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Abstract 
 

In recent years, InAs nanowire has been revealed to be a 1-dimensional 

nanostructure with outstanding promise for device applications because of its high 

electron mobility and strong quantum confinement effects. In this thesis, InAs 

nanowires have been proposed as fine spin transport channels for spintronics device 

applications, particularly, the Datta-Das spin field effect transistor. The growth 

processes, based on vapor-liquid-solid techniques using molecule beam epitaxy 

system, have been developed. With these growth processes, InAs nanowires and 

InAs/InP core/shell nanowires have been grown. In addition, the electrical transport 

properties, particularly, the spin transport properties have been investigated. 

Reduced spin relaxation and enhanced transport properties in our core/shell 

nanowires have been confirmed. Furthermore, we have demonstrated the growth of 

<110>-oriented InAs nanowire with a palladium catalyst. Compared with other 

<111>-oriented InAs nanowires our <110> InAs nanowire shows an outstanding 

transport property. We attribute this transport superiority to the stable zinc-blende 

crystal structure with no wurtzite stack defects. Finally, with a single nanowire 

Hall-bar device, the electrical transport properties of <110> InAs nanowires have 

been investigated.  
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Chapter 1  
Introduction 
 
 

 

The field effect transistor (FET) is the basic logical cell for modern integrated circuit. 

The FET controls the flow of electrons (or holes) from the source to drain by voltage 

applied across the gate and source terminals. However, the scaling technology, 

which is supporting the development of FET, is facing the physical limitation. The 

researches of logical device based on new operation mechanisms theory are 

essential. Among numerous device proposals, the spin field effect transistor 

(Spin-FET) proposed by Datta and Das [1] has attracted a lot of attention. As the 

logic of Datta-Das Spin-FET is depend on the orientation of electron spin, the 

energy cost could be lowered substantially compared with the classical FET. 

Furthermore, the manipulation of electron spin would provide a lot of possibilities 

for quantum computing. Meanwhile, the successful operations of the Spin-FET 

require an effective semiconductor channel which is able to provide sufficient 

capacities for transport and manipulation of electron spin. In recent years, indium 

arsenide (InAs) nanowire becomes a platform for quantum information processing 

as a low dimension material. In this thesis, we propose to apply InAs nanowire to 

Spin-FET structure as a electron spin channel, and further investigate the growth 

methods and feasibility for spin manipulation and transportation.  
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1.1 Datta-Das Spin FET 
 

The FET is the basic logical cell for modern integrated circuit. The FET, similar to a 

water faucet owning three terminals, controls the flow of electrons (or holes) from 

the source to drain by voltage applied across the gate and source terminals, shown 

in Fig. 1.1a. The development of FET depending on the scaling process technology 

improved successfully following Moore’s Law [2]. Until recent years, however, it is 

more difficult to drive Moore’s law down to 20 nm because the process technologies 

are facing the physical limitations. And the limitation of sub-threshhold swing [3] is 

60mV/dec at room temperature (300K). Meanwhile, the spintronics, where it is not 

the electron charge but the electron spin that carries information, offers 

opportunities for a new generation of electronic devices including logical computing 

devices.  

Among numerous spintronics device proposals, the spin field effect 

transistor (Spin-FET) proposed by Datta and Das has attracted a lot of attention, 

shown in Fig.1.1b [1]. According to this idea, electron spins, which are injected from 

a ferromagnetic (FM) source terminal into a semiconductor channel, controllably 

undergo precession during their passage from source to drain by means of the 

spin-orbit interaction. The orientation of electron spin at the end of channel can be 

sensed by the ferromagnetic drain terminal. The successful operation of the 

Spin-FET requires an effective semiconductor channel that is able to provide 

sufficient capacities for transport and manipulation of electron spin. For electron 

manipulation by gate voltages, the channel material with strong spin-orbit 

interactions is essential.    
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Figure 1.1: Schematic of FET and Spin-FET. (a): Classic FET similar to a water faucet 

owning three terminals, using electron flow to carry information. (b): A Spin-FET owning 

spin filter drain and source terminals and using electron spin to carry information. 

 

1.2 Spin Obit Interactions 
 
In solids such as semiconductor materials, the velocity of moving electrons is so 

high that any net electric field seen by the moving electron is a momentum 

dependent effective magnetic field. The Hamiltonian including spin-orbit 

interaction is  












⋅×∇++= σ)(

42 22

2
pV

cm
V

m
pH 

,                     (1.1) 

where p it the momentum of electrons, V is the electrostatic potential, σ is the vector 

of Pauli matrices. The electrostatic potential V can be caused by bulk inversion 

asymmetry (BIA) in the semiconductor material, known as Dresselhaus spin-orbit 

interaction [3]. In III-V and II-VI semiconductors, such as GaAs, InAs, and InSb, 

there is an underlying inversion asymmetry between different atoms. Similarly, the 

electrostatic potential can be driven by any other nonuniform charge densities, 

which can exist in a heterostructure or be built by an external gate voltage. This is 
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known as structure inversion asymmetry (SIA) or Rashba spin-orbit interaction [4]. 

These two kinds of spin-orbit interaction are most to be explored in the spintronics 

fields for electron spin manipulations. 

In the proposal of Datta-Das Spin-FET, Rashba spin-orbit interaction is used to 

perform controlled rotations of electron spins passing through a 2-dimentional 

semiconductor channel. The Rashba spin orbit interaction is due to the inversion 

asymmetry of the confining potential, which can be modulated by the external gate 

voltage. As shown in Eq. 1.2, the β is tunable in strength by the external gate 

voltage. One can use this property to control electron spin by electric field instead of 

magnetic field or light, which is important for nanoscale device performance and 

real application in the future.  

)( x
y

y
xR ppH σσ

α
−=

             (1.2) 

Similarly, in the 2-dimentional system, Dresselhaus spin-orbit interaction 

can be described as Eq.1.3. 

)( y
y

x
xD ppH σσ

β
−=

    (1.3) 

In this study, we focus on these two most important spin orbit interactions 

for Datta-Das Spin-FET, and, the Hamiltonian of spin orbit interaction can be 

written as Eq.1.4.  

)()(..
y

y
x

x
x

y
y

xOS ppppH σσ
β

σσ
α

−+−=
   (1.4) 

 

1.3 Semiconductor Spin Transport Channel 
 

As discussed above, a semiconductor channel owning spin transport and 

manipulation properties is the essential part of the Datta-Das Spin-FET. In this 

semiconductor channel, the electron spin encoded information should be conserved 
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for relatively long time, which should comparable to the electron spin transport 

time from the source to the drain terminal. And this transport of the spin 

information corresponds to a nonequilibrium state of electron spins. However, there 

are four major physical spin relaxation mechanisms responsible for spin 

equilibrium in nonmagnetic electronic systems: Elliott-Yafet (EY) [5], 

D’yakonov-Perel’ (DP) [6], Bir-Aronov-Pikus (BAP) [7], and hyperfine interaction 

processes. [8] Therefore, the keys to achieve the operation of the Datta-Das 

Spin-FET are the suppressions and the utilizations of these spin relaxation 

mechanisms in the semiconductor channel. 

The EY mechanism causes spin relaxation in the case of ion scattering, 

which should be suppressed in the spintronics devices. Every time the electron 

scatters to a new state, during the collision, there is chance to couples a different 

spin from the ion impurity. However, the DP mechanism is the spin relaxation 

processes due to the spin orbit interactions, which could be promisingly utilized for 

the spintronics applications. For a moving electron spin, the relaxation is caused by 

the precession due the internal effective magnetic fields, thus, the effective 

magnetic is also proposed for electron spin manipulations. In addition, Rashba spin 

orbit interaction can provide a prospective method for the technological application 

as one can use an external gate voltage to control the rotation of electron spins. As 

shown in the Fig.1.2a, the effective magnetic field caused by Rashba spin orbit 

interaction is a momentum dependent field, implying the scattering during spin 

transport strongly influence the electron spin orientation. [9] For this reason, the 

operation of Datta-Das Spin-FET is limited in the regime of ballistic transport 

where the momentum of electron does not change. [10]  

Furthermore, at room temperature, electron spin relaxations due to the DP 

mechanism are the most dominant. And it has been demonstrated that when the 

Rashba and Dresselhaus spin orbit interactions linear-in-k terms have equal 

strength, the relaxation of spin orientation in one of the <110> axes is totally 
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suppressed.[11, 12] As shown in Eq.1.4, when the Rashba and Dresselhaus spin 

orbit interactions have equal strength (α = β), for electron moving in the direction of 

<110> axes (kx = ky), the electron spin will be momentum independent. This will 

provide a possibility for the robust Spin-FET even in the regime of diffusion 

transport. 

 

Figure 1.2: The effective magnetic fields of (a) structure inversion asymmetry, and (b) bulk 

inversion asymmetry in 2-dimentional system. 

 

1.4 InAs Nanowire: A New Proposal for Spin FET 
 
Quantum wire is an attractive nanoscale structure for quantum devices. As 

electrons could be quantum-confined laterally in this structure, a lot of interesting 

quantum effects or transport properties can be investigated. To fabricate the 

nanoscale structure, a general technique is the lithography and etching processes 

[16]. However, the etching processes always lead to significant surface damage, 

which introduce the surface roughness and surface states. Nanoscale structure, 

particularly, quantum wires with very large surface-volume-ratio are very sensitive 

to the surface roughness and surface states. In recent years, semiconductor 
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nanowires are fabricated by the bottom-up growth techniques. As this growth 

process is self-organized without the aids of ex situ techniques, semiconductor 

nanowires grown with bottom-up techniques, representing a unique 

quasi-one-dimensional (1D) system, have stimulated the experimental investigation 

of physical phenomena and quantum devices [17][18][19]. In particular, indium 

arsenide (InAs) nanowire is reported as a 1D nanostructure with outstanding 

promise for device applications because of its high electron mobility and strong 

quantum confinement effects [20][21][22]. In this thesis, we propose that InAs 

nanowire is a promising spin transport semiconductor channel candidate for the 

spintronics devices, particularly, the Datta-Das Spin-FET based on the three 

primary reasons following. 

First, as discussed Section 1.3, the spin relaxation due to the scattering is 

essential for the information loss during the transport in the channel. According to 

predictions of reduced spin relaxation in the 1D systems [12], the InAs nanowire 

should be able to provide a big advantage by suppressing the relaxation of spin 

coherence along the channel. Besides, in the case of a strong 1D confinement 

channel, the momentum scatterings in the directions except for the electron 

propagation direction are probably suppressed. It is extremely advantageous for the 

utilization of Rashba and Dresselhaus spin orbit interactions, whose effective 

magnetic field is dependent on the momentum of the electron propagation direction. 

Secondly, since the strong Rashba spin orbit interaction can provide an 

effective electron spin manipulation, the large spin orbit interaction of electrons in 

InAs makes it ideally suited for the applications of spin devices. In the proposal of 

Datta-Das Spin-FET, logical information is carried by electron spin as the 

orientation. Because the spin precession angle or the spin rotation rate is dependent 

on the strength of the effective magnetic field, a strong spin orbit interaction is 

essential for a high On-Off switch device. As discussed in Section 1.3, the strength 

of Rashba spin orbit interaction is dependent on structure inversion asymmetry, 
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which can be enhanced by a herostructure design or an external gate voltage as well. 

