hence, the controlling and tailoring of crystal phase of III-V 
nanowires motivated plenty of experimental studies.  

In 1992, experimental work from Koguchi and colleagues suggested that both temperature 
and the V/III ratio could modify the crystal phase in III–V nanowires [43]. And many works 
come out by controlling of these two growth parameters. The group of Joyce used a two-
temperature growth procedure to grow the twin-free ZB GaAs nanowires in 2007 [44]. And in 
2010, pure ZB GaAs nanowires was achieved in the condition of low growth temperature and 
high V/III ratio, by Joyce’s group as well [45]. The systematic study of accessible parameters, 
including total mass flow, temperature, V/III ratio, and diameter, was explored and pure ZB 
InAs nanowire was achieved by Kimberly in 2011 [46]. Besides, theoretical models are mainly 
discussing the role of precursor chemistry, thermodynamics and nucleation kinetic [47,48], 
most of which were on the basis of the work done by the groups of Dubrovskii and Glas [49]. 
And the in-site TEM study of formation of both WZ and ZB crystal structure realized the 
microscale monitor of growth process [50].  

Though, both the experimental and theoretical achievements have pushed our knowledge of 
III-V nanowires to a higher level, a lot more efforts are needed for the understanding of physics 
mechanism behind the growth. In the literatures, the ZB phase perfection engineering has 
been well developed, while the fabrication of pure WZ nanowire is notoriously difficult [51,52]. 
Up to now, the record length of pure WZ GaAs nanowire is limited in 3 μm, beyond which 
length stacking faults and sequences of ZB structure increase abruptly [53-56], which impedes 
the volume of hexagonal Si1-xGex and hence the light emitting efficiency. In this case, the 
longer length and higher quality of WZ GaAs nanowire are the pursuits. 

1.4  Thesis synopsis 

In this study, the growth of the Au-catalyzed WZ GaAs nanowires by vaper-liquid-solid method 
has been investigated and the design of defect-free GaAs nanowires has been optimized 
towards a longer length. Crucial parameters of several models have been analyzed to 
understand the physical mechanism of WZ-ZB switch as the GaAs length increases. 

In Chapter 2, an introductory description of the direct bandgap material, two types of 
crystalline structures of III-V nanowire and the VLS growth mechanism will be given. The 
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substrate preparation, growth procedure and the characterization methods are introduced in 
Chapter 3. In Chapter 4, the effects of growth time, design on the morphology of WZ GaAs 
nanowire are presented. The Ga-pulse treatment is investigated to diagnose the limitation of 
precursor materials during the growth of the nanowires. Afterward, the most probable factors 
leading to the phase switch of GaAs nanowire have been analyzed. Finally, conclusions and 
outlook for future work are given in Chapter 5.   
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Chapter 2 Theoretical background 

2.1  Direct bandgap material 

Silicon (Si), which is the second most the abundant material on earth, is widely used in 
electrical based semiconductors. However, the indirect bandgap characteristic of bulk silicon 
with naturalized cubic structure obstruct the on-chip integration of photonics with electronics 
on the same platform. The energy band diagram of silicon is shown in Figure 2.1. From the 
band diagram below, it’s easy to find that the k-vectors corresponding to the minimum of 
conduction band at X-site (and L-site) and the maximum of valance band at Γ-site is not the 
same in k space or Brillouin zone for Si (and Ge), which is the feature of indirect bandgap 
material. Compared to the direct bandgap material, much more energy is needed for the 
phonon to transfer momentum to the crystal lattice during the electron-hole pair 
recombination. Hence make the indirect bandgap material a non-ideal material for optical 
active device.  

 

 

Figure 2.1. The energy band structures of silicon (left) and germanium (right) with cubic 
crystal structure [57]. 

Luckily, the genre of energy band, therefore the optical and electrical properties, of a 
semiconductor can be modulated by changing the crystal structure [58 -61 ]. The SixGe1-x 
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compound with hexagonal structure is predicted to have a conduction band with minimum 
value at Γ-site instead, which is the same position with the maximum of valence band, both 
theoretically and experimentally.  

2.2  Wurtzite and zincblende crystal structure 

The crystal structure of a crystalline material is defined as the ordered arrangement of 
molecules, atoms, or ions [62 ]. The pattern how atoms arrange and repeat defines which 
crystal structure the material is. As mentioned before, though ZB phase is the stable state for 
most III-V materials in bulk, the formation of WZ phase is realized in 1D nanowires. The 
schematic diagram of the unit cell of ZB and WZ crystal structure, as shown in Figure 2.2, is 
cubic and hexagonal respectively.  

 The only difference of ZB and WZ is the position of the next nearest atom within the Group III 
or Group V sublattice. Where the stacking order in ZB is ABCABCABC repeat every 3 bilayers 
(a bilayer is the combination of one group-III atomic layer and one group-V atomic layer), it’s 
ABABAB in WZ, repeating every 2 bilayers instead, as shown in Figure 2.2(c). 

To understand why ZB segment forms in the WZ nanowires, the preferred location of the 
nucleation at the particle-nanowire interface and the formation energy of both ZB and WZ 

（a） 

（b） 

（c） 

Figure 2.2. The unit cells of (a)ZB and (b)WZ, and (c) the stacking order of WZ and ZB in 
the same structure [1]. 
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nucleus have to be analyzed in detail. Considering the atomic arrangement of the edge-top-
facet of both nanowire and nucleus, the formation of WZ sequences differs from that of ZB 
sequences. The WZ nucleus formed at the triple-phase-line (TPL) generates a {101�0} vertical 
lateral facet, while the ZB nucleus generates a {111} tilt lateral facet (either tilt toward or away 
from the wire axis) [49], as shown in Figure 2.3.  

