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Chapter 1 

  

Introduction 

 

1.1 Semiconductors at nanometer scale 

Semiconductors have fundamentally improved our lives. They are the 
foundation of modern solid state electronics, including transistors, solar cells, 
light-emitting diodes (LEDs), and digital and analog integrated circuits; they 
enable the technologies that we use to work, communicate, travel, entertain, 
harness energy, treat illness and make new scientific discoveries; however 
their greatest potential still lies ahead.  

Different semiconductor materials have different lattice constants and 
bandgap energies, which give them different properties and applications. The 
most common group IV, group III/V and II/VI semiconductor materials with 
their lattice constants and bandgap energies can be seen in Figure 1.1.  

As group IV semiconductors, silicon (Si) and germanium (Ge) both have an 
indirect bandgap, see Figure 1.2, which means that the bottom of the 
conduction band is shifted with respect to the top of the valence band, i.e. the 
energy released during electron recombination with a hole is converted 
primarily into a phonon. Silicon is the second most abundant element in the 
Earth's crust (about 28% by mass) after oxygen [1], and has a large impact on 
the modern world economy: the very highly purified silicon, which has been 
widely used in semiconductor electronics is the basis of most computers and a 
great deal of modern technology. Germanium's major uses are in fiber-optic 
systems, infrared optics and in solar cell applications. 
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Figure 1.1: Energy bandgap and lattice constant of various semiconductors 
at room temperature. [2] 

III/V semiconductor materials are composed using elements from the 3rd and 
5th groups of the periodic table. In Figure 1.1, with the exceptions of gallium 
phosphide (GaP) and aluminum (Al) compounds, all the common III-V 
materials (in green and blue) have direct band gaps, meaning that the bottom 
of the conduction band and the top of the valence band are at the same value 
of the electron momentum, i.e. electrons and holes can combine directly while 
conserving momentum, a process that results in the emission of a photon. This 
important material property, together with the high carrier mobility, makes 
them very promising for optical and electronic device applications. Although 
III-V semiconductors have many advantages over silicon, for mainstream 
applications silicon cannot be replaced by III–V compound technology due to 
the inherent cost and availability of these materials. 
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Figure 1.2: Energy vs. crystal momentum for semiconductors with direct 
and indirect bandgaps. [3] 

II-VI compound semiconductors, composed of elements from the 2nd and 6th 
groups, are usually p-type, except zinc telluride (ZnTe) and zinc oxide (ZnO) 
which are n-type. This kind of material has a very broad bandgap energy 
distribution, from −0.14 eV (at 300 K, semimetal) for mercury telluride (HgTe), 
to around 4.5 eV for magnesium sulfide (MgS). They have also been used for 
advanced functional devices. By growing semiconductor heterostructures, a 
wide variety of material combinations can be achieved, which is very 
important for heterostructure devices. 

Using current nanotechnology, for semiconductor material applications, it is 
not only possible to fabricate smaller devices, but there is also the possibility 
to obtain exciting new properties. The new properties of nanostructures can 
be roughly separated into two primary categories: surface-related effects and 
quantum confinement effects. 

Nanostructures have a large surface-to-volume ratio and surface effects 
become more important as size decreases, this can be used, for example, in 
increasing the sensitivity of sensors and the efficiency of catalysts. In addition, 
some material phases that would not exist in bulk are also stable for small 
sizes due to the large fraction of surface energy. Quantum effects occur in this 
size range where the charge carriers are confined. This limits the motion of 
carriers in the materials, which becomes quantized in the confining dimension. 
For example, if the confinement is in one dimension (which means that there 
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are discrete energy levels in this direction), the carriers are free to move in the 
other two directions. Based on this principle, quantum wells, nanowires, and 
quantum dots are representing two-, one- and zero-dimensional quantum 
structures, respectively. These confinements have striking effects on the 
electrical, optical, and magnetic properties of a material, which opens the 
possibility of creating semiconductor materials with specific desired 
properties. 

In general, there are two types of approaches to fabricate semiconductor 
materials, actually any kind of materials, in nanometer scale: top-down and 
bottom-up. For the first approach, attrition, lithography and etching are 
typically used. For the second one, nanoscale objects are assembled from 
smaller ones such as individual atoms. And, compared with the top-down 
method, the bottom-up method has more freedom of design and more control 
over the structure. 

1.2 Semiconductor nanowires 

A nanowire is a one-dimensional nanostructure, with a diameter on the order 
of nanometers and lengths typically up to several micrometers. 
Semiconductor nanowires have many advantages and remarkable potentials 
for advanced applications. 

 

Figure 1.3: Peak field-effect mobility as a function of radius with InAs 
nanowires ranging from 7~18 nm in radius. [5] 

The first advantage is that the optical [4] and electronic [5] properties of 
semiconductor nanowires can be shifted by changing the diameter. In Ref.4, it 
was reported that, for indium phosphide (InP) nanowires with diameter less 
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than 20 nm, the photoluminescence (PL) peak maxima systematically shifts to 
higher energy with decreasing nanowire diameter, which is explained by 
radial quantum confinement. However, the crystal structure change with 
diameter is not taken into account in this paper. Figure 1.3 shows that the 
field-effect mobility of indium arsenide (InAs) nanowires linearly increases 
with radius for r = 7~18 nm, this change is due to the enhanced role of surface 
transport and surface scattering in smaller nanowires. Furthermore, 
quantized conductance has been observed in InSb nanowires [6], which is a 
clear evidence for the confinements in two dimensions. The shifts make the 
emission wavelength/mobility cover a broader range, and this could be useful 
for tuning the semiconductor optoelectronic properties, which are important 
for, e.g. nanoscale LEDs and photodetectors. 

  

 
                                                e                                            f                      

 
Figure 1.4: (a-e) PDMS nanowire transfer method for integration of bottom 
gold mirror. [11] (a) Growth of single InAsP quantum dots embedded in InP 
nanowires on an InP substrate. (b) PDMS is spin-coated and subsequently 
cured to obtain a thin layer (~10 μm) comparable to the nanowire length. 
(c) Embedded nanowires in PDMS are removed from the InP substrate 
using tweezers and a razor blade to scrape the substrate surface. (d) An 80-
nm gold layer is evaporated at the nanowire base. The red dots in (a–d) 
indicate the quantum dots in individual nanowires. (e) Optical image of 
finished flexible device containing very bright single-photon emitters, 
which are held between two tweezers. (f) 30°-tilt scanning electron 
microscopy (SEM) image of the as grown InP p-n junction nanowires for 
solar cell fabrication in Ref 9. 

1µm 
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Due to the large surface-to-volume ratio and low material consumption, 
nanowires have a second advantage over traditional bulk material in the 
surface-dominating fields. They can be fabricated into catalysts, high-
sensitivity sensors [7], and high-efficiency solar cell [8,9] (Figure 1.4f). In Ref. 
8, millimeter-sized arrays of InP nanowires achieve solar cells with 
efficiencies of up to 13.8%. The design should be readily scalable to wafer-
sized cells and be useful for similar opto-electronic devices such as 
photodetectors, while there is still plenty of room for performance 
improvements [9,10]. In addition, the transfer of nanowires from their 
substrates into flexible polymer materials such as polydimethylsiloxane 
(PDMS), see Figure 1.4a-e, is important for the realization of flexible 
photovoltaic devices [11,12]. 

The third advantage is that semiconductor nanowires can be grown with a 
crystal structure different from that in corresponding bulk materials [13-19]. 
For materials with an indirect bandgap in bulk material, nanowire growth 
opens the possibility to change the bandgap to direct [19,20]. Figure 1.5 
shows GaP nanowires with wurtzite (WZ) crystal phase and a direct bandgap, 
while the bulk material has zincblende (ZB) crystal phase and an indirect 
bandgap. 

 
                             a                                         b                                    c 
 

Figure 1.5: (a) SEM picture of WZ GaP nanowire array with shell (tilting 
angle 70°). (b) PL spectra of a ZB GaP (red spectrum) and of WZ GaP 
nanowires (blue spectrum). (c) Time-resolved measurements showing a 
fitted lifetime for the ZB substrate and for the WZ wires, demonstrating the 
direct nature of the WZ GaP semiconductor material. [19] 

The efficient strain relaxation in thin nanowires allows the integration of 
different semiconductors [21-23], even the combination of III-V with group IV 
materials [24-27]. The nanowire heterostructures will be discussed in detail 
in Section 1.4. According to Ref. 26, combining the monolithic integration of 
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the (superior) III–V semiconductors into mature silicon technology will 
introduce clear advantages for both worlds. However, fundamental issues 
such as lattice and thermal expansion mismatch and the formation of 
antiphase domains have prevented the industrial epitaxial integration of III–V 
with group IV semiconductors. These problems could be avoided by reducing 
the contact area of the III–V crystals and by making vertical devices. In this 
sense, the crystal lattice of the III–V material will be elastically deformed near 
the interface, and due to the small dimension the strain could be 
accommodated at the nanowire surface. In addition, since per crystallite there 
will only be one nucleation site, we will not suffer from antiphase or twin 
boundaries. 

 

Figure 1.6: SEM image of position-controlled GaP nanowires grown 
epitaxially on Si (111) by laser ablation. [26] 

Furthermore, the unique one-dimensional geometry, enhancing the flexibility 
of device lay-out, is an effective test bed for physical phenomena. The 
verification of Majorana fermions, which is of particular interest for the 
realization of qubits in quantum computing, used indium antimonide (InSb) 
semiconductor nanowires for the device realization [27]. 
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Figure 1.7: SEM image of hybrid superconductor-semiconductor nanowire 
device for Majorana fermions detection in Ref. 28. 

1.3 Vapor-liquid-solid growth mechanism 

Vapor-liquid-solid method (VLS) belongs to bottom-up category and is the 
most used nanowire growth mechanism, which was first reported by R. S. 
Wagner and W. C. Ellis in 1964 [29]. In their work, Si micro-whiskers are 
grown, catalyzed by Au particles on a Si (111) wafer. The liquid droplet is a 
preferred site for deposition from the vapor, which causes the liquid to 
become supersaturated with Si. The whisker grows by continuous 
precipitation of Si from the droplet. 

In the VLS growth mechanism, a metallic seed particle, generally Au, is 
deposited on the substrate before growth, as can be seen in Figure 1.8. The Au 
particle can increase the precursor decomposition efficiency, from which a 
eutectic alloy with the growth elements is formed as a catalyst at high 
temperature. The growth species are fed into the molten catalyst particle from 
the vapor phase through the vapor-liquid interface until supersaturation is 
reached and nucleation commences at the VLS triple phase line [13]. The 
nanowire growth can subsequently occur from nucleated seeds at the liquid–
solid interface. The supersaturation is then maintained by a constant flow of 
material into the eutectic alloy. The catalyst remains liquid during growth and 
the wire diameter is mainly determined by the size of the deposited Au 
particle. Also there is vapor-solid lateral growth on nanowire sidewall during 
VLS nanowire growth, although the VLS growth is much faster and dominates. 
All the nanowires in this thesis are grown using VLS growth mode. 
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Figure 1.8: Different stages in the nanowire growth process using VLS 
mechanism: (from left to right) Au particle is deposited on substrate; The 
gold particle forms alloy at higher temperature and precursor flow; When 
the particle is supersaturated, nucleation and nanowire growth start; With 
further precursor supply, nanowire continues to grow longer; During axial 
growth, lateral growth occurs on the nanowire sidewall. 

The red frames in Figure 1.9 show the most common group III and group V 
elements used for III-V semiconductor nanowire growth with the VLS 
mechanism. By changing source materials and growth conditions during 
nanowire growth, various nanowire heterostructures can be grown. 

 

Figure 1.9: Periodic table [30]. The most common elements for VLS-grown 
III/V semiconductor nanowire are emphasized with red frames.  

Besides VLS, many other growth mechanisms have also been used to fabricate 
semiconductor nanowires such as vapor-solid-solid (VSS) [31] and solution-
liquid-solid (SLS) methods [32]. 
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1.4 Nanowire heterostructure 

Nanowire heterostructures have the distinct ability to incorporate multiple 
functions into an individual nanowire. For new advanced nanoscale devices, 
both core-shell [33,34] and axial [33,35] nanowire heterostructures have been 
developed. For nanowires using the VLS growth model, the growth of axial 
and radial heterostructures can be seen in Figure 1.10. After the first 
nanowire segment growth with precursor A, the source material is switched 
to the second precursor B. Under proper growth conditions, the precursor B 
segment can keep continuous growth in the axial (or lateral) direction, which 
introduces an axial (or a core-shell) nanowire heterojunction. By growing an 
A-B-A axial (or core-shell) heterostructure with the height (or thickness) of 
the B segment short (or thin) enough, in the quantum confinement region, size 
quantization will occur and a nanowire quantum dot (or well) can be grown 
[34,35]. 

 

Figure 1.10: Schematic of nanowire and nanowire heterostructure growth. 
(a) Nanowire synthesis through catalyst-mediated axial growth. (b, c) 
Switching of the source material results in nanowire axial heterostructures 
and superlattices. (d, e) Conformal deposition of different materials leads to 
the formation of core-shell and core-multishell radial nanowire 
heterostructures. [36]. 

Compared with core-shell, the axial heterostructure has one main advantage: 
strain relaxation for integrating materials with large lattice mismatch, 
different thermal expansion coefficient, and different crystal structure. Axial 
nanowires have been extensively used in optoelectronics [35,37,38] and 
photovoltaics [8].  But there are two major complications when the second 
material is being introduced: nanowires tend to kink on switching [39], and 
sharp interfaces are difficult to form [40,41]. 
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In 2007 K. A. Dick et al. [39] reported the investigation of the Au-assisted VLS 
growth of heterostructure nanowires composed of combinations of gallium 
arsenide (GaAs), GaP, InAs, InP, aluminum arsenide (AlAs), Si, and Ge. It is 
suggested, in this report, that for any pair of materials, it should be easier to 
form a straight wire with one interface direction (from material A to material 
B) than the other (from material B to material A), and whether it is kinked or 
straight is related to the relationship of the interface energies between the 
two materials and the particle. Additionally, the authors discussed the 
possibility of changing interface energies (for example, through the use of 
surfactants) to allow for straight double heterostructure nanowires. However, 
the model does not account for kinetics, which may in some cases allow for 
straight nanowires with two opposite heterostructure interfaces. In 2012, M. 
Hocevar et al. [27] published the straight GaP-Si nanowire axial 
heterojunction using a growth interruption, which was expected to have a 
kinked junction according to Ref. 39.  