The strength of Rashba coefficient α can be expressed as:  

2
0

2 cm
Eg

e

Bµα = ,                                (1.5) 

where g is the g-factor of electron, μB  is the Bohr magneton, E0 is the static 

electrical field, m is the mass of electron, and c is the velocity of light. The band 

structure at 300 K of bulk InAs is shown in Fig.1.3. [13] The narrow band gap of 

around 0.35 eV and the effective mass for conduction electrons near the bottom of 

the Γ valley is me ~ 0.023 m0. This very small effective mass is one of most attractive 

properties of InAs for quantum device applications. In this thesis, the narrow band 

gap and the small effective mass of electron can provide a relative large Rashba spin 

orbit interaction according to Eq.1.5. In 2-dimention system, InAs-based 

heterostructure whose Rashba effect can be made anomalously large by band-gap 

engineering, [14] thus, InAs is a well known promising candidate channel material 

of spintronics devices, particularly the Datta-Das Spin-FET [10][15].  

Thirdly, owing to the relaxed lattice matching requirements of nanowire 

growth compared with the heteroepitaxy film (2D) growth, facilitating the freedom 

to combine materials with different lattice constant. Nanowire structure provides 

more possibilities and potentials for band gap engineering, so that, the strength of 

spin orbit interactions, particularly, Rashba spin orbit interaction can be modulated 

more effectively. Therefore, in this thesis, we propose InAs nanowire for use as the 

electron spin transport channel for applications to spintronics devices, particularly 

the Datta-Das Spin-FET. We expected that InAs nanowire might be applied to 

spintronics devices as an efficient 1D spin transport channel, therefore, 

investigating growth and transport properties is desirable for spintronics 

applications.  

 



Chapter 1 Introduction 
  

9 
 

 

Figure 1.3: The band structure of bulk InAs at 300K [13]. The narrow band gap is the most 

attractive property for the applications of spintronics.  

 

1.5 Thesis Composition 
 

The thesis presents the proposal of InAs nanowire spin transport channel and a series 

of experiments, including the growth and electrical characterizations of InAs nanowires 

for spintronics devices, particularly, the Datta-Das spin FET.  

First, the growth processes of InAs nanowires based on vapor-liquid-solid 

techniques using molecular beam epitaxy system are briefly overviewed in chapter 2. 

With these processes, the growth of common InAs nanowires with <111> orientation 

have been developed. Furthermore, the nanowire of core/shell structure has been 

expected that would provide more promising electron spin transport properties, 

therefore, the InAs/InP core/shell nanowires have been grown with similar processes.  

Consequently, the transport properties of the common nanowire and core/shell 
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nanowire have been investigated and compared in chapter 3. The spin relaxation length 

which is an important parameter of spin transport has been also evaluated with 

magneto-conductance observations. As one of conclusions of this thesis, compared with 

the common InAs nanowire, the core/shell structure InAs nanowires are more suitable 

for the applications of spin transport devices.  

 In chapter 4, InAs nanowire with <110> growth orientations are proposed as a 

more effective spin transport channel for the Datta-Das spin FETs. According to the 

demonstrations that the relaxation of spin orientation in one of the <110> axes could 

be totally suppressed. The <110>-oriented InAs nanowires are successfully grown 

by using MBE system for the first time, and the growth processes are introduced 

specifically. In addition, compared with the <111>-oriented InAs nanowires, several 

distinguishing features are found in the <110>-oriented nanowire, including the 

absence of ZB/WZ stack defects. Furthermore, based on the observations of the 

crystalline structure and morphology of the <110>-oriented InAs nanowires, the 

growth of InAs nanowire is investigated more specifically.  

In chapter 5, similarly, the transport properties of the <110>-oriented InAs 

nanowires are investigated with field-effect mobility measurements. By comparing 

with the <111>-oriented discussed in chapter 3, it is found that the <110>-oriented 

InAs nanowire owns advantage transport properties due to the absence of the 

ZB/WZ stack defects. And this feature should be significant for the electron spin 

transport. Thus, the transport properties of <110>-oriented InAs nanowire are 

investigated more precisely with a single nanowire Hall device, and an effective 

fabrication process is introduced as well. Eventually, the scattering mechanism and 

carrier behavior are investigated based on the Hall measurement at different 

temperatures. In addition, some primary results of the spin injection measurements 

are discussed as well. 

Finally, this thesis is concluded in chapter 6. 
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Chapter 2 
Growth of InAs Nanowire  
 
 

 

InAs nanowire is the platform of this thesis. InAs nanowire not only provides the 

useful electronic properties of InAs, but also is very useful for studying the quantum 

effects such as electron spin transport as a 1D nanoscale structure. In this chapter, 

based on the growth of <111>-oriented InAs nanowires, vapor-liquid-solid (VLS) 

technique, which is a self-organized growth process for InAs nanowire fabrication, is 

discussed. We review various growth methods of InAs nanowire particularly the 

VLS technique in molecular beam epitaxy (MBE) system. A core/shell structure of 

<111>-oriented InAs/InP nanowire is discussed as well, which is expected as a 

promising structure for electron spin transport.  

 

2.1 Introduction 
 

As discussed in Section 1.4, the formations of formal semiconductor nanoscale 

structures such as nanowires are the lithography and etching processes, which 

include a lot of defects and impurities. For the nanocale device in the range of 

sub-100 nm, the surface roughness and the impurities critically affect the transport 

properties and quantum effects investigations. Regarding these reasons, many 

approaches have been studied, including the vapor-liquid-solid (VLS) mechanism 
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[1][2], the vapor-solid-solid (VSS) mechanism [3]. Among these self-organized 

growth methods, the VLS mechanism  is most widely applied in growth of 

elemental semiconductor nanowires [2], III-V semiconductors [4–7], II-VI 

semiconductors [8][9]. And owing to its simplicity and versatility, the VLS 

mechanism is successfully used in many semiconductor systems and techniques 

such as metal-organic vapor phase epitaxy (MOVPE) [7][10], chemical vapor 

deposition (CVD) [11][12], thermal evaporation, molecular beam epitaxy (MBE) 

[5][6], chemical beam epitaxy [13]. In this thesis, <111>-oriented InAs nanowire is 

grown using a MBE system by VLS mechanism. Furthermore, nanowires with 

different crystal structures (zinc-blende structure and wurtzite structure) and 

different crystal orientations can be grown in particular growth conditions, the 

growth conditions of nanowires for spintronics are investigated.  

  

2.2 VLS Growth Process 
 
The principle of VLS InAs nanowire grown by MBE is schematically shown in 

Fig.2.1. (a) The Au particles used as catalyst metal particles can be formed by a 

thermal process of a thin Au film, or can be pin coated on the substrate in the case of 

using Au colloid. Correspondingly, the size and density of the Au particles decide the 

diameter and density of nanowires. (b) After a thermal treatment in the growth 

system, the deposited Au particles alloyed with the In atoms of the InAs substrate, 

before that the preparation of the substrate surface is critical for growing 

high-quality nanowires. Owing to the melting temperature of the Au-In alloy at the 

eutectic point is much lower than that of Au, liquid Au-In alloy droplets are formed. 

(c) At the growth temperature, the In and As sources are opened and atoms of In 

and As are evaporated. The Au-In droplets can keep absorbing the In and As vapor 

of atoms resulting in a supersaturated state. (d) Since the melting point of InAs is 

higher than the nanowire growth temperature, at the interface between 
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supersaturated droplets and the substrate, In and As atoms precipitate from the 

droplets and bond at the liquid-solid interface, and the liquid droplets rises from the 

InAs substrate surface. (e) The absorption, precipitation and crystallization 

processes continuously carry out until the end of vapor sources supplement. Finally, 

InAs nanowires are grown by the VLS technique.  

As discussed in Sec.2.1, the VLS methods can be applied for growth a 

variety of 1D nanowires. And the details of nanowire growth such as diameter 

control, vertical growth and heterostructure growth will be briefly discussed in the 

Sec.2.4 and Sec.2.5.  

 

 
Figure 2.1: The schematic of VLS growth of InAs nanowire. (a): Au colloid used as catalyst 

metal particles is pin-coated on the substrate wafer. (b): After the thermal processes in the 

MBE growth chamber, the Au particles and the In of the substrate wafer formed liquid 

alloyed droplets. (c): The Au-In alloy droplet is irradiated by In and As source beam, and 

keep absorbing the atom of In and As. (d): At the interface of between the droplet and the 

substrate, the supersaturated In and As source precipitate and crystallize at this interface. 

The droplet arises from the substrate. (e): Finally, after the circulation of the 

absorption-supersaturation-precipiration processes, nanowire structure is grown. 
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2.3 MBE System 
 

Since the InAs nanowires in this thesis are grown by Molecular beam epitaxy 

(MBE) system shown in Fig.2.2, in this section, the structure and operation theory 

are introduced briefly. MBE, which was invented in the late 1960s [14], is used in 

the manufacture of semiconductor devices.  

 

Figure 2.2: Picture of MBE for nanowire growth of this thesis. The MBE is rebuilt based on a 

Riber MBE. The equipment MBE system provides an ideal clean semiconductor growth 

environment in high vacuum or ultra-high vacuum (10-9 Torr).  

 

MBE system provides an ideal clean semiconductor growth environment in 

high vacuum or ultra-high vacuum (10-8 Pa). Since the mean free path of the source 

molecules under vacuum conditions of 10-5 Torr is about 0.2 m, the elemental atom 
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beam will not react or crystallize until they reach the substrate wafer. In 

solid-source MBE, elements sources such as In and As, are heated in separate 

effusion cells with until they begin to sublime. The sublimed source atoms or 

molecules from the effusion cells behave like a beam aiming directly at the 

substrate shown in Fig.2.3. Then the source atom beams condense on the substrate 

wafer and single crystal InAs is formed. Since the shutters in front of the effusion 

cells can be controlled, the thickness of each layer, the doping states and 

heterostructures can be well controlled. The growth, surface structures and 

contamination can be monitored in situ by reflection high-energy electron 

diffraction techniques (RHEED) and quadrupole mass spectrometer (QMASS).  

 

 

Figure 2.3: Schematic of MBE. The rebuilt Riber MBE owes one load-lock, two transfer room, 

and one main chamber. Five solid sources are set, including In, As, Si, Ga and Al.  

 

Recently, MBE systems have been widely used for both compound 

semiconductor nanowire [5][6] and elemental Si nanowire [15] based on VLS 
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mechanism. Combined with the VLS, these techniques are able to grow 

semiconductor nanowires with high crystalline quality and even provide the growth 

of 1D heterostructures with clean interfaces [16]. Specifically, for nanowire growth, 

MBE has several advantages over other synthesis techniques: (1) the ultra-high 

vacuum can reduce contamination/oxidation and increase the quantities of crystal 

structure; (2) the growth can be monitored in situ; (3) since all growth parameters 

can be adjusted precisely and separately, the intrinsic nanowire growth phenomena 

can be studied individually, different nanowire with different structure such as 

heterostructure can be grown; (4) the absence of carrier gases not only result in the 

high purity of nanowire growth, but also simplify the nanowire growth process, 

since no molecules or precursors need to decompose from the carrier gases. A 

disadvantage of MBE systems is that the ultra high vacuum chambers are very 

expensive to set up and maintain.  