Most models used to explain the formation of WZ and ZB nucleus by VLS growth method are 
based on different interface energy, many of which are on the basis the one outlined by Glas 
et al [49]. For the nucleation occurred at the TPL, the seed particle is partially exposed to the 
vapor, which generate a nuclei-vapor interface and reduce the liquid-vapor interface area at 
the same time, see from Figure 2.4. 

And this induces the change in total surface energy. When a nucleus forms at the TPL with an 
expose lateral fraction in vapor x, the change of free enthalpy can be written as: 

Figure 2.3. Top (top row) and side (bottom row) views of a given nucleus in ZB (a,b) and WZ 
(c) positions at Ga (a,c) or As (b) edges of the top facet. Edges are indicated by arrows 
(top), the vapor side by V, and nonvertical dangling bonds by segments (bottom) [49]. 

Figure 2.4. Nucleus at the triple phase line. The symbol definitions are explained in the text 
part. 
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𝛥𝛥𝛥𝛥 = −𝛥𝛥𝛥𝛥Ah + Ph [(1 − 𝑥𝑥)𝛾𝛾𝑙𝑙𝑙𝑙 + 𝑥𝑥(𝛾𝛾𝑙𝑙𝑙𝑙 − sin(β) 𝛾𝛾𝑙𝑙𝑙𝑙)]            (2.1) 

Where A, h, P, and β are the interface area between the nucleus and top facet, height and 
perimeter length of the nucleus, and contact angle, respectively. And Δμ > 0 is the chemical 
potential difference for III–V pairs between liquid and solid phases per volume of the nucleus; 
𝛾𝛾𝑙𝑙𝑙𝑙 is the energy per unit area of the interface between liquid and vapor phase; 𝛾𝛾𝑙𝑙𝑙𝑙 and 𝛾𝛾𝑙𝑙𝑙𝑙 
are of the lateral nucleus-liquid and nucleus-vapor interfaces. Since the elimination of partial 
preexisting vapor-liquid interface is larger than the substitution of part of the lateral nucleus-
liquid interface by a more costly nucleus-vapor interface, nucleation occurred at TPL is more 
favorable in many cases.  

In addition, the growth of WZ at TPL could be attribute to a lower surface energy compared 
to ZB [63], However, surface energies are dependent on the surface chemistry, corresponding 
to the growth parameters. And it is widely accepted that a high supersaturation level, related 
to a high growth temperature and a low V/III ratio in MOVPE, is need for WZ formation [64-
67],.  

 

2.3  VLS growth mechanism 

The increasing requirement for a smaller dimension, as well as a higher quality, of 
semiconductor nanostructures has brought forward the research and development of 
epitaxial growth technology. The requirements are as follows: (1) precisely control the 
epitaxial growth of even monolayer (tens Å or even thinner), (2) less formation of defect and 
impurity (3) attain uniformly layers in large areas.  

In order to meet the above requirements, several epitaxial techniques have been developed, 
including molecular beam epitaxy (MBE) and metal organic vapor phase epitaxy (MOVPE). 
Differ from MBE, all the reaction species and dopant pumped into the reactor are gaseous for 
MOVPE, and the composition and concentration parameters of flow in growth process can be 
controlled precisely. Therefore, both monolayer with minimum thickness of several Å and 
multilayer structure can be realized. Besides, only several parameters needed to be controlled 
in MOVPE and the setting of substrate temperature is easy, leading to a simple-structure 
equipment and the facility of epitaxial growth for a batch of samples at the same time.  

Organic compounds of group III element gallium and hydrides of group V element arsine are 
used as source materials for core segment of NWs growth, while hydrides of group IV elements 
(Si/Ge precursor) for shell growth. And these source materials and epitaxy on the substrate by 
pyrolysis, growing monolayer single crystals of semiconductors of group V and group III. 
Typically, alkides are used for the metalorganic compounds of group III elements, such methyl 
or ethyl of gallium, Ga(CH3)3 and Ga(C2H5)3, which are often written as TMGa (Trimethyl 
Gallium), TEG and so on. Most of these metalorganic products are liquid with high vapor 
pressure. For example, hydrogen gas or inert gases are used as carrier gases guided into the 
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bubbler. Then, alkides of group III element and hydrides of V group elements are guided 
downwards into the reactor from the showerhead and mixed. When flowing through the 
surface of heated substrate, the mixtures undergo irreversible pyrolysis and form compound 
crystal films. The diffusion length of the group V precursor can be enhanced by the 
introduction of halides, hydrogen bromide (HBr) and hydrogen chloride (HCl) for instance, 
which passivate the surface of substrate [39,40].  

The growth rate of a nanowire through the direct adsorption of a gas phase on to a solid 
surface is generally quite slow. The vapor-liquid–solid method (VLS) circumvents this by 
introducing a liquid phase alloy as the catalyst, usually using gold particle. The simple 
schematic diagram of VLS growth process is shown as Figure 2.5.  

 

Figure 2.5. The schematic diagram of VLS process. 

The growth rate of NWs R has three main parts of contributions, express as follows: 

R = RDI + RS + RW                          (2.2) 

Where the first component represents the direct impingement of precursors cracking and 
being absorbed at the surface of the liquid droplet catalyst. Second, precursors pyrolysis at 
the surface of substrate, diffuse to the bottom of NWs and climb along the sidewall till 
reaching the catalyst. Third, precursors pyrolysis at the surface of the sidewall and diffuse 
upwards till reaching the catalyst. The first component can be named direct impingement 
contribution while the last two can be named as diffusion contribution. 