 

Figure 1.11: (a) Cross-sectional Transmission electron microscopy (TEM) 
images of lateral GaP/GaAs nanowire [33]. (b) Schematic illustration and 
high resolution SEM cross-sectional image of a InP nanowire with a lateral 
InAs quantum well insertion [34]. (c) TEM image of a axial GaAs/GaP 
nanowire [33]. (d) TEM image of a p-n InP nanowire with an axial InAs 
quantum dot insertion [35]. (e) Twinning superlattice InP nanowire [46]. 
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From the applications point of view, the abruptness of the heterojunction 
interface under given parameters is crucial, where sharp or gradual interfaces 
will enable different functionality. The formation of a gradual interface is 
mainly attributed to the solubility of growth species in the catalyst particle, 
the so-called reservoir effect. For Si-Ge heterostructure nanowires, by 
modifying the composition and/or phase of the Au seed alloy (with the 
addition of another component), very sharp interfaces have been 
demonstrated [42,43]. For III-V nanowires, M. T. Björk et al. [44] 
demonstrated the interfaces between InAs and InP with monolayer 
abruptness using growth interruptions: At each interface, the indium source 
was switched off for 5 s, which causes the whisker growth to continue at a 
decreasing rate due to the decrease of indium supersaturation in Au particle. 
Another 5 s after the simultaneous switching between the group-V sources, 
the indium source was switched back on. The new growth starts at a very low 
growth rate and slowly increases with the increasing indium in the catalyst, 
until a steady state is restored.  In this report, the group-V material was 
expected to leave the alloy instantly upon switching off one of the sources. 
However, a group-V memory effect was found due to the release of group V 
adsorbed on the reactor’s inner part (mainly the hot susceptor) [45]. 

As mentioned above, by growing an A-B-A axial nanowire heterostructure 
with the B segment in the quantum confinement region, a nanowire with 
quantum dot insertions can be grown. Compared with traditional quantum 
dots grown on 2D substrate, nanowire quantum dots have more freedom of 
geometry design: the quantum dot diameter is determined by catalyst droplet 
diameter and the height by growth time × growth rate, both of which can be 
tuned easily over large regions. Also by growing nanowires in different crystal 
directions, it is possible to have nanowire quantum dots with different shapes, 
such as octagonal in the <100> [47] and hexagonal in the <111> direction [35]. 
Nanowires with a controlled shape, acting as photonic waveguide are 
promising for engineering light collection efficiency [11, 48-50]. An efficiency 
of 0.72, combined with pure single-photon emission has been achieved in 
2010 by Claudon, J. et al. [48]. Additionally, by applying a straining envelope 
around a nanowire, the emission wavelength of a quantum dot has been tuned 
over a wide wavelength region without deterioration of the optical quality 
[51]. All these properties make nanowire quantum dots a promising candidate 
for single-photon source applications. 

Other interesting and important axial nanowire heterostructures include axial 
p-n junctions by intentionally doping nanowires axially (Figure 1.11 d), 
twinning superlattice (Figure 1.11 e), and cystal phase quantum dots [52]. 
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Core-shell nanowire heterostructures are also important for advanced 
applications such as LEDs [53], lasers [54] and solar cells [55]. In addition, 
core-shell nanowires enable passivation of interface states thereby improving 
the overall performance of the resultant semiconductor devices. One of the 
important applications of core-shell nanowire heterostructures is crystal 
structure transfer from the core to the shell materials. In Ref.18, a designed 
twinning superlattice with the ZB crystal structure or the WZ crystal structure 
is transferred from a GaP core wire to an epitaxially grown Si shell, which 
shows the possibility of making direct optical transitions for normally indirect 
materials such as Ge and Si. [20,56] 

1.5 Nanowire growth directions and defects 

According to the reports, most III-V semiconductor nanowires reported are 
grown in the direction perpendicular to that of the close-packed planes in the 
crystal structure, i.e. in the <111> direction for ZB or the <0001> direction for 
WZ (both will be referred to as <111> direction in the rest of this thesis). The 
nanowire atomic layers are arranged in hcp (hexagonal closed packed) planes 
with alternating sub-layers consisting of group III and V elements. These 
layers can be stacked in different ways. For instance, Figure 1.12 (a) and (b) 
show a configuration in the sequence …ABABAB…, resulting in the hexagonal 
WZ structure (space group P63mc), while Figure (c) and (d) show a stacking 
sequence of the type... ABCABCABC…, resulting in the cubic ZB crystal 
structure (space group F-43m). The indices of the stacking planes are {0001} 
for the hexagonal and {111} for the cubic structures. 

In the <111> direction, the nanowires commonly have planar stacking faults 
(SFs), leading to a faulted crystal or even a mixture of ZB/WZ crystal 
structures: A twin plane in a ZB (stacking fault in a WZ) nanowire can be 
considered as a monolayer of the WZ (ZB) phase. Although SFs have been 
found to contribute to many phenomena [18,46,52], they could significantly 
affect the electronic and optical properties [56,58-63] of nanowires. 
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Figure 1.12: Two main types of crystal structures in the III-V nanowires. 
Unit cells for (a) hexagonal wurtzite structure (c) cubic zincblende 
structure, and (b) and (d) their corresponding crystalline layer stacks, 
respectively. [57] 

SFs act as very efficient charge traps, trapping the charge along the axis of the 
wire but allowing it to move perpendicular to the wire axis. For example, by 
performing micro-PL with high excitation power and high resolution TEM on 
the same single nanowire, Bao J. et al. observed a different PL behavior for InP 
nanowires with SFs compared with single crystal ZB InP nanowires. Their 
observations were qualitatively explained based on the staggered band 
alignment between ZB- and WZ-InP (Figure 1.13 a). It is also reported that, for 
nanowire quantum dots, the presence of SFs in close proximity to the dot 
results in significant broadening of the emission lines [11, 50]. People have 
also shown that the crystal structure dominates the electron transport in 
polytypic InP nanowires even at room temperature [62]. 

 



 

15 
 

  
                                                   a                                                b                    

 
Figure 1.13: (a) Band alignment between ZB and WZ InP. [58] (b) Low- and 
high resolution TEM of an InP nanowire and the corresponding schematic 
conduction band, indicating bound states Ei and the Fermi level Ef. [62] 

Many methods have been reported for nanowire growth without SFs. By the 
addition of sulfur as dopant, n-type pure WZ InP nanowires have been grown 
[64], while doping with zinc results in ZB InP with twinning superlattice [46]. 
However, the optical and electronic properties of nanowires are changed by 
doping. With decreasing nanowire diameter, the WZ crystal phase becomes 
preferable, and intrinsic WZ GaAs and InAs nanowires have been fabricated, 
catalyzed by Au particles with diameters as small as 10 nm [15]. By growing a 
shell using the core materials, it is possible to grow nanowires with normal 
diameter and pure crystal phase. In 2010, Jagadish’s group reported that both 
pure ZB and WZ InAs nanowires, of arbitrary diameter, can be achieved 
simply by tailoring basic growth parameters (temperature and V/III ratio) 
[16]. Pure ZB nanowires, free of twin defects, were achieved using a low 
growth temperature coupled with a high V/III ratio. Conversely, a high growth 
temperature coupled with a low V/III ratio produced pure WZ nanowires free 
of SFs. This method has been used for different materials by different groups, 
however, for some materials such as InP, full control over nanowire crystal 
phase is still challenging. 

Nanowire growth in the <100> direction is of particular interest since such 
wires are inherently free from SFs and represent an ideal ZB single crystal. In 
the last decade, nanowires of both InP and InAs have been grown in the <100> 
crystal direction [44,47,65,66]. All these <100> nanowires are defect-free and 
adopt a pure ZB crystal structure contrary to the standard ZB/WZ mixed 
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structures observed for most of the <111>B nanowires. The growth of <100> 
nanowires on (100) substrate will be described in detail in this thesis. 

Besides <111>B and <100> growth directions, the other low-index crystal 
directions have been occasionally reported. GaAs nanowires with <110> 
direction gown on (100) substrates have been observed by different groups 
using molecular-beam epitaxy (MBE) [67,68] and metal-organic vapor phase 
epitaxy (MOVPE) [69,70]. In selective-area MOVPE, it has been found that 
<111>A, instead of <111>B, is the preferred growth direction of InP nanowire 
[71]. The same group recently found that the growth direction of InP 
nanowires on InP (111)B changes from <111>A to <111>B with increasing 
diethylzinc (DEZn) dopant [72]. <111>A InP nanowire on InP (001) substrates 
and <111>A GaAs NW on GaAs<111>A substrates have also been reported by 
Poole et al in 2003 by chemical beam epitaxy (CBE) [73] and Wacaser et al in 
2006 by MOVPE [74], respectively. For the <211> growth direction, people 
have succeeded growing with GaAs [75] and InAs [66,76]. 

1.6 Scope of this thesis 

The scope of this thesis concerns the growth direction control of <100> InP 
nanowires. 

Chapter 2 describes the experimental methods. The first 3 sections in this 
chapter are devoted to the catalyst deposition and wafer preparation before 
the nanowire growth. Section 2.4 is the equipments used for nanowire growth 
and the last 3 sections are about the methods for the characterizations of 
nanowire samples. 

In chapter 3, a kinetic nucleation model of VLS method growth is introduced, 
which is used in chapter 6 to explain the reversible switching of InP nanowire 
growth direction. 

The following two chapters are related to the growth of vertical <100> InP 
nanowire arrays with high yield on the InP (100) substrate. Chapter 4 
discusses the yield control by changing basic growth parameters and chapter 
5 by catalyst engineering. In chapter 5, the key factor to achieve high yield is 
discussed. 

In chapter 6, the catalyst engineering is used to realize the reversible 
switching of nanowire growth direction in a single InP nanowire. The 
preferred growth direction is determined theoretically by calculating the 
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critical nucleation energy using the kinetic nucleation model in chapter 3. The 
simulation results agree well with that of the experiments. 

Finally, chapter 7 demonstrates the impurity doping of <100> InP nanowires. 
The influences of n- and p-type dopants on the vertical yield are studied and 
the possible mechanisms are discussed. The realization of single-crystalline 
nanowire axial p-n junctions opens the way to fabricate nanowire devices, e.g. 
nanowire light-emitting diode. 
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Chapter 2 

 

Experimental methods 

 

In this chapter the author discusses the methods and techniques used 
throughout his research to grow, process and characterize all investigated 
samples. Additionally, he discusses the current status of using these 
techniques on nanowire research, as well as possible problems arising when 
using the introduced techniques. 

2.1 Electron beam lithography 

In this thesis, electron-beam lithography (EBL) is used to position nanowires: 
As can be seen in Figure 2.1, first, EBL is used to define patterns with ordered 
arrays on the substrates. Then after gold deposition and lift-off, the resulting 
gold droplets have a cylindrical shape with diameters ranging from 25 to 100 
nm and a height of 8 nm. Arrays of 25 × 25 droplets with pitches ranging from 
200 nm to 5 μm are fabricated. Prior to the loading into the growth reactor a 
piranha etch is performed to remove resist residues. This substrate 
preparation ensures well-controlled local reaction conditions and accurate 
statistics for determining the growth mechanisms [1,2]. A detailed description 
of the EBL patterning steps is in Table 2.1. 
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Figure 2.1: EBL, gold deposition and lift off procedures used in this thesis 
for nanowire growth: (a) clean surface to remove oxide layer; (b) deposit 
PMMA as the resist; (c) exposure to a beam of emitted electrons in a 
patterned fashion; (d) remove the exposed regions of the resist; (e) 
evaporate a thin gold layer; (f) remove the resist and leave only the gold 
particles; (g) grow nanowires using the gold particles as catalysts in a 
growth reactor. 

Comparing with traditional photolithography, the primary advantage of EBL is 
that it is one of the ways to beat the diffraction limit of light to make features 
in the nanometer regime. The key limitation of EBL is the very long time it 
takes to expose an entire substrate. A long exposure time leaves the user 
vulnerable to beam drift or instability that may occur during the exposure.  

The beam diameter reaching the resist surface is normally around 2 nm and 
the exposure resolution depends mainly on the forward scattering of 
electrons: 

              
                                                  

where    is the effective beam diameter in nanometers,    the resist thickness 

in nanometers and    the beam voltage in kilovolts [3]. 

EBL has found wide usage in photo mask-making used in photolithography, 
low-volume production of semiconductor components, and research & 
development. 

 

 

http://en.wikipedia.org/wiki/Electron
http://en.wikipedia.org/wiki/Diffraction_limit
http://en.wikipedia.org/wiki/Nanometer
http://en.wikipedia.org/wiki/Photomask
http://en.wikipedia.org/wiki/Photolithography
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Table 2.1: Operating instructions of EBL patterning gold nanoparticles for 
nanowire growth. 

Steps Operation 
Surface cleaning Fuming HNO3 acid cleaning for 2 min; Rinse 

with DI (distilled) water for 2 min; Dry with 
N2 gun. 

Resist 
deposition 

Spin PMMA 950K-2% at 5500 rpm; Bake at 
175 °C for 20 min. 

Pattern e-beam lithography with defined pattern. 
Development Developing with IPA (Isopropyl alcohol) + 

MIBK (methyl isobutyl ketone) in a 3:1 ratio; 
Rinse in IPA for 90 s; Dry with N2 gun; O2 
plasma etching for 15 s; HF (87.5%, VLSI) for 
7s; Rinse with DI water for 2 min; Dry with 
N2 gun. 

Evaporation Evaporate 8 nm-thickness gold. 
Lift-off Lift off with heated bath PRS 3000 (positive 

resist stripper) at 70 °C for 15 min and 
stirring; Sonification in Acetone in a 
sonicator for 15 min; Rinse in IPA for 90 s; 
Dry with N2 gun. 

 

2.2 Nanoimprint lithography 

Nanoimprint lithography (also called substrate conformal imprint lithography) 
is a simple nanolithography process creating patterns by mechanical 
deformation of imprint resist using stamps and subsequent processes. It is in 
many respects capable of producing results comparable to those of EBL, but at 
a considerably lower cost and with a much higher throughput. Nanoimprint 
can print a whole wafer with patterns in (tens of) nanometer scale at once and 
thus is a promising lithography process if nanowire technology is to reach 
commercial applications. 

The use of nanoimprint lithography to define arrays of nanowires was first 
reported by Mårtensson T. et al. in 2004 [4]. In this report, vertical indium 
phosphide (InP) nanowires are grown in a vapor-liquid-solid (VLS) growth 
model catalyzed by gold nanoparticles, which are patterned by nanoimprint. 
The growth of nanoimprint-patterned nanowires is very much the same as for 
that of EBL-patterned ones. In 2010, Pierret A. et al. showed that the 
preparation of the samples before growth with piranha solution in 
combination with a thermal anneal is a significant step to obtain perfect 
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arrays [5]. And now, nanoimprint technique has been used to realize large-
scale nanowire devices, such as nanowire solar cells [6,7]. 

In this thesis, nanoimprint has been demonstrated to enable nanowire 
position control at the wafer level. The flexible patterned nanoimprint stamp 
with protruding pillars is made from polydimethylsiloxane (PDMS) molded 
from a silicon master pattern which contains arrays of holes and is fabricated 
using EBL [8,9]. The developed nano-imprint and lift-off process used in this 
thesis are described in details in the next paragraph. 

 

Figure 2.2: Schematic of nanoimprint procedures used in this thesis for 
nanowire growth. 