 

2.4 <111>-oriented InAs Nanowire Growth 
 
2.4.1 <111>-oriented InAs Nanowire 

 

Since the most common crystalline structure for nanowires growth in MBE by VLS 

techniques are <111>-oriented with {110} side facets, first, <111>-oriented 

nanowires were grown. There have been general theoretical models explaining the 

parameters and the growth mechanism behind the Au-assisted nanowire growth [17, 

18]. The morphology and crystal quality are the most important factors affecting the 

InAs nanowires and their device properties. Besides these two properties, the InAs 

nanowires applied for spintronics devices, particularly the Spin-FET, should have 

sufficient length and uniformity to make the fabrication and characterization of 

devices conveniently. For these purpose, the growth processes and the growth 

conditions are investigated in order to obtain the nanowires suitable for this thesis.  
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Among the various parameters influencing the growth of nanowires, 

individual group III and V flux rates play a distinct role. The growth rate, diameter, 

shape and length of nanowire are affected by the diffusion kinetics which is decided 

by the III and V flux. Furthermore, as discussed in Sec.2.2, in the VLS growth 

processes of MBE, the metal catalyst such as Au particle is not expected to help the 

decomposition of the precursor species such as the sources gas. Owing to the source 

atoms (adatom) absorption, the crystal can grow faster at the catalyst/substrate 

interface than on the remaining surface then form the nanowire structure. During 

the growth, besides the adatoms which directly arrive the catalyst droplet, a major 

contribution to this adatoms comes from the incoming flux intercepted by the 

sidewalls of nanowires [19, 20]. Therefore, the diffusion length of the adatoms on 

the sidewalls of the nanowire becomes important for morphology of nanowires, 

particularly the length at which diameter tapering starts. In the case of longer 

diffusion length, the supplement of the adatom to the alloyed droplet on the top of 

the nanowire is sufficient, which leads rod like structure. On the other hand, if the 

diffusion length is not long enough to make sufficient adatom supplement to the 

droplet, the nanowire growth tends to the radial growth and tapered morphology. 

The diffusion length of the adatoms on the sidewalls of nanowire is decided by the 

parameters such as the growth temperature and the individual III and V source 

flux. For the InAs nanowire growth, the species of solid As source such as As2 and 

As4 are impact the diffusion length [19]. As4 is more efficient to obtain longer 

diffusion length which leads rode like structure nanowire growth, therefore, As4 is 

used as the solid As source as length and uniformity are necessary for the 

fabrication devices. On the other hand, As2 leads the growth of radial shape 

nanowire structure, which is more efficient for core-shell structure nanowire growth. 

And this structure of nanowire is importance for the application of spin device 

which will be discussed in Sec. 5.4.  
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For these reasons, in the next section, a growth process of <111>-oriented 

InAs nanowire in Au assisted MBE based on the investigation of III and V flux and 

growth temperature investigation will be discussed, in order to obtain suitable 

uniformity and relatively long length. 

  

2.4.2 Experimental Procedure 

 

This section includes the preparation of MBE growth substrate wafer and the MBE 

growth processes.  

 

First, the following is the preparation of the growth substrate wafer.  

 

1. Cleaning: Cleaved epi-ready (111)-oriented InAs wafer is processed 

ultrasonic cleaning in organic solvent with weakest power. The organic 

solvents used are acetone, ethanol and isopropyl alcohol. The processing 

time is about 3 minutes respectively. To remove the surface native oxide 

layer of InAs wafer, a brief etching around 30-sec with NH4 : H2O = 1 : 10 is 

preferred, following with a 1-min DI water rinsing.  

2. Au-nanoparticles dispersion: Au-nanoparticles in the colloidal form are 

dispersed on the InAs surface by the spin-coating technique. Spin coating 

should be not carried out until the temperature of Au colloid returned to 

room temperature as the Au colloid should always be stored in the 

refrigerator. A 500-rpm/5-sec and 3000-rpm/30-sec spin coating process 

provides reasonable density of Au particles. Then the substrate wafer is 

baked in 110 °C for 10-min.  

3. After the preparation of the growth substrate wafer, the substrate wafer is 

set onto the MBE growth holder with melted In.  
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After the preparation of growth substrate wafer, the growth process is 

carried out as following steps. 

 

1. A pre-bake at 250 °C is carried out to remove water and other contaminant 

during transfer, before the growth substrate sample is transferred to MBE 

growth chamber. 

2. Au-semiconductor alloying was carried out at 450 °C in As-atmosphere for 

5-min in As-atmosphere.  

3. Return the substrate temperature from the annealing temperature of 

450 °C to the growth temperature of 420 °C. 

4. Open the shutter of In source to start the growth, and the growth process is 

carried out for 1-hour to get enough length of nanowire. The flux of As is 

around 1.2 × 10-5 Torr and the flux of In is around 6 × 10-7 Torr, which leads 

the V/III ratio is around 20.  

 

2.4.3 Growth Parameters and Results 

 
With the growth processes of Sec. 2.4.2, <111>-oriented InAs nanowires are grown 

at different conditions of In and As source flux. The typical as grown sample is 

observed and investigated by scanning electron microscope (SEM), and the 

cross-sectional SEM image is shown in Fig.2.4, showing the length of nanowire is 

around 10 ~ 14 µm with growth time of 1-hour. The nanowires are perpendicular to 

the (111)-oriented InAs substrate indicating the grown nanowires are 

<111>-oriented. The relative long length owes to the high growth rate of ~ 3.8 nm/s 

as reported in ref.5. Moreover, this high growth rate also results in numerous 

advantages like less tapering. From Fig.2.4c, a reasonable density of the grown 

nanowire sample is shown. Since our target is to investigate the transport property 

of a single nanowire by electrical measurements, a proper density is conductive to 
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fabricate nanowire device whose processes will be introduced in detail in Ch. 3 and 

Ch.5.  

 

Figure 2.4: SEM images of <111>-oriented InAs nanowires grown on (111)-oriented InAs 

substrate with growth conditions: In flux ~ 0.9 × 10-6 Torr and As flux ~ 1.2 × 10-5 Torr. 

(a): A cross-sectional image of the grown nanowires, indicating the length of nanowires is 

around 10 ~ 14 µm. (b): A 45-degree tilted view of the grown nanowires, showing the grown 

nanowire are perpendicular to the growth substrate. (c): A 45-degree tilted view, showing a 

reasonable density of nanowires on the growth substrate. (d): SEM image of a single InAs 

nanowire, the diameter of this nanowire is around 90 nm. 

 
For the same purpose of convenient device fabrications, the <111>-oriented 

InAs nanowires should be grown with the conditions that can provide reasonable 



Chapter 2 Growth of <111>-oriented InAs Nanowire 
 

23 
 

diameter of 30 ~ 300 nm and length of 5 ~ 15 µm. Therefore, In flux dependency and 

As flux dependency are confirmed, which are concluded in Fig. 2.7. It is should be 

mentioned that the identical growth conditions dependency of the previous research 

[5] has not been attained, which could be explained by condition variations of MBE 

system. Nevertheless, <111>-oriented InAs nanowire suitable for electrical device 

fabrications are obtained.  

 

 
Figure 2.5: SEM images of <111>-oriented InAs nanowires grown with growth conditions: In 

flux ~ 1.4 × 10-6 Torr and As flux ~ 1.2 × 10-5 Torr. (a) A 45-degree tilted view. (b) A 

cross-sectional view. (c) SEM image of a single InAs nanowire, the diameter of this nanowire 

is around ~ 300 nm. 

 

 
Figure 2.6: SEM images of <111>-oriented InAs nanowires grown with growth conditions: In 

flux ~ 1.4 × 10-6 Torr and As flux ~ 1.2 × 10-5 Torr. (a) A 45-degree tilted view. (b) A 
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cross-sectional view. (c) SEM image of a single InAs nanowire, the diameter of this nanowire 

is around ~ 300 nm. 

 

 

Figure 2.7: Conclusion of the In flux and As flux dependence of <111>-oriented InAs 

nanowires. The growth points, whose SEM images have been depicted above, are shown on 

positions of their growth conditions. The tendency of radial growth, density, and high growth 

rate are denoted by the arrow signs. Growth conditions in the shadow area are utilized for 

the nanowires for the device fabrications.  

 

Based on the SEM observations above, we can discuss the morphology more 

specifically. With the growth conditions in the shadow area of Fig.2.7, 

<111>-oriented InAs nanowires with different diameters can be grown. Regardless 

of the diameter, the grown nanowires show fine rod-like without tapering 

morphology. It is could be explained by the high growth rate of our nanowires, due 
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to a relatively long diffusion length of In species. Since the growth temperature, 

which is an effective parameter of the radial growth, is fixed in the thesis, the 

variations of diameter and length of the nanowires are mainly attributed to the 

variations in In and As fluxes. And the uniformity of the nanowires are acceptable, 

because the dispersion of the Au nanoparticales are relative uniform, which 

dispersed by spin coating process. This uniformity of the Au nanoparticales 

dispersion ensures that the same amount of In species are collected. In addition, the 

diameter of the nanowire should be dependent on the size of the nanoparticales as 

well. 

 
2.5 InAs/InP Core/Shell Nanowire 
 

InAs nanowire is expected as a decent electron spin transport channel material due 

to its high electron mobility and strong spin orbit interactions. Based on these 

merits of the common InAs nanowire, a core/shell structure of nanowire could 

provide more interesting properties for the quantum devices particularly spin 

transport devices [21, 22]. As depicted in Fig.2.8, in case of InAs/InP, core/shell 

nanowire is a radial heterostructure with a common InAs nanowire core and a InP 

shell.  

 

Figure 2.8: The schematic of InAs/InP core/shell nanowire.  
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This structure with protection on the surface of InAs nanowire can provide 

enhanced transport properties since the shell reduces the surface scattering. 

Furthermore, the conduction band offset of ~ 0.52 eV provides quantum-confined 

electrons, which is attractive for the enhancement of the transport properties as 

well. In the thesis, to indentify the superiority of the core/shell structure, 

<111>-oriented InAs/InP core nanowires were grown by the VLS process in a Riber 

MBE system using Au-colloid solution on InAs (111) substrate. The growth 

processes can be briefly described as following. After the common InAs nanowire 

was grown, InP shell growth was performed by a 2-min growth of InP shell 

2-dimensional growth. The InAs/InP nanowire has a length of 2 µm and a diameter 

of 40 nm. Since the lattice mismatch of 3 % between InAs and InP is relatively large, 

after the 2-dimensional growth for the InP shell, bending nanowire can be observed. 

The structure and the morphology of this core/shell nanowire are confirmed by SEM 

and transmission electron microscope (TEM), the results are depicted as Fig.2.9.    