The surface of liquid droplet facilitates the gas precursor to crack more efficiently and be 
absorbed rapidly. As the absorption of elements into the Au catalyst happens, the volume of 
alloy droplet increases. When the concentration of the element in the catalyst reaches the 
supersaturation level, group-III-V pairs are formed as nucleated seed at the TPL or the center 
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of liquid–solid interface. And the absorbed atoms diffuse towards the nucleus and contribute 
to the layer epitaxy along the liquid-solid interface till the formation of one single layer (single 
group-III lay together with single group-V layer, actually) is completed. Layer by layer growth 
forms the bottom-up building of a nanowire.  

The details of GaAs nanowires grown by VLS in this study are presented in the part of 
experimental procedure. 
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Chapter 3 Methods 

3.1  Substrate preparation 

The WZ GaAs nanowires were grown on ZB (111)B-oriented GaAs substrates in a low-pressure 
(50mbar) Aixtron CCS-MOVPE reactor. B-oriented here represents that the termination layer 
on the wafer surface is made up of group-V atoms instead of group-III. Before the growth of 
nanowires, several preparation steps are needed. The schematic growth procedure is shown 
in Figure 3.1.  

 

Figure 3.1. Schematic growth procedure of GaAs nanowire. First, the substrate was spun 
with the PMMA resist and then exposed with the EBL and developed. Next step was to 

deposit gold layer on the surface of the substrate and lift-off. After the lift-off and annealing, 
ordered arrays of Au nanoparticles were formed. Then Au-catalyzed GaAs nanowires were 

grown by VLS method. 

The (111)B GaAs wafer was first soaked into diluted ammonium solution (Ammonia: deionized 
water = 1: 10) for 1 min to remove the GaAs native oxide and then spin-coated with a layer of 
positive PMMA (950K-A2) resist with a thickness of 80 μm and baked on a hot plate at 175 
°C for 10 mins to speed up the evaporation of the solvent. Then, the wafer was patterned with 
a square array pattern by electron beam lithography (EBL) technique and developed in MIBK: 
IPA (=1:3) solution for 90 sec, followed by a rinsing step in IPA for another 90 sec. Afterward, 
an 8-nm-thick Au layer was evaporated on the wafer surface uniformly by the electron beam 
evaporator (BVR2008FC), the wafer was soaked into PRS-3000 solution to remove redundant 
Au except for the square arrays patterned by the EBL. And a magnetic bar was used to 
accelerate the peeling of Au layer from the wafer surface at a speed of 380 rpm. The PMMA 
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mask here was served as a lift-off mask for the gold nanoparticles used as the catalyst for the 
VLS growth of GaAs NWs. Then, the wafer was cleaned by acetone solution followed with an 
IPA rinsing step to remove the organic residues. After all these chemical processes, the wafer 
was cut into samples with proper size, usually around 1x1 cm2.  

3.2  Growth procedure 

Prior to the growth step, the samples were rinsed with diluted ammonia again. 

The samples patterned with gold nanoparticles array were loaded into the reactor and 
annealed under a huge arsine (AsH3) flow at a set temperature of 635 °C for 5 min (while the 
temperature of the sample surface is 550 °C, monitored by an Argus system). The square gold 
nanolayer melt during annealing and forms a nano-droplet on the surface of the substrate and 
this high temperature helps to remove the oxide on the surface of substrate as well as the 
organic residuals of the lithographic steps. AsH3 flow was introduced during the annealing in 
order to suppress the evaporation of arsine from the coating in the reactor as well as that 
from the substrate itself.  

Then the temperature was cooling down to a set temperature of 615 °C for the growth of NWs. 
Waiting several minutes for the stable of temperature environment, both group-III and group-
V gas precursors, carried by the hydrogen (H2) gas were introduced into the reactor and 
initiated the vertical growth of GaAs nanowires in <111> direction. Here AsH3 and TMGa were 
used in this study with a molar flow rate of 1.66x10−5 mol/min and 6.9x10−6 mol/min to 
attain a constant V/III ratio of 2.4.  

The growth of GaAs NWs was terminated by switching off TMGa and AsH3 simultaneously and 
then gradually cool down to the room temperature with H2 flow only. Switch off both 
precursors during the cooling process helps to shorten the cooling neck of nanowire while H2 
flow was reserved to prevent the nanowires from evaporation.  

The gas flows were introduced from the showerhead in different channels down into the 
reactor and mixed with each other, that prevent the chemical reaction between the precursors. 
And the samples were placed horizontally on the surface of graphite susceptor. In other words, 
the precursors are flushing to the samples perpendicularly.  

3.3  Characterization Methods 

An electron microscope is used to illustrate the structure of a sample, up to atomic level. And 
when compared with a traditional optical microscope, the limit resolution of which is 
approximately 0.2 μm , this high-resolution technique is more qualified to image the 
morphology of materials down to nanoscale. Not only the morphology information of the 
surface structure, the characterization of crystal structure tens of nanometers beneath the 
surface can be achieved by this technique. Therefore, diverse electron microscopes are widely 
used in characterizing nanowires. 
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3.3.1 Scanning electron microscopy 

In the working mode of an electron microscope, a beam of electrons accelerated by a strong 
electric field, up to 50 kV is shoot on the sample directly and interact with the atoms of the 
sample, as shown in the schematic diagram Figure 3.2. The secondary electrons are generated 
due to this interaction and most of them are reabsorbed by the sample itself. Only some of 
which produced from near-surface atoms escape from the sample and scatter into the vacuum 
chamber. These moving electrons in the vacuum are collected by the detector and then an 
electronic signal is formed. The signal contains the information of scattered electron build up 
one pixel of an image. The more electrons get caught, the brighter this pixel is. As the electron 
beam scans along the sample surface, an image of the sample surface is formed.  

The most important parameter is the beam diameter when characterizing the nanowires. The 
resolution of the image is determined by the beam diameter, a smaller scale of which can lead 
to a higher resolution and this can be achieved by shortening the working distance. 