To pattern a 2-inch InP wafer, the wafer needs to be treated with O2 plasma 
for 10 min under 300 W to remove particle contaminations before a PDMS 
deposition. This will produce 3–5 nm thin oxide layer on the InP surface, 
which is subsequently removed by 10% H3PO4 etchant for 5 min. After that 
300 nm (thinner layer needed for smaller nanowire diameters) low-
molecular-weight PMMA (Poly-methyl methacrylate, 35 k) is applied by spin 
coating on the substrate followed with a baking on a hotplate at 150 °C for 15 
minutes. Then O2 plasma of 3 s is used to modify the surface for a better 
hydrophilic property. Next, a precise amount of silica based sol-gel imprint 
resist (TMOS-MTMS) is applied by spin coating over the PMMA layer [10]. 
Within 1 minute after the spin coat process the stamp is applied in the still 
liquid sol-gel resist. As shown in Figure 2.2a, the features in the stamp are 
filled by capillary forces with the sol-gel resist. The sol-gel reacts to form solid 
silica glass in 2 hours, where residual solvents and reaction products (alcohols 
and water) are absorbed in the PDMS rubber. Then the PDMS stamp is 
carefully removed from the patterned silica layer by peeling. In this way the 
full wafer area is patterned with an array of holes with a diameter of around 
100 nm and depth 40 nm, see Figure 2.2b. The ~20 nm thick remaining 
residual sol-gel layer between the bottom of the features and the PMMA layer 
is removed by a CHF3 based reactive ion etch (RIE) for 50 s. Over the etching 
of the sol-gel residual, the structure diameters will be increased. Then an 
oxygen RIE is used to transfer the pattern of the sol-gel layer into the 
underlying PMMA layer. The oxygen etch stops as the III-V material is reached 
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and a short over etch is applied in order to remove any residual PMMA, which 
makes larger diameter in the bottom PMMA layer compared to the top sol-gel 
layer. A 2 min etch in a 10% H3PO4 solution removes the formed indium oxide, 
after which an 8 nm gold layer is deposited onto the patterned sol-gel/PMMA 
pattern by evaporation, as shown in Figure 2.2c. Variation of the gold layer 
thickness can produce nanowires with different diameters using the same 
nanoimprint stamp. The lift-off process is performed with acetone: the wafer 
with pattern is kept up-side-down just above the surface of acetone for 30 min 
to make the acetone gas diffuse into PMMA layer, and then the wafer is dipped 
in acetone for 10 min. Acetone dissolves the PMMA layer and releases the 
silica and gold layer which are suspended by PMMA. These steps remove Au 
layer residual and leave precisely placed gold dots with controlled diameters 
and thickness on the wafer, as shown in Fig 2.2 d. Finally, the wafer is dried by 
spinning. 

2.3 Chemical cleaning procedure 

2.3.1 Piranha solution cleaning before growth 

Normally, prior to the loading of wafers into the nanowire growth reactor, a 
chemical etch, e.g. piranha etch, is performed to remove resist residues and 
oxide layer. Piranha is a mixture of sulfuric acid (H2SO4) and hydrogen 
peroxide (H2O2), used to clean organic residues off substrates. Because the 
mixture is a strong oxidizing agent, it will remove most organic matter, and it 
will also hydroxylate most surfaces (add OH groups), making them highly 
hydrophilic. 

For the piranha solution cleaning before growth, a typical mixture of distilled 
water: concentrated H2SO4 (95-98%, MERCK): 30% H2O2 solution (5:1:1) is 
used.  For the preparation, the concentrated H2SO4 is poured into a solution of 
H2O2 solution and distilled water with stirring, and then the new mixture 
(piranha solution) is placed at room temperature (RT) for around 20 min to 
cool down. For the cleaning procedures, the wafer is first dipped into a 
concentrated H2SO4, then into the piranha solution and finally into the 
concentrated H2SO4 again before rinsed with distilled water. The dipping 
times are 10 s, 30 s, and 10 s (5 s, 45 s, and 5 s) respectively for EBL 
(nanoimprint lithography)-patterned InP wafers. 
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2.3.2 Bromine water cleaning before growth 

Bromine water is a highly oxidizing intense yellow mixture containing 
diatomic bromine Br2 at 2.8% dissolved in H2O. In this thesis, for nanowire 
growth using gold colloid particles, the InP substrates are cleaned by bromine 
water to remove the indium oxide layer before gold particle deposition, which 
makes the gold catalysts in direct contact with the substrate surface. 

2.3.3 in situ HCl etching 

In 2010, Borgström M. T. et al. [11] reported a method using in situ etching by 
HCl, instead of tuning growth temperature and V/III ratio during InP 
nanowire growth to prevent tapering (see Figure 2.3). It is shown that the 
competitive radial growth of InP NWs can be fully impeded by the hydrogen 
chloride (HCl) etching, independent of other growth parameters. The 
explanation indicated by the same group is that the indium species 
physisorbed on the side facets being more easily chlorinated and removed, as 
compared to chemisorbed indium situated within the core of the nanowire 
formed during axial growth [12]. It is also reported in the paper that the in situ 
etching can increase the wurtzite fraction and improve crystal quality [11]. 

 

Figure 2.3: 45°-tilted scanning electron microscopy images of in situ etched 
InP nanowires grown at 450 °C using a low-pressure (100 mbar) 
metalorganic vapor phase epitaxy system with increasing amounts of HCl 
in the gas phase. The scale bars represent 1 µm. The insets are schematic 
illustrations of a hypothetical axially defined nanowire component with 
device functionality sensitive to tapering. [11] 

This method allows the nanowire quality, such as the crystal structure, to be 
improved by optimizing growth parameters without compromising to the 
optimal morphologic design. It leads to new opportunities to fabricate perfect 
nanowire-based devices, such as grow nanowire axial heterostructures. 
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The author found that the HCl etching works for phosphide based materials, 
but for nanowires composed with other group-V based materials, such as 
indium arsenide (InAs), the etching effect does not occur. 

2.3.4 Piranha solution cleaning after growth 

People recently observed strong unintentional carbon incorporation in a very 
thin layer at the nanowire sidewall during nanowire growth, even with in situ 
HCl etching [13]. In addition, peculiar irregularities are observed on the {111} 
facets of p-InP nanowires [14]. These irregularities are caused by the presence 
of sets of stacking faults (SFs) and are thus expected to be strong trapping 
centers for minority carriers. A postgrowth etching step, to further clean the 
nanowire sidewall for fabricating nanowire devices with excellent 
performance, is thus highly required. 

For etching with a piranha solution after growth, a typical mixture of distilled 
water: concentrated H2SO4 (95-98%, MERCK): 30% H2O2 solution (3:1:1) is 
used in this thesis. The etching rate for InP nanowires depends on the dopant 
types which generate different crystal structures (0.3-0.4 nm/s for sulfur-
doped InP nanowires and 0.5-0.6 nm/s for zinc-doped ones). 

In Ref. [7], a high-efficiency axial InP nanowire array solar cell is 
demonstrated by improving the surface quality of the nanowire with piranha 
solution postgrowth sidewall etching. By the sidewall etching, people succeed 
in the removing of (i) short-circuit current paths along the nanowire sidewall, 
(ii) the radially grown part of the nanowires containing sets of SFs, and (iii) 
carbon that is unintentionally incorporated in the radially grown nanowire 
volume. 

2.4 Metalorganic vapor phase epitaxy 

Metalorganic vapor phase epitaxy (MOVPE), also known as organometallic 
vapor phase epitaxy (OMVPE) or metalorganic chemical vapor deposition 
(MOCVD) is a highly-complex deposition method using chemical vapors to 
grow materials on substrates, where the grown material is in registry with the 
substrate. It has become a major process in the manufacturing of 
optoelectronics. 
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Figure 2.4: Schematic of MOCVD reactor components [15]. 

As shown in Figure 2.4, there are two different types of precursors in the 
MOVPE: the hydrides and the metalorganics. For the metalorganics, a carrier 
gas, usually hydrogen (nitrogen for nitride materials), is used to transport 
these precursors from the bubblers into the reactor. The amount of 
metalorganic vapor transported depends on the rate of carrier gas flow and 
the bubbler temperature. The growth occurs in the reactor, where the 
substrate is placed on a susceptor which is at a controlled temperature. The 
heated metalorganic and hydride precursor molecules pyrolyse and leave the 
required atoms on the substrate surface. The diffusion of atoms on the 
substrate surface is affected by the roughness of the surface. Finally the atoms 
bond to the substrate surface and a new crystalline layer is epitaxially grown. 

In these steps, two basic growth parameters are of great importance: growth 
temperature and V/III ratio. High-enough temperature is required for 
precursor pyrolysis, and the required pyrolysis temperature increases with 
increasing chemical bond strength of the precursor (Figure 2.5). So if the 
temperature is too low, the precursors will not decompose efficiently, which 
leaves incorporated impurities in the grown materials. As a consequence the 
carrier mobility and optical properties become worse. For example, InAs 
epitaxial layers grown by MOVPE have been studied as a function of the 
growth temperature [17]. It is shown that the PL spectra depend strongly on 
the growth temperature: the integrated PL intensity decreases by about two 
orders of magnitude as the growth temperature decreases by 150 °C (from 
500 to 350 °C). This is attributed to the increasing (n-type) impurity carbon 
concentration. On the contrary, if the temperature is too high, the substrate 
material will decompose, creating defects close to the surface. For III-V 
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compounds growth, when the V/III ratio is higher, the group III-atoms will 
have lower surface mobility for structure formation. When the V/III ratio is 
too low, the surface will decompose, and the group V element will evaporate, 
at normal growth temperature and the material will have group V vacancies. 
The pressure of the reactor is also an important consideration, since it 
determines the concentration of the source material in the reaction and thus 
the deposition rate. A full control of all the basic parameters is of great 
importance for the growth of nanowires with good quality [18]. 

 

Figure 2.5: Decomposition versus temperature for (a) phosphine (PH3) and 
(b) tri-methyl-Indium (TMIn). The different curves represent process 
conditions that apply for different reactor dimensions and background 
pressures, such as H2, N2 or D2. [16] 

A reactor is a chamber made of a material that is resistant to the chemicals 
used and enables to withstand high temperatures. There are typically two 
categories of MOVPE reactors: horizontal reactors and vertical (shower head) 
reactors. 

As can be seen in Figure 2.6a, in a horizontal MOVPE, the process gases enter 
from one end of the liner and flow parallel to the substrate wafer. According to 
the way of heating, the horizontal reactors can be roughly separated into cold-
wall reactors and hot-wall reactors. In a cold-wall reactor, only the susceptor 
is heated, so gases rarely react before they reach the hot susceptor surface. 
The susceptor is made of a radiation-absorbing material such as graphite. The 
walls of the reaction chamber in a cold-wall reactor are typically made of 
quartz which is largely transparent to the electromagnetic radiation. The 
reaction chamber walls remain cooler than the susceptor and the substrate. In 
hot-wall MOVPE, the entire chamber is heated. This may be necessary for 
some gases to be pre-cracked before reaching the substrate surface. For the 
shower head reactor, in Figure 2.6b, the gases are introduced into the reactor 
over the entire substrate surface via the water-cooled shower head surface 
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and enter perpendicular to substrate. Accordingly, the distance between the 
shower head and the substrates is very small. The gas inlet is designed in such 
a manner that the group III and group V gases are separated by means of 
many small tubes until entering the reactor. The substrates lie on a rotating 
susceptor heated by a resistive heater. Separate heating zones enable the 
temperature profile to be adjusted in such a manner that the susceptor always 
has a uniform temperature over its entire surface. 

 
                                          a                                                               b                    

 
Figure 2.6: (a) Horizontal [19] and (b) vertical (shower head) MOPVE 
reactor geometry. Top: the actual reactor (green arrows indicate precursor 
flow directions). Bottom: the schematic representation of the reactor 
geometry. 
 

Compared with the horizontal designs, the shower head reactors have their 
advantages. In the horizontal reactor the precursors first meet the hot 
susceptor before the substrate, which introduces material deposition on the 
susceptor. The release of deposited material may cause memory effects to the 
following growths. In contrast, the shower head reactor does not have hot 
parts upstream, so the growth using shower head will suffer less from 
memory effects. Also due to the small distance between the shower head and 
the substrates, fast gas switching is achieved. Both traits make the shower 
head a promising candidate for heterostructure growth with sharp interface. 
Furthermore, the gases are introduced into the reactor through separate 
openings in the shower head to achieve an even distribution of process gases, 
which introduces improved uniformity across the entire substrate. 
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In this thesis, two precursors are used for InP nanowire growth: phosphine 
(PH3) and tri-methyl-Indium (TMIn). At the nanowire growth temperature 
used (380 - 480 °C), TMI is considered to be completely decomposed while the 
percent decomposition of PH3 increase significantly with increasing 
temperature, as can be seen in Figure 2.5. In order to study the effect of 
temperature on nanowire growth, the amount of PH3 needs to be changed to 
keep the effective V/III ratio constant. In chapter 4, the samples are grown 
using a horizontal MOVPE reactor, while the samples described in chapter 5-7 
are grown using a shower head one. 

Molecular beam epitaxy (MBE) is another material deposition method which 
has also been widely used in the manufacturing of semiconductor devices. In 
contrast to MOVPE, the growth of crystals in MBE is by physical deposition 
instead of chemical reaction. The growth takes place in a high-vacuum (as low 
as 10−10 Torr) instead of at moderate pressures (10-760 Torr). A comparison 
between MBE and MOVPE is shown in Table 2.2. 

Table 2.2: Comparison of MOVPE and MBE. [20] 
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2.5 Scanning electron microscopy  

Scanning electron microscopy (SEM) is a microscopy technique whereby a 
sample is investigated through interactions between a sample surface and a 
focused beam of electrons in a raster scan pattern. The electrons interact with 
the sample and produce signals that contain information about the sample's 
surface topography, composition and other properties such as electrical 
conductivity. In this thesis work, SEM is used to study the nanowire 
morphologies. 

In a typical SEM, as can be seen in the schematic (Figure 2.7), a beam of 
electrons is emitted from an electron gun through thermionic (or field) 
emission and accelerated. Tungsten is normally used as the filament cathode 
in thermionic electron guns, because it has the highest melting point and 
lowest vapor pressure of all metals. Nowadays, standard SEMs can vary their 
accelerating voltage between 1-30 kV, and more advanced ones can go down 
to 100 V. The electron beam is then focused by electromagnetic lenses into a 
very narrow beam and passes through deflection coils, which deflect the beam 
in the x and y axes so that it can scan in a raster fashion over a rectangular 
area of the sample surface. When the electron beam interacts with the sample, 
it begins to broaden because of strong elastic scattering effects. 
Simultaneously, inelastic interactions cause an energy loss of the electrons. If 
the sample is very thick, the energy will completely be transferred to the 
sample. The overall result is a pear-shaped interaction volume, which extends 
from less than 100 nm to around 5 µm into the surface. The penetration depth 
depends on the electron energy, the atomic number of the specimen and the 
specimen's density. The energy exchange between the electron beam and the 
sample can result in the emission of back-scattered electrons, secondary 
electrons, Auger electrons and electromagnetic radiation, each of which can be 
detected by specialized detectors. Each kind of electrons provides different 
information from the specimen. For example, the back-scattered electrons are 
utilized to differentiate parts with different average atomic number; the 
secondary electrons are very sensitive to surface topography; the Auger 
electrons of various energies can be used for a chemical analysis of the 
specimen surface. A SEM image can thus reveal details of a surface as small as 
a few nanometers and up to a few millimeters, with the highest spatial 
resolution typically 1 – 20 nm depending on the individual instrument. 
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Figure 2.7: Schematic of an SEM [21]. 