 

Figure 2.9: SEM and TEM images of <111>-oriented InAs/InP core/shell nanowires grown on 

(111)-oriented InAs substrate. (a): SEM image of the nanowires show these nanowires are 

around ~ 2 μm long with diameter of around ~ 40 nm. (b): TEM image shows the InP shell is 

around ~ 6 nm and the InAs core is around ~ 28 nm. 
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Chapter 3 
Transport Properties of InAs/InP 
Core/Shell Nanowire 
 
 

 

In this chapter, the transport properties of the nanowires and the superiority of the 

InAs/InP core/shell structure nanowires are confirmed. The fabrications and 

characterizations of the single nanowire transistor structure are discussed. Based 

on the transistor structure, the field-effect mobility of a single nanowire was 

investigated for the common <111>-oriented InAs nanowire and <111>-oriented 

InAs/InP core/shell nanowire respectively, which are both grown by VLS 

mechanism using MBE system. The field-effect mobility of the core shell nanowire 

was ~ 4,600 cm2/Vs at room temperature, which is approximate 6-fold increase 

comparing to the simple InAs nanowire. Estimated field-effect mobility at Vds = 0.1 

V increased from ~ 4,600 cm2/Vs at RT to ~ 5,600 cm2/Vs at low temperature. A gate 

voltage dependent crossover from weak localization to weak anti-localization was 

observed. We extracted the spin relaxation length and coherence length using a 

quasi-one-dimensional model of the conductance, which are larger than the 

previous reports. The spin relaxation mechanism in the InAs nanowires are 

discussed as well. 
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3.1 Introduction 
 

As discussed in Sec.1.1, the rapid progress in VLS nanowire growth by MBE has 

stimulated the experimental investigations of 1D quantum devices since the length, 

diameter, growth rate and density of the nanowire can be controlled by the effect of 

growth temperature, source flux ratio and substrate orientation. The growth of 

<111>-oriented InAs nanowire was described in last chapter, meanwhile the 

common <111>-oriented InAs nanowire and the <111>-oriented InAs/InP core/shell 

nanowire are obtained. In order to apply the nanowires to the electronic device 

particularly spin transport device, the transport properties of a single nanowire 

should be investigated. And the primary interesting is to confirm the superiority of 

the InAs/InP core/shell structure nanowire in electron and spin transport. For the 

investigation of carrier mobility, the field effect transistor (FET) structure is widely 

used [1, 2], so that, this method is also applied in our nanowire for both common 

nanowires and core/shell nanowires. Therefore, the comparison of the effective 

mobility between the common nanowire and the core/shell nanowire is able to 

provide the working direction of nanowire growth, from the aspect of nanowire 

structure. Specifically, the transport superiority of the core/shell structure is able to 

be attained by the characterization of the FET structure which is expected based on 

the band structure.  

First, the fabrications of the FET structure based on a single nanowire are 

discussed. Particularly, since the contact resistance of the nanowire and the metal 

terminals are the key point of the device fabrication, the pre-etching processes of 

the nanowire prior to the formation of metal contact are summarized. In order to 

attain the identical FET structure based on the common <111> nanowire and the 

core/shell nanowires respectively, different fabrication processes are designed for 

each nanowire. Using the same FET structure device of both nanowires, the 

transport properties such as effective mobility are investigated, meanwhile, the 
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transport properties are compared at different temperatures. Enhanced transport 

properties and robustness of InAs/InP core shell nanowire are confirmed. 

Second, our studies also aim at confirming 1-dimension transport properties 

and spin precession behaviors of core shell nanowires, thus magneto-conductance 

properties such as weak localization (WL) and weak anti-localization (WAL) of the 

same structure transistor devices were observed at low temperature, since spin 

relaxation can be probed via magneto-conductance measurements. In disordered 

conductors at low temperatures, constructive interference of pairs of backscattered, 

time reversed paths results in a negative WL correction to the conductivity [3]. In 

the presence of spin relaxation, the interference can be destructive, yielding a 

positive conductivity correction known as weak WAL [4, 5]. The conductivity 

correction disappears when a magnetic field sufficient to dephase time-reversed 

paths is applied. The magneto-conductivity correction depends on the length scales 

over which phase- and spin information is preserved. Recently, in order to 

understand the spin-orbit interaction and relaxation mechanisms, 

magnetotransport measurements have been done on the common InAs nanowires 

[6-8]. The gate voltage dependence WL-WAL crossover was investigated using a 

quasi-one-dimensional model. The extracted spin relaxation length (~ 290 nm) is 

longer than previous report [6-8] which indicates reduced spin relaxation in our core 

shell nanowires.  

 

3.2 Fabrications of FET Structure Nanowire Device 
 

3.2.1 Fabrication Processes 

 

For the common <111>-oriented InAs nanowires growth, the processes discussed in 

Sec.2.4 were utilized, which provides the nanowire with a length of ~ 10 μm and a 

diameter of ~ 40 nm. Similarly, the InAs nanowires were grown by the VLS process 
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in a Riber MBE system using Au-colloid seed solution on InAs (111) substrate which 

also was discussed in Sec.2.5. After the InAs nanowire was grown, InP shell growth 

was performed for 2-min followed by a Si-δ layer and 2-min growth of InP shell. The 

InAs/InP nanowire has a length of ~2 μm and a diameter of ~40 nm, while the InP 

shell has a thickness of 6 nm which was confirmed by a TEM.  

For the characterization devices fabrications, the detail processes are 

described as following. 

 

1. Address substrate fabrications: 

To investigate the properties of a single nanowire, the nanowires should be 

detached from the grown substrate and transferred to another substrate with 

address marks. Dice the substrate wafer, which is a highly doped p-t type Si 

substrate with a 100 nm (or 300 nm) thick SiO2 layer, into 8 mm × 8 mm pieces. 

After the typical organic cleaning, spin-coat the primer and ZEP520 with 500 

rpm × 3 sec and 5000 rpm × 30 sec. For the hard baking in the oven, two steps of 

170 °C × 2 min and 90 °C × 5 min are applied. Since the address mark patterns 

are relatively large (minimum size is 1μm), electron beam (EB) lithography is 

carried out with -5 nA, a test drawing is preferred. After the EB lithography, 

develop the sample with Xylene for 45 sec following a rinse with isopropyl 

alcohol (IPA) for 45 sec. The patterns should properly developed with a 

sufficient dose and this recipe, however, the develop time and rinse time can be 

increased to 60 sec in case the pattern is not well developed. Then, the 

developed sample is baked in the oven with 110 °C × 10 min for hard baking. 

For the address mark formation, 50 nm of Ti and 150 nm of Au are deposited 

with ANELVA electron beam evaporator at a pressure of ~ 5.0 × 10-6 Torr. With 

the ZDMAC solution, the Ti/Au metal layers are lift-off. After soaking in the 

solution for 3 hours at least, a briefly ultra-sonic process can be applied here. 

Finally, the lift-off samples are rinsed in IPA for 1 min following a baking 
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process with oven for 10 min. The layout of the address substrate is shown in 

the Fig.3.1a, alignment marks are designed on the four edges of the 3400 μm × 

3400 μm address area. The position of transferred nanowires are defined with 

the cross marks shown in Fig.3.1b. 

 

Figure 3.1: (a) The layout of a address substrate with alignment marks surround the 

address area. (b) Microscope image of the address substrate, the cross address marks are 

shown. The scale bar is 10 µm. 

 

2. Nanowire detachment and dispersion. 

The nanowires are dissolved into ethanol solution (or deionized water) and 

detached from the growth substrate with strong ultra sonication for 1 min. The 

solution containing nanowires is transferred onto the Si address substrate with 

an injector. After a brief baking process, the nanowires are dispersed on the 

address substrate. The schematic of this process is shown as Fig.3.2.  
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Figure 3.2: The schematic of the nanowire transfer and dispersion processes. 

 

3. Device fabrications. 

Device schematic structure and SEM micrograph are shown in Fig. 3.3. All of 

the lithograph patterns are defined by electron beam (EB) lithography and 

Ti/Au (20 nm/50 nm) are used as contact pads. InAn/InP core/shell nanowire is 

surface treated with solution of H3PO4 : HCl = 3 : 1 for 6 sec to remove the InP 

shell, following a rinse with deionized water for 2 min. For the common InAs 

nanowire, the native oxide is removed by the (NH4)2Sx solution [9] to remove the 

native oxide. The pre-etched sample are transferred to the evaporator rapidly in 

order to carried out the formation of Ni (70 nm) electrodes without annealing 

process. As the reference, we fabricated the same structure devices with 

common InAs nanowires whose diameter is 40 nm.  
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Figure 3.3: (a) Schematic image of the back gate nanowire devices InAs/InP core shell 

nanowire. Highly doped p-type silicon substrate with ~ 100 nm SiO2 layer was used as 

address substrate with back gate electrode. Au/Ti pad area and Ni contact part were formed 

by EB lithography. L is the channel length. Inset is the SEM image of core shell nanowire 

device. The scale bar is 500 nm. 

 
(b) A microscope image of the 4-terminal device for nanowire resistance measurements. 
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3.3 Characterization of FET Devices 
 
By characterizing the transistor performances, the electrical transport properties of 

δ-dope core shell nanowire were studied. Room temperature transistor 

characteristics of a δ-dope core shell nanowire device with a diameter of 40 nm and 

channel length (L) of 1 μm are shown in Fig. 3.4(a) and (b). Both Ids-Vds and Ids-Vgs 

curves of core shell transistor show stable characteristics compared with the simple 

InAs nanowire transistor. This is presumably caused by the better InAs surface 

(InAs/InP interface) in the core shell structure.  

 

Figure 3.4: (a), (b) Characteristics of a simple InAs nanowire fabricated in parallel with the 

same device scales as the core shell nanowire device. (c), (d) The Ids-Vds and Ids-Vgs of a 

representative δ-dope core shell nanowire device with a diameter of 40 nm (28 nm InAs core) 

and channel length (L) of 1 μm (Fig. 3.2). 
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In the linear operating region, the accumulation charge is given by Qacc = 

C(Vgs-Vt), where C is the gate capacitance and Vt is the threshold voltage. The 

source–drain current, Ids, can then be derived as: 

,    (3.1) 

where q is the electron charge, n is the electron concentration, v is the drift velocity, 

µFE is the field-effect mobility, Lg is the gate length, and A is the cross-sectional area 

of the nanowire. 

At a drain-source voltage (Vds) of 20 mV, a peak transconductance (gm) of 

~0.11 μS and on-current of 0.5 μA are able to be recognized from drain-source 

current (Ids) versus gate voltage (Vgs) data (Fig. 3.4b). According to Eq.3.1, the 

field-effect mobility µFE can be expressed as following. 

DS

gm
FE CV

Lg 2

=µ                           (3.2) 

To obtain an estimate for the field-effect mobility of the nanowire, the gate 

capacitance of ~ 30 aF/um is calculated using a cylinder on a conducting plate model 

of Eq.3.3, which is the general form for back-gate nanowire FETs and nanotube 

FETs and have been used extensively [10-13].  












 −+++= aaatatLC oxoxg /)(ln/2 22πε ,     (3.3) 

where ε is the insulator dielectric constant, tox is the SiO2 insulator thickness of 100 

nm, and a is the nanowire radius. This model is based on the assumption that the 

nanowire is an equipotential surface like in metals and owns infinite length. Since 

our nanowires have not been intend doped during the growth, the doping 

concentration should be relatively low, particularly the core/shell nanowire with the 

InP shell. Meanwhile, other effects such as the interface-charge capacitance 

corrections have not been taken into account, thus, the expressions above may not 

22 /)(/ gdstgsFEgdsaccFEds LVVVCLVQqnvdAI −=== ∫ µµ
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be quite accurate. However, our interesting in this chapter is to confirm the 

superiority of the core/shell structure nanowire, thus, these lower-bound field-effect 

mobility values are able to provide a fare comparison between the core/shell 

structure nanowire and the common nanowire. In order to calculate the field-effect 

mobility, contact resistances (Rc) were taken into account because the ohmic contact 

formation in these devices had not been optimized. The two-terminal resistance 

could be valued from Fig. 3.3(a) at Vgs = 0 V which is ~ 50 kΩ. With a four-terminal 

device, as shown in Fig. 3.2(b), we measured the nanowire resistance as ~28.1 

kΩ/μm. For this transistor device case which is L =1 μm and D = 28 nm, the 

resistance of nanowire (Rnanowire) was estimated as 28.1 kΩ. At Vds = 20 mV, Vchannel = 

Vds Rnanowire / (Rnanowire+Rc) = 11.2 mV was used to replace Vds of Eq. 3.2 for mobility 

calculation, while the field-effect mobility μFE was calculated as ~ 4600 cm2/Vs. For 

comparison, InAs nanowire devices were also fabricated in parallel with the same 

device scales whose transistor characteristics were shown in Fig. 3.3(c) and (d). 