 

Figure 3.2. A schematic diagram of a typical SEM [68]. 

In this thesis, measurements of NW length and diameter were performed by scanning electron 
microscopy (SEM) with a tilted angle of 30 °  to simplify the calculation, unless otherwise 
stated. As a result, the measured length of nanowires must be multiplied by a factor of two to 
obtain the real value, in the SEM images. As for the diameter of the nanowire, the real value 
can be measured directly. 
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3.3.2 Transmission electron microscopy 

Two requirements must be satisfied when a resolution up to atom level is needed—filmy 
sample and high energy electron beam. When the thickness of the sample is within hundreds 
of nanometers, the electrons are able to travel penetrate through the sample. And the 
schematic diagram of a typical transmission electron microscopy (TEM) is shown in Figure 3.3 
[69].  

 

Figure 3.3. Ray diagram of a TEM for (a) imaging mode and (b) diffraction mode [69]. 

Of course, an electron beam with high energy is also needed, and the strength of the electric 
field is in the range of 100 kV to 1000 kV. The electron beam gains high energy by accelerating 
through the strong electric field and condensed by the condenser lens to a small scale, which 
will benefit the resolution. This high energy electron beam incident to the sample, some 
electrons of which are transmitted while the others are scattered. The scattered electrons 
caught by the detector forms a diffraction pattern, which contains the information of crystal 
structure such as the spacing between two nearby atomic planes. In this way, the high-
resolution image of the atomic configuration by the dark field mode facilitates the study of 
the crystal phase of nanowires. 

The diameters of GaAs nanowires in this work are below 200 nm and meet with the 
requirement for TEM image. The nanowires, which are grown vertically from the substrate, 
were transferred and placed on a carbon grid in two ways: (i) use a diamond pen to sweep in 
the bunch of nanowires, break them down and transfer to the carbon grid by the friction force, 
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in which case the break-off position of the nanowire is unknown, and nanowires are 
overlapped with each other; (ii) use an aluminum needle with a diameter of tens of 
micrometer to break off one nanowire from the bottom, precisely, and transfer the nanowires 
one by one (the whole transfer operation was monitored by SEM). The first method is useful 
for quick examination of the quality of nanowires and the crystal structure of the nanowire 
can be observed from the part was not overlapped with other nanowires. Though the second 
method costs much more time on the transfer, the nanowires are separated from each other 
and then the crystal structure of each nanowire is visible from bottom to the top.  
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Chapter 4 Experiment and result 

4.1 Time-series growth of nanowires 

To trace how the crystal structure change with increasing length, samples with the pattern of 
multiple diameters (37, 46, 54, 67, 72, 87, 113, 136 nm) and pitches (0.5, 0.75, 1, 2, 3, 5 μm) 
are designed and the growth time of GaAs nanowire is in the range of 0.5  up to 
4.5 hours(hrs), with an increasing step of 0.5 hrs. To display the experimental results clearly 
and simplify the analysis, this section is divided into 3 parts. The morphology of GaAs 
nanowires changing during the growth and the effect of pitch and diameter on the growth are 
depicted separately. 

4.1.1 Morphology of nanowires with varying growth time 

The SEM images below, as shown in Figure x, exhibit the morphology of GaAs nanowires, with 
a diameter of 67 nm, grown for 3 h and 4.5 h, respectively. It’s obvious that the nanowires 
grown for 3 h , corresponding to an average length of 4 μm , are untapered with smooth 
atomically flat six sidewall facets and a contact angle around 90°, as shown in Figure 4.1(a). 
These features of morphology are shared by all the nanowires, with this diameter, grown for 
no more than 3 h. However, for the nanowire grown for 4.5 h, corresponding to an average 
length of 7.5 μm , the sidewall facets of the nanowire turn rough and the contact angle 
becomes an obtuse one, as shown in Figure 4.1(b). What’s more, the top part of NWs become 
tapered, the diameter of which shrinks from 67 nm to 50 nm, while the diameter of bottom 
part stays the same.  

 

Figure 4.1. The morphology of GaAs nanowires grown for (a) 3.0 h and (b) 4.5 h by SEM 
(tilt angle 30° normal to substrate). The nanowires are designed to have a diameter of 

67 nm. A typical nanowire with a larger magnification is marked with orange rectangular. 
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Figure 4.2. TEM image of GaAs nanowire with two typical morphologies, where the left 
untampered nanowire is of pure crystal structure and the right tapered one is of a mixed 

phase. 

And from the TEM image of nanowires with these two typical morphologies mentioned above, 
as shown in Figure 4.2, the rod-like nanowire is with a uniform crystal structure (pure WZ in 
this case) while the tapered one is of a mixed phase. Indeed, characterizing the crystal 
structure and quality of a nanowire by TEM is more precise. The morphology of the nanowire, 
easily distinguish by SEM, including the features of roughness of sidewall and the contact 
angle of catalyst particle, can help to preliminary estimate the quality and crystal structure of 
a wurtzite nanowire.  

Therefore, the untapered GaAs nanowires, in Figure 4.1(a), are probably with pure WZ crystal 
structure along the whole length of 4 μm. Compared with the record of a thinner nanowires 
with a diameter of 50 nm, of which the maximum length is around 3 μm, the thick GaAs 
nanowires attract our interest. 

The change in the morphology, from rod-like shape to tapered, is observed for all the thin 
nanowires (with diameters from 37 nm  to 87 nm ) earlier or later, while all the thick 
nanowires (with diameters of 113 nm  and 136 nm ) are untarpered in this growth time 
series.  