In this thesis, an accelerating voltage of 2-10 kV is mostly used for nanowire 
morphology measurements in accordance with specific conditions, and the 
generated secondary electrons are detected by an in-lens detector for imaging. 
Since nanowires have a relatively large surface-to-volume ratio, the energy 
transferred from the electron beam may create changes to nanowire atomic 
structure. It has been reported that some nanowires become optically inactive 
after multiple electron beam scans [22]. 

2.6 Transmission electron microscopy 

Transmission electron microscopy (TEM), which is an important analysis 
method in a range of scientific fields, is a type of electron microscopy 
investigating an ultra-thin specimen using a beam of electrons interacting 
with the specimen as it passes through. 
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Figure 2.8: Ray diagram for a TEM in image mode [23]. 

As can be seen in Figure 2.8, for conventional TEM, an electron gun at the top 
emits electrons that travel through vacuum in the column of the microscope. 
As for SEM, electromagnetic lenses are used to focus the electron beam. The 
electron beam then travels through the specimen with some of the electrons 
scattered. An objective aperture is inserted in the back focal plane to select the 
transmitted beam: bright-field images are formed, if the small objective 
aperture is used to select only the directly transmitted beam of electrons; 
dark-field images are formed, if the objective aperture is used to select 
electrons that have been scattered by the sample and avoid the main beam. At 
the bottom of the microscope the transmitted electrons are expanded onto an 
imaging device which gives rise to an image. 
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TEM has been widely used in nanowire studies, such as characterizing the 
nanowire morphology, side facets, composition, crystal phase, dislocations, 
defects, heterostructure interface and strain distribution. In this thesis, both 
bright field and dark field are used for nanowire morphology, crystal structure 
and SFs investigations. For an individual measurement, the choice of mode 
depends on specific conditions. According to literature, a combination of TEM 
and photoluminescence (PL) measurements on a single nanowire enables the 
direct correlation between the structural quality and optical properties of 
nanowires. [22,24] Also, in-situ TEM is of great importance in understanding 
nanowire growth mechanisms. [25-28] In addition, people have used a TEM 
tomography technique to reveal the three-dimensional morphology of 
heterostructured nanowires. [29] 

In this thesis, besides conventional bright/dark field TEM measurements, 
some other specialized modes of TEM are of great importance in nanowire 
analysis: 

 High-resolution TEM (HRTEM), belonging to phase-contrast imaging, is 
a powerful tool to study properties of materials on the atomic scale. It 
has the highest point resolution around 0.050 nm. In HRTEM imaging, a 
large diameter objective aperture is used to select a large area in the 
back-focal plane (i.e. a large range of frequencies) to form an image 
containing lattice fringes that can reveal information about the atomic 
structure of the sample. The lattice fringes are not direct images of the 
atomic structure but can give information on the lattice spacing and 
atomic structure of the crystal. For nanowire research, it provides 
detailed information on crystal phase identification, and 
heterostructure interface in atomic level. 

 A scanning TEM (STEM) makes the electron beam focused into a narrow 
spot and scan over a sample in a raster with a scanning coil. The 
detector can be the same as the one in conventional TEM which detects 
only the transmitted beam (bright field STEM) or a diffracted beam 
(dark field STEM), or can be an annular dark field (ADF) detector, i.e. a 
ring-shaped detector, which detects all electrons that are diffracted in a 
tunable range of scattering angles.  High-angle annular dark-field 
imaging (HAADF) is formed by collecting high-angle scattered electrons 
with an annular dark-field detector in STEM instruments (Figure 2.9). 
The contrast of HAADF images is strongly dependent on the average 
atomic number of atoms in the sample but not strongly affected by 
dynamical diffraction effects, defocus and sample thickness variations. A 
combination of STEM and HAADF has been used in this thesis for 
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nanowire heterostructure analysis. The resolution of the image is 
primarily limited by the spot size, but can in addition be reduced for 
increasing sample thickness. For probe-corrected TEMs (such as the FEI 
Titan and the JEOL ARM TEMs), the resolution in STEM images is 
comparable to that in TEM images.  A major advantage of HR-STEM 
imaging over HRTEM imaging is the more direct visualization of the 
atomic arrangement: In a HR-STEM image with atomic resolution, the 
bright dots represent the positions of the atomic columns, whereas in 
HRTEM imaging, the pattern of dots is the representation of the exit 
wave function, where the pattern can change in contrast as a function of 
e.g. sample thickness and de-focus. 

 

Figure 2.9: Schematic of the STEM showing the geometry of the annular 
dark-field detector, and the bright-field detector. [30] 

2.7 Micro-photoluminescence spectroscopy 

In order to study the PL of individual nanowires a high spatial resolution of 
the optical setup is required. In micro-PL (µ-PL) spectroscopy a microscope 
objective with high numerical aperture (NA) is used for collecting the emitted 
photons. Figure 2.10 shows the setup for µ-PL spectroscopy in this thesis. The 
sample is mounted in a helium-flow cryostat under high vacuum (< 10-5 mbar), 
allowing the measurement temperature to be kept between 4 K and RT. The 
sample is excited by a continuous-wave Fabry-Perot laser operating at 635 nm 
with a power of 2.5 mW. In order to decrease the excitation power density, 
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optional neutral density (ND) filters are introduced in the excitation path, 
resulting an excitation power of 1~104 W/cm2 on the measured sample. The 
laser is focused by a microscope objective (100×, NA = 0.7) to a spot size of ~ 
1 μm in diameter. Depending on the magnification of the mounted objective, 
as well as defocusing of the laser spot the setup could be used for both macro 
and µ-PL measurements. An external illuminator (halogen lamp) is used for 
imaging on the camera. By precisely adjusting the XYZ stage a clear image of 
the sample together with the focused laser spot is observed by the camera. 
The PL is collected by the same objective lens, and then is detected by a Si 
charge coupled device (CCD) detector. The detector is electrically cooled to      
-70 °C during measurement.  

 

Figure 2.10: Schematic drawing of the micro-PL setup. 
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Chapter 3 

 

Kinetic nucleation model of VLS growth 

 

In this chapter, the author briefly introduces a nucleation-based model 
developed by Glas et al. to explain the formation of the wurtzite (WZ) phase 
during the catalyzed growth of nanowires of semiconductors which normally 
have the zincblende (ZB) crystal structure. Adapting this kinetic nucleation 
model to the present situation, the equations for calculating the Gibbs free 
energies of nucleation for both <111> and <100> nanowire growth directions 
have been obtained, which can be used to calculate which nanowire growth 
direction is actually favored for certain ranges of the relevant growth 
conditions.  

3.1 Introduction 

To understand the complicated nanowire vapor-liquid-solid (VLS) growth 
mechanism, different models have been proposed. The model for the 
nucleation kinetics of VLS nanowire growth, for which Glas et al. [1] have put 
forward a basic description in 2007, has been one of the most promising 
descriptions of nanowire growth and has been used successfully in several 
quantitative nanowire growth models [1-6]. 

The model considers specifically the competition between different crystal 
structures (viz. WZ vs. ZB) but identical growth direction (viz.      ) and side 
facet orientation (viz.       ). In that case, where the relevant conditions after 
completion of a monolayer are always the same, each new monolayer can be 
of either crystal structure, depending upon the structure of the first nucleus of 
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critical size that happens to be formed, and the normalized probability Pi that 
this is crystal structure i can be expressed as 

   
     

   
 

 B 
 

      
   

 

 B 
  

                                                                              

where    
  is the formation energy, i.e. the Gibbs free energy, of the critical 

nucleus. Characteristically, every nanowire will have the same predominant 
crystal structure corresponding to the smallest formation energy, but will 
show (unless     

     
      ) an appreciable stacking fault density 

determined statistically.  

3.2 The nucleation kinetics of layer-by-layer VLS growth 

 

Figure 3.1: Transmission electron microscopy (TEM) image of a short GaAs 
nanowire with high resolution close-up of the transition zone between ZB 
and WZ phases. [1] 

The original aim of the model is to search the reason for the surprising 
prevalence of the WZ phase in III-V nanowire growth, since in bulk these 
materials always crystallize in the ZB phase. As can be seen in Figure 3.1 taken 
from the Glas paper [1], a GaAs nanowire is grown on GaAs (111) substrate by 
molecular beam epitaxy (MBE). The nanowire is initially pure ZB with tilted 
lateral facets. Growth then switches abruptly to WZ stacking with vertical 
facets. It is found that when the Ga flux is switched off while As flux is 
maintained, during which the supersaturation decreases in the droplet, a 
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section of nanowire with ZB crystal phase is grown. The results support one of 
the important conclusions in this paper: ZB systematically forms when the 
supersaturation is less than some critical value and, conversely, WZ formation 
requires a high supersaturation. 

The ZB/WZ layer begins with a ZB/WZ nucleus, which quickly spreads to a 
whole monolayer with the same crystal phase after its formation. The 
probabilities of forming of ZB/WZ nuclei from the liquid phase are determined 
by their formation energies [(Eq. (3.1)].The nucleus is assumed as a solid 
epitaxial 2D island entirely surrounded by the liquid along its lateral side, and 
the formation involves a change of free enthalpy: 

             L     NL   SL   SN                               , 

where A is the upper surface area of the nucleus, h its height (one monolayer 
of III-V pairs),    the the difference of chemical potential for III–V pairs 
between liquid and solid phases per unit volume, P the perimeter length,   L 
the energy per unit area of the lateral interface between nucleus and liquid 
and   NL,  SL, and  SN, respectively, the energies per unit area of the upper 
nucleus-liquid interfaces, substrate-nucleus and substrate-liquid, see Figure 
3.2a.  

 

Figure 3.2: (a) Nucleus at the nanowire-liquid interface, with interfaces of 
interest. (b) Transferring the nucleus to the triple phase line eliminates and 
creates interfacial areas, indicated by thick lines in, respectively, (a) and (b). 
[1]. A is the upper surface area of the nucleus, h its height, β the contact 
angle between the catalyst droplet and nanowire during growth, lL the 
lateral interface between nucleus and liquid and NL, SL, LV, lV and SN, 
respectively, the upper nucleus-liquid, substrate-liquid, liquid-vapor, 
nucleus-vapor and substrate-nucleus interfaces. 
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For nucleations away from the edge of the solid-liquid interface, Eq. (3.1) 
always meets            > 0, which means that the crystal phase should 
always be ZB. Since the WZ phase has been observed in many different 
nanowire materials systems, nucleation must occur at the edge of the solid-
liquid interface [the vapor-liquid-solid triple phase line (TPL)], rather than 
elsewhere in this interface, which is the other important conclusion in this 
paper. 

Besides explaining the occurrence of the WZ phase in nanowires of normally 
ZB semiconductors, the model has been further developed by different groups, 
which enables more aspects of nanowire growth to be studied. A similar 
model, expanded by Feiner, explained the formation of twinning superlattice 
in InP and GaP nanowires [2], and showed that from these experiments the 
relevant energy scales during growth can be determined [3]. The kinetic 
model, combined with surface diffusion, enabled researchers to analyze 
nanowire growth rate and crystal phase [4]. In 2010, Joyce et al. [5] 
established a model to describe the effect of temperature and V/III ratio on 
nanowire crystal structure. It has also been used to explain the formation of 
different lateral facets of GaAs nanowires [6]. 

3.3 Calculating the preferred nanowire growth direction 

We adapt the model to a complementary case, considering competition 
between different nanowire growth directions (viz.       vs.      ) and 
associated side facet orientation (viz.        and      ) but identical crystal 
structure. The completion of a monolayer grown in a particular direction 
creates conditions (viz. top surface and side facets) that effectively suppress 
nucleation of the competing monolayer. In this case, statistical considerations 
based upon the formation energies of the relevant nuclei can still be applied, 
but they now pertain to entire nanowire segments instead of successive 
monolayers. Characteristically, every nanowire segment will have a unique 
growth direction, but the distribution of growth directions of a collection of 
nanowires will be determined statistically. 

The model is further based on the nucleation of a new monolayer at the TPL, 
as shown schematically in Figure 3.3. The change of Gibbs free energy ΔGi 
associated with the creation of a nucleus for growth direction i can be 
expressed as [1] 

                                                                                   , 
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where Ai is the base area of the nucleus, hi its height,    the difference of 
chemical potential between supersaturated droplet and solid nucleus, Pi the 
nucleus perimeter and Γi the effective lateral surface energy [5]. When 
nanowires in two crystal directions both have pure ZB crystal structure, the 
interface energy between the nucleus and the nanowire top surface [1] does 
not contribute to a change of the free energy, and is therefore not considered. 
The effective lateral surface energy Γi is given by 

          LS     
       LV      

     
                                           

 

Figure 3.3: Schematic view of nucleus formation at the TPL during VLS 
growth, showing the relevant angles: (a) side view; (b) top view; 
specifically for growth in the <111> direction (top) and in the <100> 
direction (bottom). Ai is the base area of the nucleus, hi its height, Pi the 
nucleus perimeter, β the contact angle, and x the fraction of the nucleus 
perimeter in contact with the vapor. 
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where xi is the fraction of the nucleus perimeter in contact with the vapor,     
the liquid-solid interface energy,     the liquid-vapor interface energy,        
the solid-vapor surface energy of the side facet of the nucleus in contact with 

the vapor, θi the tilt angle of that side facet, and      
 

 
    the contact 

angle between the droplet and that side facet, with β the contact angle 
between droplet and top surface of the nanowire.  The first term in Eq. (3.4) 
describes the part of the nucleus perimeter in contact with the liquid, the 
second term the part in contact with the vapor, including the change in the 
area of the liquid surface caused by the upward shift of the TPL. [1]  

The critical nucleation barrier resulting from Eq. (3.3) is given by 

   
        

  
 

  
                                                                          

where      
         is a geometrical constant close to 1. 

We now consider specifically the two relevant cases for this paper: nucleation 
in the <111> and nucleation in the <100> direction.  

 

Nucleation in the <111> direction: In this case the natural shape of the nucleus 

is hexagonal, implying that          and                 , and its 
side facet in contact with the vapor is tilted. Thus the effective lateral surface 
energy Γ111 is given explicitly by 

     
 

 
 LS  

 

 
 
 SV,     LV         

    
                        

where         , and the critical nucleation energy may be written as 

     
     

        
 

  
                                                              

Nucleation in the <100> direction: In this case the natural shape of the nucleus 
is an octagon, the same as the shape of the nanowire cross-section in the 

absence of lateral growth, whence x100 = 1/8 and                
     . So the effective lateral surface energy Γ100 is explicitly 
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          LV                                                     

and the nucleation barrier is 

     
         

        
 

  
                                                                

Adapting this kinetic nucleation model to the present situation, we will 
calculate the Gibbs free energy    

  of nucleation for both <111> and <100> 
nanowire growth directions, and by comparing these two values, determine 
which growth direction is preferred. 