Comparison of our δ-dope InAs/InP core shell nanowire and simple InAs nanowire 

device gm at Vds = 20 mV shows an increase for core shell (gm = 0.11 μS) versus 

simple nanowire (gm = 0.04 μS), which corresponds to the enhanced electron 

mobility. Mobility of InAs nanowire device at Vds = 20 mV was also calculated to be ~ 

800 cm2/Vs with same model as Eq. 3.2. An approximately 6-fold increase of 

mobility was obtained for core shell InAs/InP nanowire device. Drastically improved 

mobility is presumably caused by the InP shell passivation which reduced the 

surface scattering and formed a quantum confined electron gas in the InAs/InP core 

shell nanowire heterostructure. The effect of strain to the transport properties 

cannot be separated from the improved interface effect at the moment. Moreover, 

the drain-source current degradation during measurements, which is a common 

phenomenon for the simple InAs nanowire devices, was not observed in InAs/InP 

core shell nanowire transistors, which indicates the enhanced robustness of core 

shell nanowires.  
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We also investigated the temperature dependence of the InAs/InP core shell 

nanowire transistor performance. Ids versus Vgs measurements were carried out at 

room temperature (RT), 90 K, 25 K and 1.5 K respectively (Fig. 3.5a). At low 

temperature less than 90K, the on current decreased from 2 μA (RT) to 0.9 μA 

which could be caused by the contact resistance increase. Field-effect mobility at Vds 

= 0.1 V of each case was calculated and increased from ~ 4600 cm2/Vs at RT and 

then saturated at ~ 5600 cm2/Vs for the temperature less than 90 K (Fig. 3.5b). The 

weak temperature dependence of mobility might reflect the interface scattering 

domination with such a narrow InAs core diameter even though the better interface 

passivation was obtained.  

 

Figure 3.5: (a) The Ids-Vgs characteristics of a representative δ-dope core shell nanowire 

device at RT, 90K, 25K and 1.5K respectively. (b) Calculated electron mobility of the 

representative core shell InAs/InP nanowire device at different temperatures.  

 

The modulated carrier concentration in the nanowire FET channel 

underneath the gate can be calculated from Eq.1 and is given by: 

                              (3.4) AVq
LI

n
dsFE

ds

µ
=
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The calculated carrier density is around ~ 2.4 × 1017 cm-3. If assume the electron 

transport only occurs on the interface between InAs core and InP shell, a 

two-dimension carrier density n2D as ~ 1.8 × 1011 cm-2 can be obtained. 

3.4 Spin Transport Properties in Core/shell Nanowire 
 

3.4.1Weak Localization and Weak Anti-localization  
 

The quantum diffusion called weak localization can be described qualitatively as 

below. Consider an electron diffusing at low temperature in 2-dimensional system 

at the origin at time t = 0, whose diffusion path is shown as Fig. 3.6. In the case of 

classical diffusion, the electron could propagate alone the solid lines and return to 

the original position due to several times scattering, otherwise, propagate alone the 

dash lines and return to the original. And the possibility of 1/(4πDt), which is the 

algebraic sum of these two cases, can be deduced by the diffusion equation of Eq.3.5 

as : 

 ,                    (3.5) 

where D is diffusion coefficient, r is the position, and t is the time. However, in the 

quantum diffusion, due to the wave-like character of electron, the electron can be 

considered as waves propagate alone the solid lines and dash lines simultaneously. 

If the several times of scattering at low temperature are elastic, the waves return to 

the original without losing of phase, therefore, the phases of the two partial waves 

are coherent. The amplitudes of solid lines wave (A’ ) and the dashed lines wave (A’’ ) 

are equal, A’ =A’’ = A, because their partial waves propagated on the same path in 

opposite directions. Thus, instead of the algebraic sum of possibility, their 

amplitudes add so that the possibility of return to the original is |A’ + A”|2 = 4|A|2, 

which is twice as great as the classical one. For other states sufficient far away from 

the original, there is only in incoherent superposition of every two sequences. This 
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tendency of return to the original or localization, which is result in a decrease of the 

conductance, is called weak localization (WL) [4]. In a magnetic field, however, the 

phase coherence of the two partial waves is weakened or destroyed. Therefore, this 

phenomenon in a low dimensional system can be confirmed with the observation of 

the magneto-conductance at low temperature. 

 

 
Figure 3.6: Schematic of electron diffusion paths. Since in the quantum diffusion, the 

electron which considered as wave can propagate alone the solid lines and the dashed lines 

simultaneously. The probability to return to the origin is twice as great as in classical 

diffusion in the case of inelastic scattering. 

 

Meanwhile, if we consider this diffusion occurred in a conductor owing spin 

orbit interactions, the electron spin would rotate during the propagations due to the 

effective magnetic field, even the scattering is elastic. The electron is a spin 1/2 

particle which has to be rotated by 4π to return to the original function. In the case 

of elastic scattering diffusion talked above, if the electron waves return to the 

original with a rotation of 2π which reverses the sign of the spin state. Instead of 

constructive interference, a destructive interference, due to opposite spin states of 

the two waves, reduces the possibility of return to the original. Averagely, the sum 

of amplitudes of the two partial waves is only |A|2. This corresponds to a forward 

propagation and an increase of the conductance, which is so called weak 
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anti-localization (WAL) [4]. And this phenomenon is also can be confirmed with the 

observation of the magneto-conductance at low temperature in the low dimensional 

system owns spin orbit interactions.  

3.4.2 Enhancement of Spin Transport Properties in Core/shell Nanowire 

 

As discussed above, the WL and WAL are the quantum corrections to the 

conductance of the low dimensional systems caused by the interferences such as 

spin orbit interactions. On the other hand, one can evaluate the spin orbit 

interactions by the investigations of the WL and WAL of a low dimensional 

conductor. Meanwhile, the Rashba spin orbit interaction can be controlled by an 

external voltage, therefore, the observation of the external voltage dependent WAL 

is a valid method to investigate the Rashba spin orbit interaction. In the case of the 

InAs nanowires, the spin orbit interactions were investigated by the observations of 

the magneto-conductance of similar nanowire back gate FET structures above [6, 7].  

In this thesis, an enhance spin transport properties due to the structure of 

core/shell nanowire is expected, so that, with a tunable back gate voltage at low 

temperature, the magneto-resistance of a single core/shell nanowire is investigated.  

As shown in Fig.3.7, the measurements are carried out with a similar back gate 

FET structure based on a single InAs/InP core/shell nanowire at low temperature of 

~ 10 K. An external magnetic field is applied to the back gate FET perpendicular to 

the core/shell nanowire. At a gate voltage of 60 V, the magneto-resistance is 

showing a valley in the vicinity of the zero magnetic fields. This valley-like 

magneto-resistance is consistent with the discussions of WAL above. In particular, 

the large gate voltage enhanced the Rashba spin orbit interaction, correspondingly, 

the WAL emerge due to the destruction of WL. In order to confirm this analysis, the 

magneto-conductance at different gate voltage are measured. As shown in Fig. 3.8, 

magneto-conductance ΔG = G(B) – G(0), offset to zero at the zero magnetic field, is 

plotted at different gate voltages without smoothing process. Along with the 
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decrease of the gate voltage, WAL became WL eventually, because the spin orbit 

interaction was lowered by the gate voltage. This crossover of magneto-conductance 

from WAL to WL dependant on the gate voltage is also reported in the previous 

reports on the common InAs nanowires [6-8]. Significantly, the measurements of 

the variation in conductance as a function of magnetic field allow us to abstract the 

phase coherence length lφ and spin-orbit relaxation length lso.  

 

 
Figure 3.7: The magneto-resistance of a back gate FET structure (SEM) at the Vg = 60 V. The 

scale bar is 1 µm. 
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Figure 3.8: The magneto-conductance, offset to zero at zero magnetic field, plotted for 4 

different gate voltages at a temperature of ~ 10 K. A crossover from WL to WAL takes place 

as the gate voltage is increased. Solid lines are fits to Eq. 3.2. 

 

To characterize this transition, we consider a quasi-one-dimensional model 

which assumes L >> lφ >> D >> λF, where L is the length of the nanowire and D is 

diameter. In the case the core/shell nanowire is considered as a tube-like electron 

transport channel, the Fermi wave vector kF = 1.06 × 106 cm-1 can be calculated by: 

 ,                     (3.6) 

where n2D is the two-dimension carrier density as ~ 1.8 × 1011 cm-2, gs = 2 is the spin 

degeneracy, and gv = 1 is the valley degeneracy of InAs. Correspondingly, the elastic 

mean-free path le can be calculated as ~ 37 nm: 

2/1
2 )/4( vsDF ggnk π=
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,               (3.7) 

where vF is the Fermi velocity, τe is elastic scattering time, m is the effective mass of 

the electron in InAs. This result is larger than the previous reports [6, 7], which 

implies our core/shell nanowire owes better transport properties. One can fit the 

results according to the theory of the dirty metal regime (le << diameter) or the 

theory of the pure limit (le >> diameter) [3, 4]. Since the mean-free path of ~ 37 nm 

is slightly less than the diameter of the core/shell nanowire, in order to extract the 

spin relaxation length (lso) and coherence length (lφ) meanwhile and compare our 

result with the previous reports, we fitted the correction of the conductance ΔG(B) 

as the solid lines in Fig. 3.7 by dirty metal regime with Eq.3.8 below, 

 ,      (3.8)  

with Dc being the diffusion constant and τB the magnetic relaxation time. For large 

gate voltages, we extracted lso ~ 290 nm and lφ ~ 360 nm. Assume the Rashba spin 

orbit interactions without external electrical fields are equal in the core/shell 

nanowires and the common nanowires, we can compare our results with the 

previous reports of the common InAs nanowires [6, 7]. The spin relaxation length 

and coherence length in our core/shell nanowire are both longer than the previous 

reports of the common nanowires whose spin relaxation lengths are 100 ~ 200 nm 

even in the weak Rashba rang (low back gate voltage cases). Since the spin 

relaxation length lso,R due to Rashba is inversely proportional to the strength of 

Rashba according to the Eq. 3.9, this enhanced spin relaxation length in our 

core/shell nanowire should be caused by the reductions of other spin relaxation 

mechanisms.  

As discussed in Sec.1.3, the major physical spin relaxation mechanisms in 

nanowire spin FET are the DP and EY mechanism. DP mechanism is the spin 
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relaxation processes due to the spin orbit interaction including Rashba and 

Dresselhaus spin orbit interactions. And EY mechanism is the spin relaxation due 

to the scattering of ionized defects. Since these three spin relaxation mechanisms 

providing different spin relaxation length, we can investigate and compare them 

with the results of our core/shell nanowires.  