Base on the performed time series, the diameters of nanowires with increasing the growth 
time are plotted, as shown in Figure 4.3. Ten nanowires are measured, at the bottom part of 
nanowires, to calculate the average value of the diameter for each point. The measured 
nanowires are picked from those in the center of a array to avoid the boundary effect 
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Figure 4.3. The diameter of GaAs nanowires with increasing growth time. 

From the figure above, the diameter of NWs is quite stable as the growth time increases, 
which shows that there is no radial epitaxial growth with this growth condition. In this case, 
the precursors prefer not to nucleate on the sidewall surface. The precursors either diffuse 
along the sidewall upwards to the catalyst and contribute to the elongation growth of NWs, 
or diffuse downwards the substrate and contribute to the parasitic epitaxy growth on the 
substrate.  

4.1.2 Nanowires with varying pitch 

The pitch here denotes the distance between two neighbor nanowires. In this pattern, 
nanowires are well arranged and form a square array.  

 

Figure 4.4. The length and volume of GaAs nanowire with increasing pitch. The diameter of 
the nanowires is 67 nm. 

The length and volume of the nanowires grown in the time series is plotted as a function of 
pitch, shown in Figure 4.4 above, both the length and volume of the GaAs nanowire are quite 
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stable while the pitches increase from 0.5 μm  to 5 μm . This pitch-independent result is 
shared by the nanowires with other diameters, which is not displayed here.  

The pitch-independent growth rate of nanowires indicates a short substrate diffusion length 
of precursors, which is smaller than 0.5 μm . Otherwise, due to the competition of the 
available materials between neighbor nanowires, the length of nanowires is supposed to 
decrease as the pitch decrease [ 70 ]. In the theoretical analyze part of chapter 4.3, the 
diffusion contribution of precursor is been discussed in detail.  

4.1.3 Nanowires with varying diameter 

When we compare the morphology of the nanowires with different diameters, as shown in 
Figure 4.5, an interesting trend shows up.  

 

 

Figure 4.5. The SEM image of GaAs nanowires (tilt angle 30° normal to substrate) with a 
diameter of (a)54 nm, (b)72 nm, (c) 87 nm, and (d) 113 nm, respectively. All the 

nanowires marked with orange dash circles are tapered. 

Compared to the thicker nanowires which are rod-like shape from bottom to the top, a higher 
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percentage of nanowires are tapered for those thinner nanowires. Or in other words, the thin 
nanowires switch from wurtzite phase to the mixed phase at a shorter length. The tapered 
nanowires with a lager contact angle are marked with orange dash circles. 

As the goal of this project is to obtain long pure wurtzite GaAs nanowires, those with a bigger 
diameter seem more promising to stay in WZ phase for a longer length. 

 

Figure 4.6. The length of GaAs nanowires as a function of diameter. Each symbol 
corresponding to one growth time. The untampered nanowires are in the blue area. 

The Figure 4.6 above illustrates the length of nanowires, grown for the different time as a 
function of diameter, changing from 37 nm to 136 nm. The value of the nanowires length here 
is the average number of 10 nanowires in the center of one field. And the untampered 
nanowires are covered by the blue area. Some of the samples are re-grown with the same 
growth condition and time to prove the reproducibility of the experimental result. And several 
conclusions can be drawn out from Figure 4.6: 

(1) For short growth time, or corresponding to under a critical length at around 2 μm, the 
nanowires with different diameter end up with the same length. It means that the length 
growth rate is diameter-independent and the volume growth rate is proportional to d2.  

(2) For long growth time, or when the length exceeds the critical length, the thinner the 
nanowire is, the longer length it will reach, which shows a diameter-dependent length 
growth regime. 

The critical length here is defined as the length from the bottom to the height where the 
density of stacking faults (SFs) increases abruptly in the WZ crystal structure GaAs nanowires. 
Beyond the critical length, the crystal structure of the nanowires becomes mixed phase. The 
conclusion (2) above is consistent with the in-situ TEM research, that the growth rate of ZB 



 

22 

 

section is faster than the WZ one [50,71]. The nanowires with small diameter jump into the 
mixed phase regime earlier than the thick nanowires, at a shorter length. Therefore, the thin 
nanowires end up with a longer length, a longer section of a mixed phase as well, while the 
thick nanowires are shorter in total length but with a longer section of pure WZ crystal phase. 

It is reasonable to conclude that the critical length of GaAs NWs is diameter-dependent—the 
critical length of the NWs with small diameter is shorter than the NWs with big diameter. And 
this further proves that the thick NWs is more of interest in this study towards long WZ GaAs 
NWs. 

Base on the experimental result in growth time series, new samples with big diameters, 113 
nm and 136nm included, are grown for a longer growth time, which is 6 hrs. And from the 
SEM imaging, the morphology of these thick nanowires with smooth sidewall are rod-like 
shape from bottom to the top and the contact angle of the catalyst droplet is about 90 °, as 
shown in Figure 4.7(a) below.  

The average length of these NWs is 11 μm  The bright field TEM image of a typical GaAs 
nanowire in shown in the Figure 4.7 (b), of which the density of SFs is 1.8 SF/μm. And from 
the HRTEM image of the nanowire in Figure 4.7(c), the crystal structure is pure WZ with one 
stacking fault of a cubic ZB layer marked by the orange arrow. 

At this point, the length of WZ phase GaAs NWs is pushed to 11 μm by the designing of the 

(b) 

(c) 

Figure 4.7. (a)The morphology of the GaAs nanowire by SEM, tilt angle 30° normal to 
substrate. (b) Bright field TEM image of one typical nanowire from(a). HRTEM image of the 
nanowire in(b) shows the wurtzite crystal structure. The arrows in (b) and (c) refer to the 

position of stacking fault. 
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NWs with big diameter (over 100 nm). And the length WZ GaAs NWs can be further extended 
by simply increasing the growth time or the diameter of NWs. Just be careful that the NWs 
with a too large diameter might not be able to release the strain during growth then end up 
with high density of defect, which is not expected in the application in lasing, and the dis-
ordered problem can be even worse which is harmful in photonic device. 