3.4 Conclusion 

In conclusion, we have introduced the kinetic nucleation model by Glas et al. 
and summarized its applications in several quantitative nanowire growth 
models. Using this model, we have developed the equations to calculate the 
critical nucleation energy for both <111> and <100> nanowire crystal 
directions. This opens up the route towards a comparison between formation 
energies of different growth directions, from which the preferred nanowire 
growth direction can be determined, which will be shown in chapter 6. 
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Chapter 4 

 

Growth of position-controlled <100> InP 
nanowire arrays on an InP (100) substrate 
using basic growth parameters 

 

In this chapter, the author reports on the Au-catalyzed vapor-liquid-solid (VLS) 
growth of <100> zincblende (ZB) Indium phosphide (InP) nanowires using 
metal-organic vapor phase epitaxy (MOVPE) on InP (100) substrates. Electron 
Beam Lithography (EBL) is used to position the nanowires. It is demonstrated 
that the vertical nanowire growth direction on a (100) substrate depends 
strongly on basic growth parameters such as growth temperature, nanowire 
diameter, V/III ratio, and precursor molar fraction. In situ HCl etching is used 
to prevent lateral growth and to realize diameter uniformity along the 
nanowire axial direction. 

4.1 Introduction 

InP nanowires have attracted an increasing amount of attention because of 
their extensive use in electronics [1], optoelectronics [2,3] and photovoltaics 
[4-7] and both axial [8,9] and core-shell [10] heterostructures have been 
developed for new advanced nanoscale devices. However, most nanowires 
reported are grown in the direction perpendicular to that of the close-packed 
planes in the crystal structure, i.e. in the <111> direction for ZB or the <0001> 
direction for wurtzite (WZ), in which, the nanowires commonly have planar 
stacking faults (SFs), leading to a faulted crystal or even a mixture of ZB/WZ 
crystal structures [11-16]. Although SFs have been found to contribute to 
many phenomena [13,16], they could significantly affect the electronic and 
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optical properties [14,17-22] of nanowires. Nanowire growth in the <100> 
direction, which has seldom been reported for InP [23], is of particular 
interest since such wires are inherently free from SFs and represents an ideal 
ZB single crystal. However, a systematic study of InP nanowires grown on InP 
(100) substrates with precise control of the position is still challenging and 
has not been reported yet. 

In this work, we report on the growth of <100> ZB InP nanowires by the VLS 
growth mechanism [24] catalyzed by Au, and using low-pressure (50 mbar) 
MOVPE on Sn-doped InP (100) substrates; this orientation has been mostly 
used in device applications. EBL is used to position the nanowires, since future 
device applications in optics as well as electronics require precise site control. 
Note that nano-imprint has been demonstrated to enable position control at 
the wafer level [25]. We demonstrate that the vertical nanowire growth 
direction on a (100) substrate depends strongly on parameters such as growth 
temperature, nanowire diameter, V/III ratio, and precursor molar fraction. In 
situ HCl etching is used to prevent lateral growth and to realize diameter 
uniformity along the nanowire axial direction [26]. Finally, we demonstrate 
control of position, diameter, length, yield and tapering of defect-free pure ZB 
<100> nanowire grown on InP (100) substrates. 

4.2 Sample fabrication and characterization 

A horizontal MOVPE system (an Aixtron 200) is used for all the sample growth 
in this chapter (see chapter 2 for details). InP nanowires are grown on Sn-
doped (100) InP substrates at different temperatures 380-480 °C for typical 
15 min using trimethylindium (TMI) and phosphine (PH3) as precursors with 
growth pressure of 50 mbar. Different V/III ratio is achieved by using a varied 
precursor molar fraction FTMI (or FPH3) but a fixed FPH3 (or FTMI). By changing 
FTMI and FPH3 with the same proportion, different total precursor molar 
fraction Ftotal is also achieved. 

The as-grown samples were studied using scanning electron microscopy 
(SEM) and transmission electron microscopy (TEM). For micro-
photoluminescence (PL) measurements, the nanowires were transferred to a 
thermally oxidized Si wafer. The micro-PL measurements were carried out at 4 
K using a 100x long distance objective. A diode laser (635 nm line) was used 
as excitation source and the PL was detected by a cooled CCD detector. 
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4.3 Vertical yield control 

 

Figure 4.1: SEM images of as-grown InP nanowire arrays on an InP (100) 
substrate with Au diameters (DAu)=50 nm, pitch=500 nm, growth 
temperature (T)=460 °C, V/III ratio=229 and standard total molar fraction 
(Ftotal). (a,c) View on a substrate tilted by 40°. (b,d) Top-view images 
showing the square shape of vertical nanowires with {100} side facets. 
Circular marks in (b) show three different tilted growth directions. The 
scale bar is 1 µm for (a,b) and 100 nm for (c,d). 

In Figure 4.1a and b, SEM images of one nanowire field, grown at 460 °C, are 
shown. More than half of the e-beam defined Au particles grow into vertical 
<100> nanowires (yield=352/625=56.32%). As can be seen in close-up 
(Figure 4.1c and d), all vertical nanowires have a rectangular cross-sectional 
shape, similar to that in Ref. 23. The nature of the side facets was determined 
in two independent manners: 1) top-view SEM imaging, having the edges of 
the substrate for reference of the crystallographic orientation. 2) Using TEM, 
by a combination of electron diffraction and subsequent STEM/HAADF 
imaging to determine the brightness profile across the nanowire. Directly 
below the gold particle, an octagonal shape is present formed by four {110} 
and four {100} side facets (Figure 4.2). Further down the nanowire, lateral 
growth results in a morphology characterized by four {100} side facets instead 
of four {110} side facets as reported before [23]. These four {100} side facets 
are observed at most growth conditions, while at low V/III ratios (<160), four 



 

56 
 

nonparallel (110) side facets are formed and the nanowires maintain a quasi-
octagonal cross-section. We argue that the P-terminated {100} facets are 
stabilized by the high V/III ratio.  

For the non-vertical wires, 3 different types of in-plane nanowire orientations 
can be found as shown by the marked wires in Figure 4.1b. The growth 
direction marked with 1 corresponds to growth in a <111>B direction. The 
other two growth directions can be explained by a change in growth direction 
after a rotational twin boundary; nanowires marked 2 and 3 grow in new 
<100> and <111> directions after this twin, respectively. For type 2 and 3, the 
four in-plane directions are 45º and 70° off <110>, respectively, and the angles 
with the surface normal are 20º and 72°, respectively. 

 

Figure 4.2: (a) High Angle Annular Dark Field STEM image of the top part of 
a <100> InP nanowire in [011] zone axis. The arrow indicates the direction 
of the line that was scanned during acquisition of the Energy-dispersive X-
ray spectroscopy (EDX) spectra. (b) EDX line-scan showing an octagonal 
cross-sectional shape directly below the gold particle formed by four {110} 
and four {100} side facets. (c) Schematic drawing of the cross-sectional 
shape of the nanowire. 

 



 

57 
 

For each sample, the yield of more than 3 nanowire fields (each containing 
625 nanowires) from different areas over the wafer was measured by using 
SEM. The yield is strongly affected by the growth temperature as can be seen 
in Figure 4.3a. Here, patterned Au island diameters (DAu)=50 nm, V/III 
ratio=229 and standard precursor molar fractions (FTMI=3.8×10-5 and 
FPH3=5.5×10-3) are used. At too low (380°C) or too high (480°C) temperatures 
nanowires do not grow at all. At 400°C almost all wires are grown in tilted 
directions. Vertically <100>-oriented wires were found in the range 420-460 
°C with a maximum at 460 °C. We find an optimum temperature for vertical 
growth above the Au-In eutectic temperature (T=454°C). Though the sample 
temperature is higher than 454 °C, vertical nanowire growth was still found. 
This indicates that the proposed mechanism for vertical wire growth on (100) 
substrates [23], which is based on preventing the formation of an alloy 
between the Au particle and the substrate, is not valid under our growth 
conditions. In an additional experiment the sample was pre-annealed at 550 
°C for 10 minutes before growth. This did not significantly affect the yield of 
vertical wires, supporting our conclusion. 

In Figure 4.3b the yield of vertical wires is plotted as a function of the 
diameter. The highest fraction is obtained for DAu=50 nm, while the fraction of 
tilted nanowires is not affected by the diameter. 

The fraction of vertical nanowires is also affected by the V/III ratio as shown 
in Figure 4.3c and 4.3d. In these graphs the yield is given for a varied FTMI (or 
FPH3) but a fixed FPH3 (or FTMI). Below a critical total molar fraction (FTMI = 
3.9×10-5 and FPH3 = 5.5×10-3), there are no vertical nanowires grown. If it is 
decreased further, keeping the same V/III ratio, no nanowire growth is 
observed.  

Finally, it was found that the yield is independent of the wire-to-wire distance, 
indicating that the V/III ratio does not change with the wire-to-wire distance 
under these growth conditions. In other words, the diffusion length of the 
precursors on the InP (100) is either much longer or shorter than the wire-to-
wire distance used in this work. We note that all the samples were coated with 
a thin film of poly-L-Lysine (PLL), which could change surface energies, and 
with that the droplet shape [27]; without PLL coating, the vertical nanowire 
yield is reduced by 10%. 
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Figure 4.3: Histograms of vertical, tilted and missing nanowire fractions 
varying with different parameters: (a) With DAu=50nm, V/III ratio=229, 
varying T. (b) With V/III ratio=229, T=460°C, varying DAu. (c) DAu=50nm, 
T=460°C, molar fraction of PH3 (FPH3)=5.5×10-3, with varying V/III ratio by 
changing TMI molar fraction (FTMI). (d) DAu=50nm, T=460°C, FTMI=3.8×10-5, 
with varying V/III ratio by changing FPH3. The error bars indicate the 
standard deviation of our measurements. 

4.4 TEM and micro-PL 

In order to verify the nanowire crystalline structure, TEM studies were 
performed for ten nanowires. Figure 4.4a shows a bright field TEM image of a 
typical <100> InP nanowire deposited on a holey carbon film. The defect-free 
pure ZB crystal structure of the wire is clear from the High Resolution TEM 
image in Figure 4.4b. Note that twin boundaries (parallel to {111} lattice 
planes) are well recognizable both in <011> as well as in <001> zone-axis 
imaging and have not been observed here. 
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Figure 4.4: (a) Bright-field TEM image of the <100> InP nanowires. (b) 
HRTEM image of the boxed area. The inset shows the Fourier transform of 
the HRTEM image, displaying a <001> zone axis pattern. (c) PL at 4K from a 
single <100> InP nanowire transferred to an oxidized Si wafer. (d) Effect of 
HCl on InP nanowire tapering. (e) High Angle Annular Dark Field STEM 
image of a <100> InP nanowire grown with HCl at partial pressure 8.33×10-

4 mBar. The scale bar is 100nm for (a,e) and 5nm for (b). 

The optical properties of single <100> wires are investigated by low-
temperature micro-PL (Figure 4.4c). At the lowest excitation power used here 
(2.4 W/cm2) a peak at 1.415 eV was observed, with a full width at half 
maximum (FWHM) of 2.3 meV. This peak is 5 meV below the band-gap energy 
of ZB InP (1.42 eV) and assigned to a donor-to-valence band transition. The 
peaks from 1.36-1.40 eV are assigned to impurity-related emission. Note that 
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no strong emission around 1.38 eV is observed, typical for a conduction band-
to-acceptor transition due to carbon impurity, even though the nanowires are 
grown at a relatively low growth temperature (460 °C). With 24.8 W/cm2 
excitation power, the band-gap related PL of the same nanowire is at 1.42 eV. 

4.5 in situ etching 

Finally, in order to reduce undesired lateral growth and realize uniformity 
along the <100> direction, in situ HCl etching is used as shown for a <111> 
nanowire [26]. HCl is simultaneously switched on and off with TMI. Figure 
4.3d shows that all nanowires grown without HCl are tapered, independently 
of the diameter (Tapering is defined as the difference between the bottom and 
top nanowire diameter divided by its length: (Db-Dt)/L.). Nearly untapered 
wires are obtained by using an HCl partial pressure of 8.33×10-4 mBar, as can 
be seen in Figure 4.4e. 

As already visible from SEM studies, nanowire growth without HCl yields 
{100} facets upon lateral growth. On the contrary, nanowire growth with HCl 
yields an octagonal shape formed by four {110} and four {100} side facets, as 
confirmed by a more detailed TEM study in Figure 4.5. 

 

Figure 4.5: Zoom-in image of high Angle Annular Dark Field STEM image of 
the <100> InP nanowire grown with HCl in Figure 4.4e. The scale bar is 
100nm. 

4.6 Conclusion 

In conclusion, <100> InP nanowires with more than 50% yield have been 
fabricated with optimized growth parameters on (100) InP substrates grown 
by MOVPE. The nanowire’s cross sectional shape can be tuned by using HCl. 
These defect-free pure ZB wires have high optical quality as concluded from 
the sharp emission peak (FWHM=2.3 meV). 
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Chapter 5 

 

Increased vertical InP nanowire yield on InP 
(100) substrate by catalyst engineering 

 

In this chapter, the author demonstrates high yield vapor-liquid-solid (VLS) 
growth of <100>-oriented InP nanowire arrays. The highest yield (97%) is 
obtained when the catalyst droplet is filled with indium to the equilibrium 
composition during nanowire growth prior to nanowire growth initiation. 

5.1 Introduction 

Givargizov [1] first reported the <100> nanowire growth direction for gallium 
arsenide (GaAs) by VLS [2] mechanism using Au particles as catalyst in 1975, 
and in the last decade, nanowires of both indium phosphide (InP) and indium 
arsenide (InAs) have been grown in a <100> crystal direction [3-6]. All these 
<100> nanowires are defect-free and adopt a pure zincblende (ZB) crystal 
structure contrary to the standard ZB/WZ (Wurtzite) mixed structures  
observed for most of the <111>B nanowires. Controlling the growth direction 
thus opens a new possibility to obtain pure crystal phase nanowires. An 
additional important advantage of <100> nanowires is that (100) orientated 
substrates have been mostly used in industry. Vertical nanowire growth on 
(100) substrates could thus combine the advanced properties of nanowires 
with current device processing technology. Moreover, it is important to 
understand the mechanism determining the nanowire growth direction. 

In chapter 4, a broad range of nanowire growth parameters has been 
investigated, and a <100> yield up to 56% has been obtained. In this chapter, 
the author reports on a new method to control the growth direction of InP 
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nanowires and demonstrate much higher yields. In addition, the determining 
factor of the nanowire growth direction on an InP (100) substrate is 
investigated.  