First, the effects of Dresselhaus are discussed as following. In our 

<111>-oriented InAs/InP core/shell nanowire, according to the transport properties 

characterizations with the back-gate transistor structures, the electron transport 

alone the [111] direction on the interface of InAs core and InP shell, which is a 

conclusion of the mobility temperature dependency discussed above. The 

<111>-oriented InAs nanowires grown on the (111) substrate own a hexagonal 

cross-section and six {110} side-walls (facet). Therefore, it can be assumed that the 

electrons propagates on a tube-like {110} 2-dimentional channel along the [111] 

direction. According the effective magnetic fields calculations of 2-dimentional 

InGaAs system [14], the propagation of electron in <111>-oriented nanowire can be 

described schematically with Fig. 3.9. The 2-dimentional InGaAs system with kx // 

[00-1] and ky // [-110] provides the effective magnetic field perpendicular to the 

plane. This situation is remarkable, if the spin is vertically injected into the system, 

DP due to Dresselhaus spin relaxation can be totally suppressed [15]. 
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Figure 3.9: The schematic of <111>-oriented InAs nanowire with {110} side-walls along with 

the effective magnetic field calculation due to Dresselhaus spin interaction of (110) plane. 

The interface between InP shell and InAs core including six {110} facets is a tube-like 

2-dimentional transport system, so that, the Dresselhaus DP spin relaxation factor is a (110) 

type. The calculation of the InGaAs (110) plane shows the effective magnetic fields 

perpendicular to the plane 

And the spin splitting is absent in the <111> direction in our nanowire [16], 

so that, the relaxation due to Dresselhaus might be sufficient long to be negligible in 

this core/shell case. This assumption can be supported by calculation with Eq. 3.8 

using the parameters of bulk InAs and the Fermi wave vector kF of ~ 1.06 × 106 cm-1 

of our core/shell nanowire. 
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𝑙𝑠𝑜,𝐷 = ℏ2

𝑚𝑒𝑘𝐹
2𝛾

                    (3.8) 

The estimated spin relaxation length dependent on the Dresselhaus is ~ 11 μm, 

which is much larger than our results deduced from the fitting of WL and WAL 

measurements. This implies than Dresselhaus parts of DP spin relaxation in our 

core/shell nanowire system is negligible, so that, the Rashba is the dominant factor 

of the DP mechanism. If we ignore other spin relaxation factors except Rashba, the 

Rashba coefficient α can be deduced as ~ 1.1 × 10-11 eVm using lso ~290 nm with the 

Eq. 3.9 as following. And this result agrees with the typical Rashba coefficient of the 

conventional InGaAs heterojunction HEMT structure, which is around 0.5 ~ 1.5 × 

10-11 eVm [17].  

𝑙𝑠𝑜,𝑅 = ℏ2

𝑚𝑒𝛼
                    (3.9) 

Another spin relaxation mechanism working in our system is the EY 

mechanism, which causes spin relaxation in the case of ion scattering. Every time 

the electron scatters to a new state, during the collision, there is chance to couples a 

different spin from the ion impurity. The typical spin relaxation length is expressed 

with Eq. 3.10 [18] 

  𝑙𝑠𝑜,𝐸𝑌 = 0.61𝑙𝑒𝐸𝑔(𝐸𝑔+𝐸𝑆𝑂)(3𝐸𝑔+2𝐸𝑆𝑂)
𝐸𝐹𝐸𝑆𝑂(2𝐸𝑔+𝐸𝑆𝑂)

  ,         (3.10) 

where Eg is the band gap of 0.35 eV, EF is the Fermi energy, and ESO is the spin 

splitting of valance band of 0.41 eV. And the relaxation length due to EY 

mechanism is about ~ 360 nm. This estimation abased on the calculation is 

comparable to the results deduced from the WL-WAL fitting, so that, the EY 

mechanism could be an important factor to our <111>-oriented InAs/InP core/shell 

nanowire. Furthermore, it is well known that the electron accumulation occurs at 
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the surface of the nanowires, in case of the common InAs nanowire with the bare 

side-walls, the surface scatterings play a dominant role for the electron transports. 

Including surface roughness scattering, surface ionized impurity scattering and 

native oxide charge traps, produce strong scattering potentials [19, 20], which could 

limit the electron mobility and spin relaxation length. Therefore, the enhanced spin 

relaxation length in our core/shell nanowires probably due to suppression of the EY 

mechanism, particularly on the surface of the InAs nanowires. Another important 

issue, which could explain the low field-effect mobility and less spin relaxation 

length, is the band discontinuous due to structural defects of WZ/ZB. Since the WZ 

InAs has a ~ 20% larger band-gap than ZB InAs [21], so that for electrons and spins, 

stacking faults correspond to potential wells, which would limits the mobility and 

spin relaxation length. These transport properties due to the band discontinuous 

are discussed in chapter 5 specifically as well. 

Another point should be mentioned is that the interface of InAs core and the 

InP shell would provide a better transport channel compare with the bare surface of 

the common nanowires, even there should be lattice mismatch between InP and 

InAs, the scattering is much lower than the surface of the common nanowire. On 

the other hand, the lattice mismatch and impurities in the InAs core close to the 

interface might be the dominant reasons for the EY mechanism in core/shell 

nanowires.  

As conclusions of this chapter, enhanced spin transport properties and 

electrical transport properties in our core shell nanowires are confirmed, which are 

presumably attributed to the InP shell passivation. Decent transport properties and 

reduced spin relaxation were revealed by extracting lso and lφ from a crossover from 

WL to WAL. By comparing with common InAs nanowire devices fabricated 

separately, superiority of core/shell nanowire structures were verified in field-effect 

mobility and spin relaxation length, suggesting the effectiveness of the InP shell 

passivation which reduced the EY mechanism due to the surface scatterings. In 
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summary, the InAs/InP core/shell nanowire structure is suitable to be applied to 

spin transport devices particularly the Datta-Das spin FET. Also, lower impurity 

growth of nanowire in MBE system will not only lead better electrical transport 

properties but also an enhanced electron spin transport, since the spin relaxation 

due to the ion scattering is playing an important role in InAs nanowires.  
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Chapter 4 
<110>-oriented InAs Nanowire  
 
 

 
4.1 Introduction 

 

At room temperature, as discussed in Sec.1.2, electron spin relaxation due to the 

D’yakonov–Perel’ mechanism, which involves Dresselhaus and Rashba spin orbit 

interactions, is the most dominant, while it has also been demonstrated that, when 

the Rashba and Dresselhaus SOI linear-in-k terms have equal strength, the spin 

orientation relaxation in one of the <110> axes is totally suppressed. Hence, 

compared with <111>-oriented nanowires, we anticipated that InAs nanowires with 

<110> orientation could be a more promising material for spintronics devices as an 

efficient 1D spin transport channel. Therefore, investigations into InAs nanowire 

growth and transport properties are desirable for the development and refinement 

of spintronics applications.  

However, the most common nanowire growth by VLS techniques are 

Au-assisted <111>-oriented nanowires with {110} side facets. Because of the 

inertness and the relative low alloying temperature, commonly, Au is utilized as the 

primary catalyst material. For the growth of <111>-oriented InAs, tremendous 

research effort has been devoted to this growth processes by various epitaxial 

growth techniques such as MBE [1], CBE [2], and metal organic vapor phase 
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epitaxy (MOVPE) [3]. On the other hand, Au influences the semiconducting 

properties of the grown nanowires due to its fast diffusing as low doping features [4]. 

Furthermore, the harvested Au-assisted nanowires have suffered by having mixed 

zinc blende (ZB) and wurtzite (WZ) crystal phases together with numerous stacking 

faults. These kinds of structural defects seriously affect the device performance by 

increasing resistivity [5], suppressing carrier accumulation at the nanowire surface 

due to the polarization charge at the mixed crystal interfaces [6], decreasing the 

mean free path [4] and inducing non-radiative recombination centers [7]. Therefore, 

it is necessary to explore alternative promising catalyst materials, in order to 

eliminate undesirable phenomena.  

Recently, palladium (Pd) has been proposed as an attractive catalyst 

material for the growth of InAs nanowire by various epitaxial growth techniques [7, 

8]. Moreover, the grown Pd-assisted nanowires are projected along the <110> 

direction with respect to the GaAs (111)B substrate and exhibit excellent structural 

features [8]. The obtained nanowires have a defect free stable zinc-blende crystal 

phase throughout their length without any other crystal phase mixing, especially 

the wurtzite phase, which is to be commonly found in Au-assisted grown InAs 

nanowires. The absence of wurzite defects is extremely attractive property for the 

fabricated devices particularly electron spin transport devices. These interesting 

features of the Pd-assisted nanowires have tempted us to carry out this presented 

work using the MBE technique. As we discussed above, the nanowire growth 

process by MBE technique is able to provide higher quality of crystalline structure, 

which can is more prospective material for Spin-FET compared to other growth 

techniques. In this thesis, we have demonstrated the growth of Pd-assisted InAs 

nanowires based on the VLS growth mechanism using the same solid source 

molecular beam epitaxial technique. And this is the same MBE growth technique 

which is applied for the <111>-oriented InAs nanowires growth, consequently, we 

can compare the <111>- and <110>-oriented InAs nanowires of their transport 
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properties as well. Growth experiments have been carried out systematically by 

varying the density of the catalyst particles, growth temperature and In-flux and 

keeping the As-flux constant, and vice versa, in order to identify better growth 

conditions for getting device-quality InAs nanowires with reasonable density. The 

<110>-oriented InAs nanowires are grown with (111)B GaAs substrate and (111)B 

InAs substrate respectively. 

 
4.2 VLS Growth of <110>-InAs Nanowire  
 
Compared with the growth of <111>-oriented InAs nanowire using our solid source 

MBE system, the primary difference is that Pd catalyst is used for the growth of 

<110>-oriented InAs nanowire. Compared with <111>-oriented InAs nanowire 

growth, the formation of the catalyst particles is achieved in different technique. 

The Pd catalyst particles are fabricated by an annealing process of a Pd thin film in 

the MBE growth chamber as shown in Fig.4.1. The thickness of around 15 Å Pd is 

deposited on a GaAs (111)B or InAs (111)B substrate after a typical cleaning 

processes. After that, the annealing process is carried out at 600 °C (510 °C for InAs 

substrate) in As-atmosphere to scatter the Pd film and induce the alloying of Pd and 

In of the substrate. As shown in the Fig.4.2, the formation of Pd catalyst particles on 

the GaAs substrate due to the annealing process round 600 °C of a 15 Å thick 

Pd-layer before the growth is confirmed using a Nanoscope IIIa model AFM (atomic 

force microscope) [9]. Clearly, Pd particles are formed with reasonable density and 

with diameters around 30 nm. With these Pd nanoparticles or droplets, a typical 

VLS process can be carried out which leads the growth of <110>-oriented InAs 

nanowires growth. The purpose of this chapter is that define the growth parameters 

of <110>-oriented InAs nanowire in order to make the fabrications of the single 

nanowire device convenient.  
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Figure 4.1: The schematic of <110>-oriented InAs nanowire growth on a GaAs (111)B 

substrate.  

 

Figure 4.2: AFM images of Pd catalyst particles due to the annealing process of a 15 Å thick 

Pd-layer with 600 °C for 10-min. A reasonable density and diameter of 30 nm are 

confirmed. 

 
Following is the preparation of MBE growth substrate wafer and the MBE 

growth processes for <110>-oriented InAs nanowire growth.  

First, the following is the preparation of the growth substrate wafer.  
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1. Cleaning: Dice a small fragment of epi-ready (111)B GaAs wafer, typically 

use sizes of around 1 cm. For the organic cleaning, sonicate the piece of 

wafer in aceton, ethanol, and isopropanol (IPA) for 3-min with weak power 

respectively. To remove the surface native oxide layer of InAs wafer, a brief 

etching around 30-sec with NH4 : H2O = 1 : 10 is preferred, following with a 

1-min deionized water rinsing and blowing off with dry nitrogen.  