4.2  Ga-pulse treatment 

It is widely acknowledged that the crystal phase of GaAs NWs will switch from WZ to ZB when 
the V/III ratio is either too large or too small, corresponding to Ga-limited regime and As-
limited regime, respectively [65-68]. And the WZ window, when considering the effective V/III 
ratio in catalyst droplet, is quite small for GaAs NWs especially. Several methods by controlling 
the inject group-III (or group-V) only are used to control the phase switch in III-V NWs. Ga 
loading technique where extra group-III material is introduced is used to improve ZB-WZ 
interface and achieve longer segment of WZ structure in ZB NWs, by the group of Jacobsson50. 
Growth interruption technique where As2-overpreesure is used to purge the excessive Ga in 
catalyst to stable the effective V/III ratio then reduce the density of SFs and switch back to the 
right phase, reported by Mohseni et.al [63]. To understand the physical mechanism under the 
phase switch phenomenon occurred as GaAs NWs growth longer, the first question needed to 
be answered comes to which regime it goes into. And phase-switch technique above can play 
as a trigger. From the result of time series, we observe the difference of contact angle between 
the mixed-phase NWs and the pure WZ one, which is closely related to the effective V/III ratio 
inside the catalyst. And since the solubility of the group-V element is negligible compared to 
the group-III element, TMGa precursor is modulated while keeping the AsH3 as the same in 
the following experiment. 

4.2.1 Experiment procedures 

The GaAs NW with a diameter of 72 nm is rod-like shape when it reaches 4 μm 
(corresponding to the growth time of 3 hrs), it becomes tapered when it reaches 7.5 
μm (corresponding to the growth time of 4.5 hrs), from the result of the previous time-series 
experiment. This sample is used as reference group A. A 60 seconds’ Ga-pulse is introduced 
into the reactor when the growth of NWs reaches 3 hrs by just simply interrupting the AsH3 
flux and keeping the TMGa flux as the same, and change back to the normal flux for another 
1.5 hrs. This sample is named as experimental group B.  

4.2.2 Result and analysis 

And the morphology of GaAs NWs from 3 groups are shown in Figure 4.8 below. 
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Figure 4.8. The SEM image of GaAs nanowires (a) without Ga-pulse treatment, (b) with 1.0 
minute’s Ga-pulse treatment and (c) with 0.5 minute’s Ga-pulse treatment. 

The change of diameter is noticeable in group B where a huge belly is formed in the middle. 
When Ga-pulse is introduced during the growth, the volume of catalyst droplet increases 
abruptly due to the high solubility of Ga in the Au and hence the diameter of NWs. In this case, 
the droplet is even too large to contain it’s shape then moving downward along the sidewall 
of nanowires and cover part of the segment below. But if lift the eyes up to the top part of 
nanowires, what a surprise that all of the nanowires become untarpered with a perfect 
smooth sidewall and a right contact angle! Compare to the group A, of which the nanowires 
with rough sidewall are dominant, the introduce of Ga-pulse somehow heals the mixed phase 
nanowires. The Figure 4.9 below clearly show that the SFs is eliminated after applying the Ga-
pulse. 

Then cut the Ga-pulse time down to 30 sec, here comes to the group C. The morphology of 
most NWs back to rod-like shape as well, with a smaller belly.  

Figure 4.9. The bright field TEM image of a GaAs nanowire of group C. The SFs are marked 
by orange arrows. 
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Though the formation of belly with this Ga-pulse technique make it not an ideal shape for 
following epitaxy of SixGe1-x shell, this experiment suggests that the mixed phase nanowires, 
switch from pure WZ segment, are suffered from the shortage of Ga inside the catalyst droplet. 

Consider that not all the NWs back to normal, as group B, Ga-pulse of 30 sec in this case might 
be not enough to support the NWs grow for another 1.5 hrs. Further reduce the introduce 
time or the flux of Ga-pulse and treat this pulse for multiple times at proper positions might 
help to support the WZ NWs to even longer, while not suffering from the formation of belly. 
However, finding both the timing and scale of Ga-pulse take time and will not be discussed in 
this study. 

4.3  Theoretical analysis 

Before the analysis, let’s first summarize the experimental results aforementioned: 

(i) Phase-related morphology of GaAs nanowires: The nanowire staying in WZ phase is 
rod-like shape with smooth sidewall and a right contact angle; As the nanowire reaches 
the critical length, where the WZ-ZB switch happens, the top part of nanowire become 
tapered, with rough sidewall and an obtuse contact angle. 

(ii) Pitch-independent growth rate of WZ GaAs nanowire: As the pitch varies from 0.5 μm 
to 5 μm, the length of nanowires stays the same for all diameters.  

(iii) Two growth time regimes: for short growth time, the length of NWs is diameter-
independent; for long growth time, the thin NWs are longer than the thick one. 

(iv) Diameter-related critical length. As the diameter of NWs increases, the critical length 
of NWs increases nonlinearly  

(v) The WZ-ZB phase switch, when a NW reaches the critical length, is due to the shortage 
of Ga element in catalyst particle. 

Hence, the experimental results in this thesis lead to an interesting conclusion that the length 
growth rate of WZ GaAs nanowires, which mainly rest with the growth condition such as 
temperature and flow of precursors, is diameter-independent, while the volume growth rate 
is proportional to the diameter square.  

And now back to the two questions: why the WZ GaAs NWs encounter a Ga-shortage problem 
as the critical length is reached? Why the thicker NWs have a better capability to maintain WZ 
phase? Considering the formation of crystal phase and growth rate of V-III nanowires, several 
possible directions will be discussed.  