5.2 Sample fabrication 

Since the nanowire site control is essential for applications, such as optimizing 
light absorption in solar cells [7], two lithography techniques were used to 
predefine the nanowire position on an InP (100) substrate: electron beam 
lithography (EBL) to fabricate small arrays with various pitches and 
diameters [8], and nanoimprint to pattern large-scale areas (see chapter 2 for 
more details) [9]. For EBL, patterned gold islands with diameters from 50 nm 
to 100 nm and pitches from 300 nm to 2 µm are used as catalyst. 

The growth conditions are essentially the same as for our previously studied 
<100> InP nanowire arrays described in chapter 4. InP nanowires are grown 
on intrinsic (100) InP substrates at a temperature of 440°C for typically 15 
min using trimethylindium (TMI) and phosphine (PH3) as precursors with 
growth pressure of 50 mbar, V/III ratio=308 and standard precursor molar 
fractions (FTMI=2.42×10-5 and FPH3=7.44×10-3). All the samples are grown using 
close coupled showerhead metalorganic vapor phase epitaxy (MOVPE) (an 
Aixtron CS18163). 

In order to further increase the yield of wires growing in the <100> direction 
the droplet shape and composition were optimized, in analogy to optimizing 
the growth of <111> oriented GaAs nanowires on Si [10], by exposing them to 
TMI before nanowire growth was initiated. When the system reached the 
growth temperature of 440°C under a PH3 flow, we simultaneously switched 
PH3 off and TMI on. After exposure of the Au particle to TMI for 0 to 25 
seconds, the PH3 flux was turned on and the nanowire growth started. The 
yield of vertical <100> nanowires was determined as a function of the 
exposure time by using scanning electron microscopy (SEM). For each sample 
5 EBL-patterned fields of 25x25 wires from different locations were 
measured. 

5.3 Nanowire growth with near-perfect vertical yield 

Upon increasing the exposure time from 0 to 15 seconds the vertical yield 
increases from 27±1% to 97±1% (Figure 5.1a-c) and then decreases to 59±18% 
at 25 seconds (Figure 5.1d). The maximum (97±1%) is reached at 15 seconds, 
as shown in Figure 5.1e, and in this case the yield is mainly limited by missing 
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wires, which could be due to an imperfect lithography process or to wires 
which have not nucleated. Nanowire arrays from different areas of the wafer 
were investigated and no significant trend of the vertical yield with wire 
diameter or wire-to-wire distance was found as shown in Figure 5.1f.  

In the topview SEM image in Figure 5.1g there are four nanowire fields of 75 
nm diameter gold particles and varying wire-to-wire distance from 500 nm to 
1000 nm showing near-perfect vertical yield and uniformity. 

 

Figure 5.1: (a-d) SEM images at 30° tilt, showing InP nanowires grown on a 
InP (100) substrate with different TMI exposure times from 0 s to 25 s 
before wire nucleation. The nanowire growth is catalyzed by gold particles 
with 75 nm diameter and 800 nm wire-to-wire distance, patterned by 
electron beam lithography. (e) The yield of vertical <100> nanowires 
versus exposure time. (f) The vertical yield for various wire diameters 
versus wire-to-wire distance for 15 second TMI exposure. (g) Topview SEM 
images showing InP nanowire arrays grown from 75 nm diameter Au 
particles with 15 second exposure time and wire-to-wire distances  of 500 
nm, 600 nm, 800 nm and 1000 nm (from top to bottom). The scale bars are 
5 µm. 
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5.4 Expected contact angle during nanowire growth 

 

Figure 5.2: (a) SEM images of catalyst droplets for different TMI exposure 
times from 0 s to 25 s viewed with substrate 88° tilted. The scale bars are 
100nm. The variation of the droplet density for varying exposure time is 
due to the fact that the Au arrays patterned by nanoimprint are not aligned 
to the substrate crystal direction while the cleaving side facet is always 
(110).  (b) Contact angle α and diameter 2*r of the Au-In catalyst droplet 
versus exposure time, as obtained from combination of SEM and atomic 
force microscopy (AFM) measurements. 

In order to understand the influence of the droplet preconditioning on the 
nanowire growth direction, InP (100) wafers were patterned using 
nanoimprint with gold islands of 136 nm in diameter in wafer scale, 11 nm in 
height and droplet inter-distances of 513 nm. These samples were heated to 
the growth temperature in the reactor and exposed to TMI for different 
periods, but instead of starting the nanowire growth afterwards, the samples 
were cooled down quickly under H2, cleaved and measured by SEM. As it can 
be seen from the side-view SEM images in Figure 5.2a both the contact angle 
with the substrate, α, and the diameter of the catalyst droplet, 2*r, change 
significantly during the first 5 seconds, while for longer exposure times the 
changes are less pronounced (Figure 5.2b).  
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Figure 5.3: SEM images at 80° tilt, showing catalyst alloy droplets sinking 
into the (100) InP substrate before nanowire growth. The exposure time to 
TMI without PH3 for the sample is 25 seconds. The insert shows a droplet 
with 15 seconds exposure time and viewed at 90° tilt. The scale bars are 
200nm. 

During the exposure the gold islands are filled with indium, and a liquid Au-In 
alloy is formed [11,12]. Using cross-sectional SEM studies, we observed that 
the Au-In particles sink into the substrate during the annealing step (Figure 
5.3). 

 

Figure 5.4: Contact angle of the droplet-nanowire interface β and indium 
fraction xIn in the catalyst droplet during nanowire growth versus TMI 
exposure time: βc (filled squares) and xIn,c (open circles), calculated in Table 
5.2. 

The InP nanowires grown (in the <100> direction) from these particles turned 
out to have a diameter d=73± 4 nm independent of filling time. Assuming that 
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the catalyst composition remains unchanged during the nucleation stage of 
nanowire growth, we calculated the expected contact angle at the droplet-
nanowire interface (βc) and the expected In fraction of the droplet (xIn,c) during 
nanowire growth for all exposure times (Figure 5.4, and see Table 5.1 for 
calculation details).  

Equations 5.1-5.8 are used for the calculations in Table 5.1: 
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Note that the volume below the substrate surface, Vbelow, which is obtained 
using cross-section SEM measurements, was also taken into account in the 
calculation. 
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Table 5.1: Calculation of the expected contact angle at the droplet-nanowire 
interface (βc) and the In fraction of the droplet (xIn,c) just before nanowire 
growth for different exposure times. 

Filling 
time t 

(s) 

Angle 
α 

(°) 

Angle 
α’ 
(°) 

2*r 
(nm) 

Vabove 
(103·nm3) 

Vbelow 
(103·nm3) 

angle 
during 
growth 
βc (°) 

xIn,c γLV c 
(J/m2) 

0 8.0 80.5 90.9 10.3 153.6 104.0 0 1.22 

5 45.5 39.8 113.1 126.3 190.9 122.4 0.38 0.96 

10 51.1 29.6 126.6 204.9 230.0 129.3 0.52 0.87 

15 57.6 27.5 129.9 260.8 264.6 133.0 0.59 0.82 

25 60.2 19.2 147.6 406.9 350.3 139.1 0.70 0.74 
 

In Table 5.1, t is the indium filling time, α the angle above the substrate 
surface, α’ the angle below the substrate surface, 2*r the diameter of the 
catalyst droplet, M is the molar mass, Vabove the droplet volume above the 
substrate surface, Vbelow the droplet volume below the substrate surface, βc the 
expected contact angle at the droplet-nanowire interface during wire growth, 
xIn c the expected In fraction of the droplet and γLV c the expected liquid-vapor 
interface energy of the droplet. The liquid-vapor surface energy    

      is 
calculated by linear interpolation between the liquid-vapor energies of pure 
gold,    

   =1.22 J/m2 [13], and of pure indium,    
   =0.54 J/m2 [14]. 

Table 5.2: Calculation of the average volume per atom for Au/In alloy. 

%In %Au composition structure volume 
(nm3) 

atoms/ 
cell 

volume/atom 
(10-2*nm3) 

0 100 Au  Fm3m 0.0678 4 1.6954 

13 87 Au87In13 P63/mmc 0.0696 4 1.7405 

20 80 Au4In P63/mmc 0.0353 2 1.7645 

23.08 76.92 Au10In3 P63/m  0.4603 26 1.7704 

25 75 Au3In  PmmmnO2 0.1438 8 1.7979 

30 70 Au7In3 P-3 1.0995 60 1.8325 

30.77 69.23 Au9In4 P-43m 0.9536 52 1.8339 

40 60 Au3In2 P-3m 0.1007 5 2.0136 

66.67 33.33 AuIn2 Fm-3m 0.2758 12 2.2986 

100 0 In I4/mmm 0.0523 2 2.6159 
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For the above calculation, the average volume per atom for the Au/In alloy is 
required for varying In fraction, which is calculated according to different 
alloy structures by M. A. Verheijen (in Table 5.2). The result is shown in Figure 
5.5. 

 

Figure 5.5: The change of volume per atom of Au/In alloy with varying 
indium fraction according to Table 5.2. 

5.5 Actual contact angle during nanowire growth 

In order to obtain the actual indium concentration during growth, the sample 
was cooled down under arsine (AsH3) instead of PH3 at the end of the growth 
time. During this process an InAs segment is formed, consuming the indium 
present in the catalyst droplet during InP nanowire growth. The amount of 
indium in both the InAs segment and the Au-In droplet is quantified after 
growth by Energy-Dispersive X-ray analysis (EDX) in the transmission 
electron microscope (TEM) (Figure 5.6) to determine the contact angle βa and 
the indium concentration xIn,a during InP nanowire growth. An example of 
three wires is shown in Table 5.3 for the calculation process. 
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Figure 5.6: (a) High Angle Annular Dark Field STEM image of a <100> InP 
nanowire cooled down under AsH3 flux after growth. The arrow indicates 
the direction of the line that was scanned during acquisition of the Energy-
dispersive X-ray spectroscopy (EDX) spectra. (b) EDX line-scan showing the 
materials composition in the wire. 

Equations 5.9-5.13 are used for the calculations in Table 5.1: 
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In Table 5.3, VInAs is the InAs volume after growth, Vdroplet the volume of the 
catalyst droplet after growth, ρ is the density, xIn m the measured In fraction in 
the catalyst droplet by EDX, nIn m the measured mole number of In in the 
catalyst after growth, nIn a the actual mole number of In in the catalyst during 
wire growth, xIn a the actual In fraction of the droplet during growth, Va the 
actual volume of the catalyst droplet, βa the actual contact angle at the 
droplet-nanowire interface, and γLV a the actual liquid-vapor interface energy 
of the droplet. 
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Table 5.3: Calculation of the actual contact angle (βa) and the indium 
concentration (xIn,a) during growth using EDX measurement. 

NW 1 2 3 

VInAs (103·nm3) 187.8 172.3 205.2 

Vdroplet (103·nm3) 258.9 165.0 228.1 

xIn m 0.26 0.26 0.28 

nIn m (10-18·mol) 5.70 3.74 5.37 

nIn a (10-18·mol) 11.32 8.89 11.50 

xIn a 0.41 0.46 0.45 

Va (103·nm3) 347.1 245.9 324.5 

Angle during growth βa (°) 127.7 121.8 124.7 

γLV a (J/m2) 0.94 0.91 0.91 

 

The results are shown in Figure 5.7 by gray (βa = 125° ± 3°) and blue (xIn,a = 
0.44 ± 0.03) bands, respectively. 

Upon comparing the values for β and xIn found by these two methods it 
becomes clear that a high vertical yield is obtained if the composition of the 
catalyst droplet before nanowire growth is already close to the self-stabilized 
composition during growth. The fact that  βa and xIn a are somewhat smaller  
than βc and xIn,c after 15 seconds exposure time is probably due to indium 
consumption during nucleation, which was not taken into account in the 
calculation of βc and xIn,c. 
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Figure 5.7:  Contact angle of the droplet-nanowire interface β and indium 
fraction xIn in the catalyst droplet during nanowire growth versus TMI 
exposure time: (i) βc (filled squares) and xIn,c (open circles), calculated from 
the pre-growth data in (b); (ii) post-growth,  βa (grey band) and xIn,a (blue 
band), measured using EDX. The inset shows a <100> InP nanowire cooled 
down under AsH3 with InAs top segment. The white dashed line indicates 
the position of the InAs segment and βm the droplet-nanowire contact angle 
after growth. The scale bar is 50 nm. 
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5.6 Stacking faults at nanowire bottom 

 

Figure 5.8: (a-g) SEM images at 40° tilt, showing the bottom of <100> InP 
nanowires grown with HCl: (a-e) without indium filling and (g) with 15 s 
indium filling before wire growth. (f) Transmission electron microscopy 
(TEM) image of a tapered <100> InP nanowires grown without HCl and 
indium filling, showing the stacking faults (SFs) at the nanowire bottom 
part. The scale bars are 200 nm. 

To illustrate why it is important to have the same catalyst composition during 
the nucleation stage and during nanowire growth, HCl was used to suppress 
unwanted lateral growth [6,15], such that the nanowire bottom part as 
formed by the VLS mechanism can be studied. One observes that without 
indium pre-filling there are always several stacking faults (SFs) at the bottom 
of the wires. Importantly, with a filling time of 15 seconds the nanowire is 
defect-free (Figure 5.8). SFs can be formed in the initial growth stage when the 
nanowire growth is initiated from a catalyst which is not yet in dynamic 
equilibrium with the vapor and the solid phase. During this nucleation process 
the shape of the droplet changes by the uptake of indium, which destabilizes 
the growth. By prefilling the droplet with indium the catalyst is brought into 
equilibrium conditions and <100> growth is stabilized.  
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Figure 5.9: SEM imaging at 30° tilt, showing (a) that nanowires grown with 
15 second indium filling have a defect-free bottom part; and (b) that for 
nanowires filled for 25 seconds with indium, the Au-In catalyst droplets 
first kink to one side to release excess material, and then start to introduce 
growth. Scale bars are 200 nm. 

However, if the catalyst is filled with too much indium (e.g. 25 seconds In 
filling), it will first kink to one side to release excess material, and then start to 
grow (Figure 5.9), which may explain why the error bar of 25 s filling in Figure 
5.1e is large. This study demonstrates the possibility to define and stabilize 
the growth direction by engineering the catalyst droplet condition already at 
the onset of the nucleation event [16]. 

5.7 Conclusion 

In conclusion, growth of gold-catalyzed <100> InP nanowire arrays has been 
demonstrated on InP (100) substrates with a high vertical yield. It is found 
that a high yield can be obtained by filling the catalyst droplet with indium 
prior to the nanowire growth. Importantly, the highest yield is obtained when 
the droplet composition prior to the growth corresponds to the particle 
composition during nanowire growth. 
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Chapter 6 

 

Reversible switching of InP nanowire 
growth direction by catalyst engineering 

 

Using high-yield <100> InP nanowires described in chapter 5 as template, the 
author demonstrates the reversible switching between a <100> and a <111> 
growth direction by varying the indium content of the droplet. Modeling 
vapor-liquid-solid (VLS) growth by a kinetic nucleation model indicates that 
the growth direction is governed by the liquid-vapor interface energy, which 
is strongly affected by the indium concentration in the catalyst droplet. 