2. Pd-catalyst layer deposition: Set the sample to the E-beam evaporation 

equipment, and wait the pressure vacuumed down to the 1.0 × 10-6 Torr. 

Start to evaporation after the degas process of Pd source. Since the 

thickness of the Pd layer is important for the formation of Pd catalyst 

particles, several thickness have been deposited. None of them is thicker 

than 50 Å, so a very low evaporation rate is preferred such as 1 ~ 2 Å/sec.  

3. After the Pd-catalyst layer deposition, the substrate wafer is set onto the 

MBE growth holder with melted In. Then, transfer the sample to the 

load-lock of MBE promptly. 

 

After the preparation of growth substrate wafer, the growth process is 

carried out as following steps. 

 

1. A pre-bake at 250 °C is carried out to remove water and other contaminant 

during transfer, before the growth substrate sample is transferred to MBE 

growth chamber. 

2. Before the nanowire growth experiment, the Pd deposited substrate was 

annealed in the MBE growth chamber at 600 ~ 605 °C in an As atmosphere 

for 10 min to remove surface contaminants as well as to convert and 

agglomerate the Pd thin film into Pd nanoparticles.  

3. Return the substrate temperature from the annealing temperature of 

600 °C to the growth temperature of 425 °C. 
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4. Open the shutter of In source to start the growth, and the growth process is 

carried out for 1-hour to get enough length of nanowire. The flux of As and 

In is set to provide a large V/III ratio around 120 compared with 

<111>-oriented InAs nanowire growth. V/III ratio of 100, 125, and 152 are 

studied.  

 

The nanowire growth processes based on the epi-ready (111)B InAs 

substrate wafer are similar to the growth processes of (111)B GaAs substrate wafer, 

except for the annealing temperature of Pd particles formation. Since InAs 

substrate is more fragile compared with GaAs, the annealing process of Pd-particles 

formation is around 500 ~ 510 °C. Certainly, the shutter of As source should be 

opened when the substrate temperature is increased to 250 °C, in order to form the 

atmosphere earlier to supply the As to the InAs substrate.  

 
4.3 Results and Discussions 
 
4.3.1 Dependence of Pd Film Thickness  

 

Since the morphology and density of catalyst particles, growth temperature, and the 

V/III ratio are the key parameters of InAs nanowire VLS growth, three sets of 

growth experiments are carried out to indentify the thickness of Pd film, the growth 

temperature, and the V/III flux ratio. In order to verify these three parameters 

respectively, a set of parameters are defined as the standard condition which is 

confirmed in advance that can provide a reasonable nanowire growth. The standard 

condition is Pd thickness of 15 Å, growth temperature of 425 °C, and the V/III ratio 

of 125 with In flux of 2.0 × 10-7 Torr. The observations of Pd thickness by SEM are 

shown in Fig.4.3. With the other two parameters fixed as the standard condition, it 

is obvious that 15 Å, whose nanoparticles are confirmed by AFM as shown in Fig.4.2, 
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provides reasonable nanowire density. Despite the size of the droplet alloy, the 

higher In/Pd eutectic temperature [10] and lower chemical potential [11] give Pd the 

capability of replacing the Au. It is should be noted that, according to the In-Pd 

binary phase diagram [10] showing in Fig.4.4, annealing temperature in this thesis 

around 600 °C is a eutectic temperature for the alloy dominating by In element. 

The red dash line marks the annealing temperature and the corresponding 

concentration of the Pd in the alloy droplet. This indicates that the In concentration 

of the In/Pd alloyed droplet is around 87 % which is contrary to the case of In/Au 

droplet. 

The annealing process is not sufficient to form the nanoparticles with 

precise size and controllable density, therefore, for the thickness larger than 15 Å 

cases, nanowires are also grown successfully with little difference of density. It is 

believed that a range of Pd film can provide the growth of nanowire with the 

annealing temperature of 600 °C.  However, nanoparticles formation have to be 

carefully because nanoparticles have strong van der Waals attractive force sand 

thus agglomerate into larger particles. Furthermore, Ostwald ripening occurs 

between nanoparticles at high temperature because larger particles are more 

energetically favorable. Accordingly, small nanoparticles tend to accumulate into 

large particles to attain a lower energy state. Therefore, it is might difficult to 

obtain very small nanoparticles to grow extremely thin InAs nanowire with the 

annealing process. Actually, diameter from 40 to 400 nm of nanowire can be grown 

based on these nanoparticles, and this range of the nanowire diameter is proper for 

the single nanowire device fabrications.  
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Figure 4.3: SEM images of <110>-oriented InAs nanowire grown with different thickness of 

Pd films. The scale bar is 5 µm. 
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Figure 4.4: The binary phase diagram of In-Pd alloy. The red dash line marks the annealing 

temperature of the <110>-oriented InAs nanowire growth and the corresponding 

concentration of the Pd in the In/Pd alloy droplet. 

 

4.3.2 Dependence of Growth Temperature 

 

From the growth temperature verifications, SEM images of Fig.4.5 show the growth 

rate decrease while the temperature increases, until no nanowires were observed at 

500 °C. This growth temperature dependence is common in the nanowire growth, 

and it can be explain the growth at high temperature turns to be 2-dimention 

growth. And it is believed that the diffusion length of In on the side facet of the 

nanowire is dependent on the growth temperature as well, so that, at low 

temperature such as 375 °C more tapering nanowire can be observed.  
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Figure 4.5: SEM images of <110>-oriented InAs nanowire grown with different growth 

temperature. The scale bar is 3 µm. 

 

4.3.3 Dependence of As Flux and In Flux 

 

Last, the V/III ratio of the nanowire growth is verified. Since the flux of As and In are 

both affect the growth of InAs nanowire vitally, they have been verified respectively 

with two sets of experiments. First sets are carried out for the dependence of As flux, so 

that,   InAs nanowires have been grown at several As flux with other parameter as 

standard conditions and a constant In flux of 2.0 × 10-7 Torr. In the aspect V/III ratio, 

the growth processes were carried out from 52 to 152. From the SEM image of the 

harvested InAs nanowire as shown in Fig.4.6, at the low V/III ratio such as 52 and 76, 

no nanowires were observed except for dot-like structures. On the other hand, InAs are 

grown with reasonable growth rate and density at the higher V/III ratio such as 125 and 

152. This As flux dependence is similar to the <111>-oriented InAs nanowire growth, a 

linear increase in growth rate is observed with the function of As flux. At low V/III ratio, 

the diffusion length of In is not long enough to proceed the axial growth. The increase in 
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As-flux has increased the As-species received by the catalyst particles. This eventually 

increases the mobility of the In-species towards the Pd-semiconductor interface and 

increases the effective number of In-adatoms consumed for the nanowire growth, which 

should be the reason that reasonable growth processes occurred at higher V/III ratio. 

 

Figure 4.6: SEM images of <110>-oriented InAs nanowire grown with different V/III ratio 

with fixed In flux of 2.0 × 10-7 Torr. The scale bar is 3 µm. 

 

In order to verify the dependence of the In flux, second sets growth 

processes are carried out at different V/III ratio such as 50, 70, 125, 150, and 225. 

The grown InAs nanowires are shown in Fig.4.7. It is obvious that nanowires at the 

V/III ratio of 50 are more tapering than other cases, and the tapering structure 

reduces with the decrease of In flux. In the high V/III ratio cases, the grown 

nanowire are more rod-like indicating the axial growth is dominated. Another 

variation during the changing of the V/III ratio is the density of nanowires, which 

decreased with the In flux as well. In the case of a lower V/III ratio (higher In-flux), 

the availability of In-adatoms exceeds the required level of nanowire growth, so 

radial growth becomes favored with the help of the excess In-adatoms, rather than 

axial growth by reducing indium diffusion length. The lower In-flux (higher V/III 
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ratio) effectively influences the density of the grown nanowires by changing the 

supersaturation level at the surface of the substrate, and as a result, fewer sites are 

only favorable for the nanowire growth, while the majority of the sites fail to reach 

the required critical supersaturation. 

 

Figure 4.7: SEM images of <110>-oriented InAs nanowire grown with different V/III ratio 

with fixed As flux of 2.5 × 10-5 Torr. The scale bar is 6 µm. 

 

Eventually, the dependence of the In flux and As flux at the standard 

condition are able to concluded as Fig.4.8, where the tendency of tapering, high 

growth rate and low density growth are denoted by the arrow signs. The growth 

points with their V/III ratios of the two sets are set along the dash lines. According 

to these growth results, the <110>-oriented InAs nanowire can be grown with 

sufficient diameter and length in order to fabricate the electronic devices based on a 

single nanowire. Since, in this thesis, nanowires with length of ~ 10 µm, diameters 

of 40 ~ 200 nm, and rod-like are favorable, growth conditions in the shadow area are 

utilized for the growth processes.  
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Figure 4.8: Conclusion of the In flux and As flux dependence. The growth points with their 

V/III ratios of the two sets are set along the dash lines. The tendency of tapering, high 

growth rate and low density growth are denoted by the arrow signs. Growth conditions in 

the shadow area are utilized for the nanowires with length of ~ 10 µm and diameters of 40 ~ 

200 nm.  

 

4.3.4 Morphology of <110>-oriented Nanowire 

 

The growth orientation of <110> is confirmed by SEM and TEM observations in 

order to confirm the morphology of the nanowires. Since the nanowires were grown 

on the GaAs (111)B substrate, the orientation of the nanowire can be confirm by the 

angle between the nanowire and the substrate. As the schematic shown in Fig.4.9a, 

observation from [-110] direction can obtain α as ~ 35 degree, which is the angle 

between [111] direction and [110] direction. Similarly, β, the angle between [111] 

direction and [101] direction, is can be observed as ~ 20 degree. Correspondingly, 



Chapter 4 <110>-oriented InAs Nanowire 

66 
 

the angles between the <110>-oriented InAs nanowire and the (111) plane are ~ 55° 

and ~ 70° which are confirmed by cross section SEM observation directly as well [9]. 

  

Figure 4.9: The schematic and SEM observation of the angle between [110] directions and 

[111] direction. (a) Observation from [-110] direction can obtain α as ~ 35 degree, β as ~ 20 

degree, which are the angle between [111] direction and [110] directions. (b) The angles 

between the <110>-oriented InAs nanowire and the (111) plane are ~ 55° and ~ 70° which 

are confirmed by cross section SEM observation directly. 

 

Meanwhile, the cross section of the nanowire is also confirmed by the SEM 

observations of the as grown nanowire and detached nanowire. A single as grown 

nanowire is shown in the SEM image of Fig.4.10(a), it is able to recognize two facets 

with one edge. And in the Fig.4.10(b), whose angle is 35° tilted to the (111)B GaAs 

substrate, a diamond cross section of an as grown nanowire can be identify clearly. 

The diamond cross section demonstrates these nanowires are <110>-oriented with 

four {111} side facets. This fact indicates that our <110>-oriented InAs nanowire 

growth is dominated by minimizing surface energy of the side facets, so that the 

facets are {111} which have the lowest surface energy in the zinc-blende structure. 

Detached nanowires of Fig.4.10(c) and Fig.4.11(d) show the facets and edge more 
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clearly.  