4.3.1 Growth regime 

For the effect of diameter and the pitch between two neighbor nanowires on the growth rate 
of III-V metal-particle-assisted nanowires, contradictory experimental results have been 
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reported and three growth regimes are defined [60].  

(i)Materials competition regime: 

Assuming that materials are distributing uniformly along the surface of substrate and 
shared buy a constant number of nanowires. For a small pitch, the thinner nanowires are 
longer than the thick one due to the mass conservation. In other words, all the NWs with 
different diameter have the same volume growth rate dV/dt and the thinner wires end up 
with a longer length due to a smaller cross-section area. And the growth rate of nanowires 
can be enhanced simply by increasing the pitch, or the collection area, to help collect sufficient 
material without competing with neighbors. In this regime p < λs, the maximum growth rate 
is limited by the diffusion length of group-III adatoms along the substrate λs, reported by 
Jonas et.al in 2005 [72]. And the parasitic layer growth on the substrate can be neglected 
compared with the growth of nanowires 

(ii) independent regime: 

When the pitch is much larger than the diffusion length of precursors, p ≫ λs , the 
interaction between neighbor nanowires can be neglected. In this regime, the growth rate of 
nanowires is independent of pitch. 

(iii) synergetic regime: 

At an intermediate pitch, the growth rate dependence of nanowire is contradicting to that 
in (i). The growth rate increase with the catalyst surface fraction, defined as πd2/2p2, the 
ratio of surface area of catalyst over substrate area (where the diameter of nanowire is 
assumed to be the same as the diameter of the halfsphere catalyst). In this regime λs < p <
λMMGa , the increasing catalyst surface fraction can help decompose more TMGa to a 
secondary species monomethylgallium (MMGa), therefore, provide more Ga elements that 
can incorporate to the growth of nanowires.  

The length growth rate of GaAs nanowires for short growth time is plotted as the function of 
the catalyst surface fraction, in Figure 4.10. From the above, the length growth rate is quite 
stable as the catalyst surface fraction increases. Hence, we can conclude that the synergetic 
effect is negligible and the precursors are fully cracked in this short growth time. It’s not 
surprised to have a such high cracking efficiency since the growth temperature is quite 
high,550 ℃, while the group-III precursor is supposed to be fully decomposed at 475 ℃ in 
a H2 ambient [73]. Besides, a low molar faction flow is applied in the growth. What’s more, 
we are in the independent growth regime(ii) and the surface diffusion length of gallium λs is 
much smaller than the minimum pitch in our pattern λs < pmin = 0.5 μm  at this growth 
condition.  

Hence, in this the short growth time regime, the length growth rate is only defined by the 
growth condition itself, such as the temperature and flux of precursors, but not the size of 
nanowire or pitch. 
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Figure 4.10. Nanowire length growth rate as a function of catalyst area surface fraction with 
an inset of a zoom-in graph of smaller range。 

4.3.2 Diffusion limit of precursor 

From the short growth time regime discussed above, we draw the conclusion that surface 
diffusion length of gallium λs is smaller than 0.5 𝛥𝛥𝜇𝜇. When extend to the long growth time, 
in other words a long length, since no radial growth for the thick wires up to 11 𝛥𝛥𝜇𝜇, the 
sidewall diffusion length of gallium λw should be much longer than λs. Then it’s probable 
that all the adatoms in the collection area are supposed to contribute to the nanowire 
elongation growth. Or the adatoms can also diffuse downwards along the sidewall and 
contribute to the parasitic epitaxy on substrate surface. Whatever, the effective number of Ga 
in the catalytic droplet which matters most, can be express by the following equation 
(correlated from Dubrovskii, 2014): 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝜒𝜒𝜒𝜒𝜒𝜒𝑅𝑅2 + 2𝜒𝜒𝑅𝑅(𝑗𝑗+ − 𝑗𝑗−) − 𝜋𝜋𝑅𝑅2

Ω𝑠𝑠

𝑑𝑑𝑙𝑙
𝑑𝑑𝑑𝑑

                (4.1) 

where the segments on the right side are corresponding to the direct impingement, diffusion 
and consuming due to growth of nanowire. And 𝜒𝜒, 𝜒𝜒, 𝑗𝑗+ andΩ𝑠𝑠 are the cracking efficiency, 
flux rate of inlet precursor, diffusion current per unit length and the volume per III-V pair in 
the solid state. Now assume that the reverse diffusion current 𝑗𝑗− = 0 (Gibbs-Thomson effect, 
which is significant for nanowire radii smaller than 10 nm, is neglected in this study), as no 
desorption of Ga from droplet, and rewrite 𝑗𝑗+ = 𝜒𝜒𝑤𝑤𝜒𝜒𝜆𝜆𝑤𝑤. In the steady state, 𝑑𝑑𝑑𝑑/𝑑𝑑𝑑𝑑 = 0, the 
solution of Eq. (4.2) is  

𝑑𝑑𝑙𝑙
𝑑𝑑𝑑𝑑

= Ωs𝜒𝜒 �𝜒𝜒 + 𝜒𝜒𝑤𝑤
2𝜆𝜆𝑤𝑤
𝑅𝑅
�                         (4.2) 

This inverse radius dependence of elongation rate points out that the thinner nanowire has a 
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lager diffusion-contribution of growth rate.  

However, as mentioned in conclusion (iii), the elongation rate for short growth time is 
diameter-independent. Hence, we can draw the conclusion that the direct impingement 
contribution dominates the growth rate and the diffusion contribution is negligible in this case. 
The length growth rate is only limited by the impingement flux rate 𝜒𝜒  and 𝜒𝜒(𝑇𝑇) . The 
temperature-related cracking efficiency is discussed in the next section. 