6.1 Introduction 

The ability to control morphology of semiconductor nanowires during the 
synthesis process has allowed researchers to explore various applications of 
nanowires [1,2]. Tian B. et al. [3] first reported in 2007 the synthesis of gold-
catalyzed single-crystalline kinked silicon (Si) nanowire superstructures 
following <112> to <110> to <112>.  Compared with the corresponding one-
dimensional nanowire, the kinked wires have joints at all kink points 
introduced by purging of gaseous reactants during the nanowire growth. It is 
also reported that the changes in pressure and temperature can have strong 
effect on Si nanowire growth direction [4]. The growth direction is also 
affected by oxygen at constant temperature and pressure [5,6]. According to 
Ref. 6, oxygen changes the relative energies of the different possible sidewalls, 
favoring growth in the <110> direction, with {111} sidewalls, over growth in 
the <111> direction, with {211} sidewalls. Filler’s group showed that the 
introduction of novel growth chemistry, methylgermane, to a traditional 
germanium (Ge) nanowire growth environment (i.e., GeH4/H2) can modulate 
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crystal growth direction and generate kinking superstructures with user-
defined segment lengths and a range of angles. [7] 

However, growth direction control within a single nanowire is still challenging 
for III/V materials. The ability to form deliberately kinked III/V nanowires is 
exciting if we consider building electronic devices with three-dimensional 
architecture. In addition, it will help to further understand the mechanism 
underlying this process, which still requires additional clarification. 

6.2 Reversible switching 

The high-yield <100> InP nanowire arrays in chapter 5 are used as a template 
for reversible switching of the growth direction. After 7.5 min of <100> 
nanowire growth, precursor trimethylindium (TMI) is switched off for several 
different time intervals while phosphine (PH3) is kept on. The wires continue 
to grow with decreasing indium fraction in the droplet until the indium 
concentration is below the supersaturation level required for nanowire 
growth. For indium depletion times longer than 1.5 min, the nanowire growth 
direction switches from <100> to <111>. 

 

Figure 6.1: (a) SEM images of InP nanowires grown on InP (100) substrate 
with growth direction changing from <100> to <111> after 2 min indium 
depletion and; (b) is zoom-in image of (a). Image (b) is viewed with 85° tilt 
angle and (a) with 30°. (c) Bright Field TEM images of the nanowires in (b). 
The image was acquired slightly off the <011> zone axis in the <100> 
segments and of the ZB sections in the <111> segments. Off-axis imaging 
was applied to visualize the stacking faults. The scale bars are 5 µm for (a) 
and 200 nm for (b,c). In (c), the lower <100> segment points out of the 
plane.  

It can be seen in Figure 6.1a that almost all wires end with a segment in one of 
the two symmetrically equivalent <111> crystal directions. A zoom-in of a 
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cross sectional scanning electron microscope (SEM) image is shown in Figure 
6.1b, showing the consistency in growth direction. It should be noted that the 
switching occurs across the entire substrate with good uniformity. Figure 6.1c 
is a Bright Field transmission electron microscopy (TEM) image of one of the 
nanowires as presented in Figure 6.1b, showing a defect-free <100> bottom 
segment and a top part with planar stacking faults (SFs) leading to a 
zincblende/wurtzite (ZB/WZ) mixed phase. These mixed <111>ZB / <0001>WZ 
segments will be referred to as <111> segments in the rest of this paper. The 
55° change in growth direction reflects the single crystalline nature of the 
transition, the angle being the intrinsic angle between <111> and <100> 
directions in a cubic lattice.  

Then, we focused on switching back the growth direction from <111> to 
<100>. After growing for 5 min in the <100> and <111> directions 
consecutively, the PH3 is switched off while TMI is kept on for different 
periods. During this growth interrupt the indium liberated by TMI 
decomposition will be collected and absorbed by the catalyst droplet. After the 
interrupt the PH3 is switched on for another 5 min before cooling down. About 
30% of the wires switches back from <111> to <100> after a 2 min growth 
interrupt (SEM in Figure 6.2a). 

 

Figure 6.2: (a) SEM images of InP nanowires grown on InP (100) substrate 
with growth direction changing from <100> to <111> and back to <100>; 
(b) is zoom-in images of (a). Both images (a,b) are viewed with 30° tilt 
angle. (c) Bright Field TEM images of the nanowires in (b). The image was 
acquired slightly off the <011> zone axis in the <100> segments and of the 
ZB sections in the <111> segments. Off-axis imaging was applied to 
visualize the stacking faults. The scale bars are 5 µm for (a) and 200 nm for 
(b,c). 
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Figure 6.3:  (a,b) TEM images showing the top segment of a nanowire 
grown with PH3 switched off for 2 min after the growth of a <100> and 
a<111> segment. (a) A nanowire changing its growth direction from <111> 
to <100> with stacking faults at the junction; the switching angle is around 
16° (b) A nanowire continuing its growth in the <111> direction with a 
local increase of its thickness. (c,d) Corresponding SEM images at 30° tilt 
for (a,b). The scale bars are 200 nm. 

For the majority of these double-kinked wires the second switching angle is 
16° (Figure 6.3a&c). The minority has a 55° kink, yielding a final <100> 
segment that is identical in orientation to the first <100> segment, as seen in 
Figure 6.2b, selected to highlight the reversible direction switching. About 70% 
of the nanowires continues growth in the <111> direction during the change 
in droplet volume (Figure 6.3b&d). The local increase in thickness of these 
nanowires halfway the <111> segment reflects the stage in the growth 
process in which the droplet volume was increased by additional filling with 
indium [8]. 

Figure 6.2c displays that the <100> top segment is free of stacking faults. The 
epitaxial relation between the top and bottom <100> segments of the latter 

<111> 

<100> 

<111> 
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type is illustrated by the identical fast Fourier transforms (FFT) of the high 
resolution TEM (HRTEM) images of top and bottom segments , in Figure 6.4.  

 

 

Figure 6.4: (a) Bright Field TEM image of a <100> to <111> to <100> 
kinked nanowire. (b,c) HRTEM images acquired in the top and bottom <100> 
segments, respectively. The insets display the corresponding fast Fourier 
transforms (FFT) of the HRTEM images of top and bottom segments 
showing the epitaxial relation between the top and bottom <100> segments. 
The FFT patterns are identical within the 0.2° accuracy of the digital image 
resolution. 

As can be seen in Figure 6.4a, in the lower part of this top segment, sets of 
{111} twin planes are present in the three symmetrically equivalent directions, 
all being inclined to the growth direction. The kinking angle, i.e. 16° or 55°, is 
determined by the number of twin boundaries at the second switching 
junction from <111> to <100>. Any odd number of parallel twin boundaries 
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results in the 16° kink, while any even number of twin boundaries will result 
in the 55° kink.  

 
                                                       a                                         b                    
 

Figure 6.5: Schematic drawing, viewed along the <011> zone axis, 
indicating the two possible kinking directions for the transition from <111> 
to <100> growth. Left: 55° change in growth direction; Right: 16° change in 
growth direction. These drawings reflect the geometry viewed along a 
<011> zone axis. Upon rotation the nanowire over 60° around its long axis, 
a symmetrically equivalent <011> axis will be obtained. 

As can be seen from the schematic image, in Figure 6.5a, in case of a single 
crystalline transition, i.e. without the presence of twin boundaries in the 
transition region, the crystal structure directs a 55° change in growth 
direction. In Figure 6.5b, twin boundaries are present in the transition region. 
Three symmetrically equivalent orientations for twin planes are available, all 
making an angle of 19° with the growth direction. A single twin boundary will 
make a new <100> growth direction available, making an angle of 16° with the 
original growth direction. In this viewing direction, the kinked top segment 
points out of the projected plane, yielding a projected kinking angle of 9°, as 
visible in Figure 6.3a. 
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Figure 6.6: The change of catalyst droplet shape with indium 
filling/depleting during nanowire growth and the effect on wire growth 
direction. [a] InP nanowire growing in the <100> direction catalyzed by the 
Au-In alloy droplet using TMI and PH3 as precursors. [b] Indium in the 
droplet is depleted when TMI is switched off, and the growth direction 
changes from <100> to <111>. [c] The nanowire continues to grow in the 
<111> direction with TMI on. [d] PH3 is off and the droplet is filled with 
indium. [e] The nanowire changes growth direction from <111> back to 
<100> and continues to grow in the <100> direction with PH3 on. 

In general, our approach shows the possibility of making reversible switching 
of growth directions in single InP nanowire with proper modulation of the 
indium concentration in the catalyst droplet. Correspondingly, the change of 
catalyst droplet and its effect on nanowire growth direction is shown 
schematically in Figure 6.6. 

6.3 Modeling of the kinetics of growth directions 

Adapting the kinetic nucleation model described in chapter 3 to the present 
situation, we calculate the Gibbs free energy    

  of nucleation for both 
nanowire growth directions, and by comparing these two values, determine 
which growth direction is preferred. Note that in this work the crystal phase 
remains pure ZB upon switching from <100> to <111> (see Figure 6.7). 
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Figure 6.7: BFTEM image of a <100> nanowire, showing that the nanowire 
changes its growth direction from <100> to <111>. The crystal structure 
remains ZB without SFs upon kinking. The scale bar is 50 nm. 

The difference of these Gibbs free energies,     
       

 , is plotted as a 
function of the liquid-vapor surface energy,    , and the droplet-nanowire 
contact angle, β, in Figure 6.8. We have used the following values from the 
literature:  h111=0.34 nm, h100=0.29 nm,    

   = 1.22 J/m2,    
   = 0.54 J/m2,    

   = 
0.64 J/m2,         = 0.99 J/m2,         = 0.88 J/m2,    = 1.3×109 J/m3 (Ref. 9-

13), and we have determined     
    from an analysis of the pre-growth 

droplets to be to be    
    0.8 J/m2 (see Section 6.4). 

 

Figure 6.8: Contour plot of       
       

  versus      and β, indicating the 
favorable growth direction of InP nanowires, which is <111> when  
     

       
  and is  <100>  when       

       
 . 
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For large     generally      
       

 , and <111> is the preferred growth 
direction, while the opposite holds for small γLV. Since the liquid-vapor surface 
energy of Au is much larger (1.22 J/m2) [9] than that of In (0.54 J/m2) [10], the 
upper (lower) part of the figure corresponds to low (high) indium fraction in 
the catalyst droplet. 

The model explains qualitatively that InP nanowires can grow in either <100> 
or <111> direction under similar growth conditions, and that growth can be 
reversibly switched between the two directions by changing the indium 
concentration in the catalyst particle. It reproduces the tendency to grow in 
the <100> direction for high indium concentration and in the <111> direction 
for a depleted catalyst. In the model it is implicitly assumed that the growth 
process occurs in thermal equilibrium, whereas in reality it is at most 
stationary. Most probably, there are energy barriers to overcome during 
switching from <100> to <111> and vice versa, which would introduce 
hysteresis effects. A more detailed understanding of preferential nanowire 
growth directions would require additional investigations of the switching 
dynamics but this is beyond the scope of the thesis. 

6.4 Solid-liquid interface energy of gold 

The solid-liquid interface energy of the droplet,    
     , is required for the 

calculation of Gibbs free energy, but so far unknown from any literature. 
However, it can be estimated using Young’s equation [14]: 

   
              

                                                       , 

where        is Young’s angle. For the pre-growth droplets with various 
filling times we determined the angles characterizing the parts above and 
below the surface (see Figure 6.9) and from those the volumes of those parts, 
using the familiar formula 

  
 

 
  

                      

     
                                         

Assuming that the droplets with filling time 0 s, i.e. those which were not 
exposed to TMI, consist of pure Au, and assigning the excess volume of the 
other droplets to the uptake of indium, we determine the composition of the 
various droplets. Using these values we can calculate their liquid-vapor 

surface energy    
      by interpolation between the liquid-vapor energies of 

pure gold,    
   =1.22 J/m2, and of pure indium,    

   =0.54 J/m2. 
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Figure 6.9: Geometry of nanowire catalyst droplet on the substrate.  

We now make use of the following two inequalities, viz. first           , or 
else the liquid droplet would shift (in Fig. 6.10) to the left and wet the 
horizontal solid-vapor interface, and second             , or else the 
droplet would (in Fig. 6.10) shift down along the sloping bottom of the pit and 
unwet the solid-vapor interface there [15]. It follows that 

 SV      
                

        SV      
                           , 

With the help of this inequality, and using     = 0.99 J/m2, we establish upper 
and lower bounds on     

      for the pre-growth droplets of any filling time, as 

shown in Table 6.1. We conclude that, over the entire range of interest,     
      

= 0.8 ± 0.3 J/m2 provides an adequate estimate of the solid-liquid interface 
energy. 

Table 6.1: Determination of bounds on     
     . 

Filling time t 
(s) 

 
 (°) 

β 
(°) 

xIn γLSmin 
(J/m2) 

γLSmax 
(J/m2) 

5 46 62 0.62 0.32 1.28 
10 51 56 0.48 0.45 1.24 
15 58 58 0.41 0.55 1.35 
25 60 54 0.30 0.62 1.30 

 

In Table 6.1, xIn the In fraction in the catalyst droplet for different filling time, 
γLSmin the calculated liquid-solid interface energy of the droplet when 

Catalyst 

Substrate 
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       SV      

           , and γLSmax the calculated liquid-solid interface 

energy of the droplet when     
        SV      

                

6.5 Robustness of the results of the model 

 

 

Figure 6.10: Diagram showing boundary curves in the    --β plane the 
probabilities of growth in the <100> and <111> directions are equal, i.e. 
where      

        
 , for various  different assumptions, indicated as 

inserts, as compared with those in Figure 6.8. It demonstrates that 

changing the nucleus shape or the value for    
  -  

 affects the position of the 

boundary slightly, but not the overall shape of the curve. X is the fraction of 
the nucleus perimeter in contact with the vapor (see Chapter 3 for more 
details). 
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In Figure 6.10, four assumptions are made to test the robustness of the results 
of the model: using maximum (Figure 6.10a) and minimum (Figure 6.10b) 
    
      values for    

 calculation, assuming circular shape for nuclei in both 
<100> and <111> crystal directions (Figure 6.10c), and triangle nucleus shape 
in <111> direction while square shape in <100> direction (Figure 6.10d). The 
borderline moves upwards (downwards) with larger (smaller)     

      value, 
and does not change significantly with different nucleus shapes. 

This result of the model is robust, meaning that it does not change 
qualitatively with different assumptions on the shape of the nucleus and the 
value of the solid-liquid surface energy, although the precise position of the 
borderline between <111> and <100> does. 