4.3.3 Thermal transport of nanowires 

It’s worth to mention that, in the previous diffusion model, the cracking efficiency at both 
droplet surface 𝜒𝜒(𝑇𝑇) and sidewall 𝜒𝜒𝑤𝑤(𝑇𝑇) are positive correlated to the temperature. And 
the state of droplet, supersaturation barrier and hence the contact angle β, are temperature-
related as well. Therefore, the length growth rate is not only limited by the Ga transport, but 
also related to the state of droplet due to the thermal transport, which is not completely in 
agreement with the statement of Dubrovskii.  

In the reactor, the growth temperature is controlled by a heater under the susceptor, regarded 
as a constant. And the precursors are introduced from the shower down to the reactor, with 
a lower temperature. Then, as the length of nanowire increases, the catalyst is getting away 
from the heat source to a place with lower temperature. In addition, considering the thermal 
transport properties, dimension of a nanowire such as the cross section and length plays a 
role. The catalyst temperature of a vertical growth nanowire can be simply described as the 
function of length L: 

𝑇𝑇(𝐿𝐿) = 𝑇𝑇𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑏𝑏𝑏𝑏(1 − 𝑙𝑙
𝜅𝜅0𝜋𝜋𝑅𝑅2

)                      (4.3) 

where 𝑇𝑇𝑏𝑏𝑏𝑏𝑑𝑑𝑑𝑑𝑏𝑏𝑏𝑏 is the temperature of the bottom part of nanowire, which is assumed to be 
the same value as growth temperature 𝑇𝑇𝑏𝑏 = 𝑇𝑇𝑔𝑔𝑔𝑔𝑏𝑏𝑤𝑤𝑑𝑑ℎ. And 𝜅𝜅0 is the thermal conductivity of 
GaAs nanowire. 

The temperature of catalyst decrease linearly as the length of nanowire increases. And the 
reduction of temperature is inverse proportional to the square of diameter. Compered to the 
thick nanowires, temperature decreases much faster along the thin nanowires. Besides, the 
thermal conductivity is affected by the surface roughness due to the phonon scattering, 
predicted as 𝜅𝜅 ∝ (d/Δ)2 = 𝜅𝜅0d2. d and Δ are the diameter and the root mean square of 
the roughness, respectively. From the simulation, the thermal conductivity of GaAs nanowires 
with diameters of 115 nm is around 10 Wm−1K−1(of which Δ = 0 nm), while it decreases 
below 1 Wm−1K−1 in GaAs nanowires of diameter d = 56 nm(of which Δ = 4 nm) [74]. 
And the dimension of nanowires grown in this thesis is comparable to those in simulation. As 
shown in Figure 4.1, Figure 4.2, and Figure 4.7, the side facets of thick nanowires (d = 113 nm) 
are atomically smooth while the surface roughness of thin nanowires is quite high. In 
conclusion, the temperature of catalyst in thin nanowires is much lower than that of thick 
nanowires. 
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A lower catalyst temperature of thin nanowires, leading to a low cracking efficiency of TMGa, 
contributes to the Ga-shortage in catalyst. When the high supersaturation cannot be reached, 
ZB layers and sequences are formed in the nanowires.   
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Chapter 5 Conclusions and outlook 
We optimized the growth of WZ GaAs nanowires to reach a long length and analyzed the 
diameter-dependent phase switch during nanowire elongation in this thesis and conclusions 
can be draw as follows: 

(vi) Phase-related morphology. The NWs staying in WZ phase are un-tapered with smooth 
sidewall and a right contact angle; As the NW reaches the critical length, where the 
WZ-ZB switch happens, the top part of NWs becomes tapered, with rough sidewall and 
an obtuse contact angle. 

(vii) Pitch-independent growth rate. As the pitch varies from 0.5 μm to 5 μm, the length 
of NWs stays the same for all diameters which dedicates a surface diffusion length of 
Ga precursor shorter than 0.5 μm. Direct impingement dominates the growth rate, 
while the diffusion contribution is negligible. 

(viii) Diameter-related critical length. As the diameter of NW increases, the critical length 
of NWs increases nonlinearly. Within the critical length, the length growth rate of WZ 
NWs is diameter-independent and only the flow rate of precursors matters. Beyond 
the critical length, the growth rate increases, due to a fast formation rate of ZB 
segment. 

(ix) As the length of NWs increases, the shortage of Ga element in catalyst leads to the 
WZ-ZB phase switch. And shortage of Ga is probably due to the insufficient cracking 
efficiency of Ga precursor limited by the diameter-related heat transfer. 

The core/shell GaAs/Si0.21Ge0.79 nanowires, using the WZ GaAs nanowires grown in this study, 
are characterized by Photoluminescence (PL) measurement. As shown in Figure 5.1, the 
lifetime of the GaAs/Si0.21Ge0.79 is 0.72 ns, which represent a direct bandgap property of the 
samples. And the high purity of WZ GaAs core nanowire is proved. 

 

Figure 5.1. The PL intensity is for a 79%Ge GaAs/Si0.21Ge0.79 sample with a wire length of 
8 μm, measured at T=4K. 
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For the future work to complete this project, further efforts are of interest: 

a) Though the thermal distribution in the reactor and the real-time temperature of catalyst 
are not easy to measure, a temperature series can help to map the temperature window 
of WZ GaAs nanowires.   

b) The thermal conductivity of WZ GaAs nanowires with varies diameters can be measured 
by micro-Raman spectroscopy. 

c) The Ga concentration in the catalyst can be quantified by EDX.  

d) The shortage of Ga in the catalyst can be compensate either by a climbing growth 
temperature or an increasing TMGa flow.  

e) A pitch small than 0.5 μm is interested for measuring the Ga diffusion length. 
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