6.6 Conclusion 

In conclusion, reversible switching of the nanowire growth direction has been 
realized using catalyst engineering. This method can be tested for a variety of 
other materials. The preferred growth direction is determined by calculating 
the critical nucleation energy using a kinetic nucleation model. The favored 
growth direction is strongly influenced by the growth condition which 
determines the indium concentration in the catalyst droplet. Switching of the 
nanowire growth direction may create new opportunities to realize novel 
nanoscale devices [1,2,16]. 
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Chapter 7 

 

Impurity doping of <100> InP nanowires 

 

In this chapter, the author demonstrates n- and p-type in situ doping of <100> 
indium phosphide (InP) nanowires with hydrogen sulfide (H2S) and 
diethylzinc (DEZn) as precursors, respectively. The vertical nanowire yield 
and morphologies change with doping level. With this approach, single-
crystalline nanowire axial p-n junctions have been realized for the first time. 
Micro-photoluminescence (µ-PL) and single nanowire field-effect transistor 
(FET) measurements are used for characterization of the n-type <100> InP 
nanowires. 

7.1 Introduction 

Control of nanowire doping is crucial for many applications such as light 
emitting diodes (LEDs) [1,2], photovoltaic devices [3,4,5] and FETs [6]. For a 
perfect device, a pure-crystal phase is required to avoid the influence on 
electronic and optical properties [7-13] from stacking faults (SFs). The pure 
zincblende (ZB) InP nanowires grown in the <100> direction are inherently 
SF-free, serving as ideal building blocks for device applications. The growth of 
intrinsic <100> InP nanowires with high vertical yield has been discussed in 
chapter 4 and 5. However, the doping of nanowires grown in the <100> 
crystal direction has not been studied. 

In this chapter, both n- and p- doped nanowires are studied, using respectively 
S and Zn as dopants. Different doping levels are used to study the influence of 
dopants on nanowire growth, and optical properties are measured with µ-PL. 
Single nanowire FET measurements are performed to correlate the precursor 
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pressure to the dopant concentration in the nanowire. By fabricating p-n 
junctions in a single <100> InP nanowire, we demonstrate the building blocks 
for nanowire LEDs with a single crystal structure. 

7.2 Sample fabrication 

In this work, <100> InP nanowires are grown vertically on (100) InP substrate 
with gold droplets as catalysts, patterned on wafer scale by nanoimprint 
lithography (see chapter 2 for more details). Growth is performed in a shower 
head MOVPE reactor as described in chapter 5. Before nanowire growth, an 
indium filling time of 25 s and a nucleation time of 1 min are performed 
successively before switching on impurity precursor flow. H2S (DEZn) with 
varying molar fraction from xH2S=3.0×10-8 to 3.0×10-5 (xDEZn=4.8×10-8 to 
4.7×10-5) is the precursor used for n-type (p-type) doping. Radial growth was 
suppressed by introducing HCl (15 sccm) during growth [14]. 

7.3 The influence of doping level on nanowire vertical 
yield 

The as-grown samples were studied using scanning electron microscopy 
(SEM) for vertical yield and morphology studies. In Figure 7.1a, an SEM image 
of n-InP nanowires grown for 45 min, and xH2S=4.2×10-7, are shown. The 
vertical yield is around 40% and the yield is not significantly affected by xH2S. 

Upon increasing xH2S from 3×10-8 to 3×10-6 the growth rate increases from 
around 1.7 nm/s to around 2.0 nm/s and then decreases to below 1.5 nm/s  
for xH2S=3×10-5 (Figure 7.1b). The increase of growth rate with xH2S below 
3×10-6 is consistent with S doped InP nanowires grown in <111> direction 
[15]. According to Ref. 15, the nanowire surfaces are fully passivated with 
xH2S=10-5, so extra S will consume In atoms to form In-S bonds [16] for 
xH2S=3×10-5. The nanowire diameters distribute from 85 to 102 nm and are 
not significantly influenced by varying xH2S. 
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Figure 7.1:  (a) SEM images at 30° tilt, showing the edge of n-InP nanowire 
arrays grown on a n-InP (100) substrate with growth time 45 min, 
xH2S=4.2×10-7 and the scale bar 2 µm. (b) n-doped <100> InP growth rate 
and diameter vs. xH2S. Error bars indicate one standard deviation for the 
approximately 10 nanowires measured for each run.  

For p-type InP <100> nanowire growth, the vertical yield increases gradually 
with increasing xDEZn from xDEZn=4.8×10-8 to xDEZn=2.4×10-5 and decrease at 
xDEZn= 4.7×10-5 (Figure 7.2a). Figure 7.2b-e shows SEM images of p-InP 
nanowires grown on a p-InP (100) substrate with increasing xDEZn=5.4×10-7. 
The kinked nanowire segments observed in Figure 7.2c-d have probably 
formed by droplet instabilities during nanowire growth induced by the high 
Zn concentration. 
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Figure 7.2: (a) p-type <100> InP nanowire vertical yield vs. xDEZn. (b-e) SEM 
images at 30° tilt, showing p-InP nanowires grown on a p-InP (100) 
substrate with growth time 16 min. xDEZn is (b) 4.8×10-8, (c) 4.8×10-7, (d) 
4.8×10-6 (e) 2.4×10-5, respectively. Error bars indicate one standard 
deviation for the approximately 1000 nanowires measured for each run. All 
the scale bars are 200 nm. 

Zn has a liquid-vapor surface energy γLV (0.79 J/m2 [17]), which is in between 
that of In (0.54 J/m2 [18]) and Au (1.22 J/m2 [19]). Since in liquid metal 
compounds the element with lower surface energy tends to aggregate at the 
surface [20], Zn could lower γLV of the compound. The smaller γLV with larger 
DEZn flow will increase the contact angle between the catalyst droplet and 
substrate [21], which will increase the yield of nanowire growth in <100> 
direction (see chapter 5 for more details). For xDEZn= 4.7×10-5, in Figure 7.3, 
when the Zn concentration in the catalyst is too high, the catalyst droplets 
kink to one side due to too large contact angle, and initiate lateral nanowire 
growth on the substrate surface. 
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Figure 7.3:  SEM images at 30° tilt, showing p-InP nanowires grown on a p-
InP (100) substrate with xDEZn= 4.7×10-5. Error bar is 500 nm. 

However, the author found that the vertical yield on p-doped substrates is 
sensitive for the precise wafer preparation. Thus further research is needed in 
order to find the determining factor of the <100> yield in correlation with 
dopants. 

In addition, although S has even smaller γLV (0.03-0.06 J/m2 [22]) than Zn, the 
vertical nanowire yield is not significantly influenced with varying xH2S. That 
might be explained by the fact that S can also lower the liquid-solid energy, γLS, 
[23] while the influence on γLS by Zn is not clear. This makes a difference in 
determining the shape of catalyst droplet. In addition, the solid-vapor energy, 
γSV, may also be affected by impurity dopants. These effects have not been 
reported in literature and are thus difficult to quantify. 

As can be seen in Figure 7.4, no trend of the growth rate or nanowire diameter 
change is observed for xDEZn<1×10-5. For very high xDEZn values (xDEZn=2.4×10-5 
and 4.7×10-5), short and thick nanowires are obtained (Figure 7.2e and 7.3). 
These wires have very widespread diameters. Note, with these high xDEZn, no 
InP nanowire growth was observed in <111> crystal direction on (111) 
substrates [21]. The growth of <100> nanowire with such high xDEZn might be 
explained by the hypothesis that Zn atoms are more easily incorporated into 
InP nanowires in <100> direction compared with <111> InP wires. In the 
<111> InP nanowire, the Zn-incorporation rate is limited so the extra Zn 
atoms accumulate and passivate the liquid-vapor interface. This passivation 
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prevents the nanowire growth (Figure 7.5a). However, with large 
incorporation rate in the <100> nanowire, the Zn concentration in the catalyst 
droplet is kept constant, as seen in Figure 7.5b. This mechanism allows to 
grow <100> nanowires even with very high xDEZn. Electrical measurements on 
the wires (as discussed in section 7.4) are required to verify this hypothesis. 

 

Figure 7.4: p-type <100> InP nanowire growth rate and diameter vs. xDEZn. 
Error bars indicate one standard deviation for the approximately 10 
nanowires measured for each run. 

 

 
                                               a                                                   b                    

 
Figure 7.5: Schematic view of Zn atoms incorporated into InP nanowires 
grown in (a) <111> and (b) <100> crystal directions.  

It is also observed that the yield of the p-doped <100> nanowires on n-type 
substrate is significantly higher compared to that of the same wires grown on 
the p-InP (100) substrate. As can be seen in Figure 7.6, with xDEZn=5.4×10-7, a 
~80% vertical yield is demonstrated on n-InP (100) substrate, which is much 
higher than that with the same xDEZn in Figure 7.2b (below 50%). This 
phenomenon could be explained by the fact that during the nanowire 
nucleation step, Zn dopants from the substrate diffuse into the catalyst 
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droplet, influence the nucleation step and decrease the vertical nanowire yield 
on p-doped substrates. 

 

Figure 7.6:  SEM images at 30° tilt, showing Zn-doped InP nanowires grown 
on a n-InP (100) substrate with growth time 16 min, xDEZn=5.4×10-7 and the 
scale bar 2 µm. 

By switching dopant precursors from DEZn (xDEZn=5.4×10-7) to H2S 
(xH2S=3.0×10-5) during nanowire growth, a p-n junction in the <100> 
nanowires has been realized. As can be seen in the bright-field transmission 
electron microscopy (TEM) image in Figure 7.7, the <100> nanowire p-n 
junction is of ZB crystal phase, with only several twinning boundaries in the p-
type segment. These inclined twins have probably formed by droplet 
instabilities induced by the Zn as can be seen in Figure 7.2c-d. For comparison, 
a <111> nanowire p-n junction is shown as an inset, which has a wurtzite 
(WZ) n-doped region with SFs and a ZB p-doped region with twin boundaries 
perpendicular to the growth direction. 
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Figure 7.7: Bright-field TEM image of the <100> InP nanowire p-n junction. 
Red arrows indicate inclined twinning boundaries. The scale bar is 500 nm. 
The inset shows a <111> InP nanowire p-n junction for comparison, which 
has a n-doped region of wurtzite with SFs and p-doped region of ZB with 
twin boundaries perpendicular to the growth direction. The scale bar of the 
inset is 50 nm. 

7.4 Characterizations 

The optical properties of single n-type <100> wires (xH2S=4.2×10-7) are 
investigated by low-temperature micro-PL (Figure 7.8). With an excitation 
power 103 W/cm2. A donor bound exciton peak at 1.415 eV was observed, 
which indicates the ZB crystal structure (Eg=1.421 eV at 4 K). The ionization 
energy of 6 meV is in good agreement to reported values for S in InP [24]. 
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Figure 7.8:  µ-PL at 4 K from a single n-InP <100> nanowire in Figure 7.1a. 
The measurement is performed by Vu. T. T. Thuy at Eindhoven University 
of Technology. 

FET devices are fabricated using single nanowires to measure the dopant 
concentrations (Figure 7.9a). In Figure 7.9b, the source-drain current ISD is 
plotted versus the gate potential, Vg. The curve shows an increase of the 
current for positive gate potentials, confirming the n-type nature of the wire. 
There is clean pinch-off around Vg=-1.3 V without features. This sample with 
n-InP nanowires was grown with xH2S=4.2×10-7.From the threshold potential 
an electron concentration of (2.5±1.0)×1017 cm-3 has been determined for 3 
wires. The mobility of these wires is in the order of 10*cm2/Vs calculated 
using the same method described in Ref. 25. 
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                     a                                                                               b                    
 

Figure 7.9:  Electrical measurements on the n-type <100> InP nanowires at 
4 K. (a) An SEM image of FET device using an n-type <100> InP nanowire in 
Figure 7.1a. The scale bar is 500 nm. (b). Current through the segment 
between two red dots in (a) is modulated by the voltage applied to the 
global back gate, source−drain bias voltage Vsd = 10 mV. The blue line 
indicates the transconductance. A series resistance of 8 kΩ originating from 
the wire contact interface and measurement setup was subtracted.  The 
device fabrication and electronic properties measurement are performed 
by Martin C. Soini and Michael E. Reimer at Delft University of Technology. 

7.5 Conclusion 

In conclusion, both n- and p-doped <100> InP nanowires have been grown 
and the influences on nanowire growth from the doping precursors are 
studied. Furthermore, µ-PL and FET measurements have been performed on 
single nanowire to investigate optical properties and doping concentration. 
The ZB nanowire p-n junction serves as ideal building block for single crystal 
nanowire devices. 
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Summary 

In the last decade, the growth of nanowire has been demonstrated in a huge 
variety of materials, using different growth techniques. Many models have 
been proposed to explain nanowire growth mechanisms. However, III/V 
nanowires grown in the <100> crystal direction has not been systematically 
studied despite of their defect-free property. This thesis demonstrates the 
growth direction control of <100> InP nanowires. This is an essential 
prerequisite for the understanding of the key factor determining nanowire 
growth direction, and the realization of advanced nanoscale device with 
required crystal qualities. 

The results in this thesis demonstrate that InP nanowires can be successfully 
grown on InP (100) substrate into <100> crystal direction by optimizing basic 
growth parameters and filling catalyst droplet before nanowire growth 
(catalyst engineering). The catalyst engineering method is further used to 
realize the reversible switching of nanowire growth direction in a single InP 
nanowire. A model is proposed to understand the mechanism switching 
nanowire growth directions. 

The application of the <100> nanowire will be to serve as a platform for the 
insertion of quantum dot. The defect-free nature of the nanowire is expected 
to improve the quantum dot emission. For the kinked nanowires, since the 
kinked <111> segments are epitaxially related to the substrate, they can be 
used as stems for single-crystal complex nanostructure, e.g. InSb nano crosses. 

In the last chapter of the thesis, the impurity n- and p-type doping of <100> 
InP nanowires has been demonstrated. However, there is a lack of detailed 
understanding of the incorporation of dopants, especially for the p-type 
doping, which is directly related to the difficulties in doping measurements. 
The next logical step in the development of <100> nanowire will be to move 
beyond fundamental science, towards applications of nanowires in functional 
devices, such as LED and solar cell, to check the influence of crystal structure 
on the device performance. 
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Acronyms 
LED light-emitting diode WZ wurtzite 

PL photoluminescence SEM scanning electron 
microscopy 

PDMS polydimethylsiloxane VLS vapor-liquid-solid 

ZB zincblende SLS solution-liquid-solid 

VSS vapor-solid-solid SFs stacking faults 

TEM Transmission electron 
microscopy 

MOVPE metal-organic vapor phase 
epitaxy 

MBE molecular-beam epitaxy CBE chemical beam epitaxy 

DEZn diethylzinc RT room temperature 

EBL electron-beam lithography  MIBK methyl isobutyl ketone 

IPA Isopropyl alcohol PMMA poly-methyl methacrylate 

PRS positive resist stripper HRTEM High-resolution TEM 

RIE reactive ion etch ADF annular dark field 

TMIn tri-methyl-Indium ND neutral density 

STEM scanning TEM TPL triple phase line 

HAADF high-angle annular dark-field  FWHM full width at half maximum 

NA numerical aperture FFT fast Fourier transforms 

CCD charge coupled device FET field-effect transistor 

EDX Energy-dispersive X-ray 
spectroscopy 

AFM atomic force microscopy 

PLL poly-L-Lysine   
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