   

 

 

Figure 4.10: The SEM observations of the nanowire for cross section confirmation. (a). An as 

grown nanowire shows two side faces and one edges. (b). A diamond shape cross section is 

observed from the angle 35° tilted from the (111)B substrate which indicates the 

<110>-oriented nanowire owes four {111} facets. (c) and (d). SEM images of detached 

nanowires are showing the two side faces and on edge of the nanowire with diamond shape 

cross section. 

 

Since the interface between alloyed droplet and nanowire is important to 

the growth as well, a detached nanowire has been observed by SEM (Fig.4.11). The 

angle of 60° indicates that is a {311} interface [8]. 
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Figure 4.11: The SEM observations of a detach nanowire (inset) for interface between 

droplet and nanowire. The angle of 60° indicates the interface is {311}. 

 

According to the Ref.[8], the grown nanowires are grown along the <110> 

direction with a stable ZB crystal structure without crystal imperfections such as 

WZ phase mixing and stacking faults. The results are also confirmed by the TEM 

observation as depicted in Fig.4.12. It can be found that the ZB type of grown 

nanowires exhibit a pure ZB crystalline structure free of stacking faults along with 

a <110> growth direction. This may be due to the effect of the Pd catalyst particle, 

which plays a vital role in the surface free energy during nucleation as well as 

growth. And this defect-free <110>-oriented InAs nanowire might provides more 

possibilities to the electronic devices particular spin device applications. 
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Figure 4.12: TEM images of <110>-oriented InAs nanowire. <110>-oriented and stable ZB 

crystalline structure can be observed clearly. 

 

  



Chapter 4 <110>-oriented InAs Nanowire 

70 
 

Bibliograph 
 
[1] J. B. Babu, K, Yoh. J. Cryst. Growth 322. 10 (2011). 

[2] M.T. Bjork, B.J. Ohlsson, T. Sass, A.I. Persson, C. Thelander, M.H.Magnusson, 

K. Deppert, L.R. Wallenberg, L. Samuelson, Appl. Phys. Lett. 80. 1058 (2002). 

[3] K. A. Dick, Deppert K, L. Samuelson, and W. Seifert, J. Cryst. Growth 297. 

326–33 (2006). 

[4] H. Shtrikman, R. Popovitz-Biro, A. V. Kretinin, and P. Kacman, IEEE J. Sel. 

Top. Quant.17. 922–34 (2011).  

[5] C. Thelander, P. Caroff, S. Plissard, A. W. Dey, and K. A. Dick, Nano Lett. 12. 

2424–9 (2011). 

[6] S. A. Dayeh, D. Susac, K. L. Kavanagh, E. T. Yu, and D. Wang, Adv. Funct. 

Mater. 19. 2102–8 (2009). 

[7] S. Heun, B. Radha, D. Ercolani, G. U. Kulkarni, F. Rossi, V. Grillo, G. Salviati, F. 

Beltram, and L. Sorba, Cryst. Growth Des. 10. 4197–9 (2010). 

[8] H. Xu, Y. Wang, Y. Guo, Z. Liao, Q. Gao, H. H. Tan, C. Jagadish, and J. Zou, 

Nano Lett. 12. 5744–9 (2012). 

[9] R. Perumal, Z. Cui, P. Gille, J-C. Harmand, and K, Yoh. Semicond. Sci. 

Technol. 29. 115005 (2014). 

[10] H. Okamoto, J. Phase Equilib. 24. 481 (2003) 

[11] J. R. Knight, D. W. J. Rhys, Less-Common Met. 1. 292 (1959). 



Chapter 5 Transport Properties of <110>-oriented InAs Nanowire 

71 
 

 
Chapter 5  
Transport Properties of 
<110>-oriented InAs Nanowire 
 
 

  

InAs nanowire with <110> orientation is proposed for use as the electron spin 

transport channel for application to spintronics devices, particularly the Datta-Das 

spin transistor. Stable zinc-blende (ZB) crystal nanowires were grown by using 

molecular beam epitaxy system. Subsequently, global back-gate nanowire field 

effect transistors were fabricated, and the superiority of electrical transport 

properties within our <110> nanowires was demonstrated by comparing the 

effective mobility with our control <111> nanowire sample. Additionally, single 

nanowire Hall-bar devices, which allowed us to obtain the transport properties 

accurately, were fabricated, and Hall effect measurements were successfully taken 

at different temperatures.  

 

5.1 Introduction 
 
Among numerous InAs nanowire growths with VLS techniques, the <111>-oriented 

nanowires grown on the (111) substrate are the common type, which have 

stimulated the experimental investigation of physical phenomena and quantum 
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devices [1-3]. In particular, InAs nanowire was reported as a 1D nanostructure with 

outstanding promise for device applications because of its high electron mobility 

and strong quantum confinement effects [4-6]. In our proposal for spintronics 

devices particularly the Datta-Das Spin-FET [7, 8], however, the strong spin orbit 

interactions are paid more attentions [9]. Therefore, how to apply the strong spin 

orbit interactions of InAs nanowire skillfully become the primary target of this 

thesis. At room temperature, electron spin relaxation due to the DP mechanism, 

which involves Dresselhaus and Rashba spin orbit interactions, is the most 

dominant spin relaxation factor. While it also has been demonstrated that when the 

Rashba and Dresselhaus SOI linear-in-k terms have equal strength, the relaxation 

of spin orientation in one of the <110> axes is totally suppressed [10]. Hence, we 

expected that InAs nanowire with <110> orientation might be applied to spintronics 

devices as an efficient 1D spin transport channel, therefore, investigating growth 

and transport properties is desirable for spintronics applications.  

In previous chapter, we demonstrated InAs nanowires with <110> 

orientation by employing VLS growth with a palladium (Pd) catalyst [11]. We here 

characterized the transport properties by using nanowire-FETs with back-gate and 

Hall effect measurements. 

 

5.2 Comparison of the Nanowires with <111> and <110> 
orientations 
 
5.2.1 Device Fabrications  

 
InAs nanowires with <110> orientation were grown by using the VLS process in a 

Riber MBE system with a Pd catalyst on a GaAs (111)B substrate. Basically, the 

growth conditions described in Sec.4.3.3 is used for the following devices. Prior to 

growth, the native oxide layer of the GaAs substrates was removed by using an 
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ammonia solution. Subsequently, a 15-Å-thick Pd catalyst layer was deposited with 

an electron-beam evaporator under a vacuum of ~ 10-7 Torr. Before the actual 

nanowire growth, the Pd deposited substrate was annealed in the MBE growth 

chamber at 600 °C in an As atmosphere for 10 minutes to remove surface 

contaminants, mostly the surface oxidations formed during the growth sample 

transfers, as well as to convert and agglomerate the Pd thin film into Pd 

nanoparticles. Subsequently, the substrate temperature was reduced to a growth 

temperature of 425 °C and kept for a growth time of 1 hour, and the corresponding 

length of the nanowires was around 10 µm for this study, which made device 

fabrication convenient. And these nanowires are along the <110> direction and have 

a stable ZB crystal structure without crystal imperfections such as WZ stack 

defects. 

Subsequently, the transport properties of this nanowire were characterized. 

First, we expected to compare the <110> InAs nanowire with the <111>-oriented 

InAs nanowire by investigating their field-effect mobility at room temperature. To 

ensure comparability, identical conditions discussed in Sec.3.3 [12], including 

fabrication processes, an nanowire diameter of ~ 40 nm, and evaluation method, 

were used to fabricate and investigate a back-gate FET structure based on a single 

<110> nanowire. The schematic image and SEM image are shown in the Fig. 5.1(a) 

and (b).  

 
Figure 5.1: (a) The schematic image of the back gate FET device of single <110>-oriented 

nanowire. (b) SEM image of the back gate device. The scale bar is 1 µm.  
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5.2.2 Results and Discussion 

 

Room temperature FET characterizations of the <110> InAs nanowire with a 

diameter of 40 nm and back-gate length (Lg) of 1 µm were carried out. The typical 

Ids-Vgs and Ids-Vds curves depicted in Figs. 5.1(a) and 5.1(b) showed stable FET 

characteristics. At a drain-source voltage (Vds) of 30 mV, a peak transconductance 

(gm) of ~ 0.24 µS was obtained from Ids-Vgs curve (Fig. 5.2a). According to the FET 

charge control model, field-effect mobility µFE can be expressed as:  

DS

gm
FE CV

Lg 2

=µ ,                              (5.1) 

where C is the gate capacitance. For back-gate nanowire FETs and nanotube FETs, 

the general form of capacitance is:  












 −+++= aaatatLC oxoxg /)(ln/2 22πε ,      (5.2) 

where ε is the insulator dielectric constant, tox is the gate insulator thickness, and a 

is the nanowire radius. Since a highly doped Si substrate with 300 nm of SiO2 was 

used as the back-gate of this FET, the gate capacitance was calculated as 62.1 × 

10-18 F. A nanowire channel resistance of ~ 26.1 kΩ/µm was calculated using the 

sheet resistance deduced from four terminal devices, and the mobility was 

calculated as ~ 6415.6 cm2/Vs at room temperature.  
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Figure 5.2: (a) and (b) Room temperature FET characteristics of a <110> InAs nanowire with 

a diameter of 40 nm and back-gate length (Lg) of 1 µm.  

 

We will now discuss the transport behavior obtained with the two structures 

above. Compare with our <111>-oriented InAs nanowires, whose mobility were 

around ~ 1000 cm2/Vs,[12] our <110> InAs nanowire showed an outstanding 

transport property. We attribute this transport superiority to the stable ZB crystal 

structure without WZ stack defects. As the band gap of WZ is larger than that of ZB 

in InAs [13, 14], nanowires with a mixed crystal structure could have discontinuities 

of approximately 30 ~ 90 meV in the conduction band, which is shown in the Fig.5.3 

(a) and (c). In our <110> InAs nanowires, as shown in the Fig.5.3 (b), the carrier 

mobility increased correspondingly without these conduction band discontinuities, 

which can present like electron transport barriers. The ZB and WZ mixed 

crystalline structure is the common defect in the <111>-oriented InAs nanowire. 

This can be explained by the following models of the nanowire growth. In the case of 

VLS Au-assistant nanowire growth on the (111) substrate, the common grown 

nanowire owns a <111> orientation and a {111} interface with the Au-alloy, since 

the {111} planes having the lowest growth energy. During the growth, however, the 
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lattice defects are generated at the nanowire catalyst interface. And the growth free 

energetic difference for the ZB and WZ stacking of their {111} or {0001} planes is 

small. Consequently, the WZ/ZB stack defects easily occur in the growth processes 

of <111>-oriented InAs nanowire, since the interface between the catalyst and the 

nanowire is a {111} plane. On the other hands, in the case of our <110>-oriented 

InAs nanowire, the growth direction is <110> and the interface between the Pd 

catalyst and nanowire is a {311} plane, which was discussed in Sec.4.3.  

 

Figure 5.3: (a) TEM image of <111>-oriented InAs nanowire grown by VLS techniques using 

MBE. The WZ crystalline layers are depicted by orange dash lines, and the ZB crystalline 

layers are depicted by red dash lines. This mixed crystalline structures are common defects 

in the <111>-oriented InAs nanowires. (b) TEM image of <110>-oriented InAs nanowire 

grown by VLS techniques using MBE. A stable ZB structure without WZ defects can be 
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recognized. WZ defects are absent in our <110>-oriented InAs nanowires. (c) The schematic 

of nanowire with mixed crystalline defects and corresponding band structure. Since band of 

WZ is larger than that of ZB in InAs, there are 30 ~ 90 meV band discontinuities due to this 

kinds of defects. 

 

And the two cases of nanowires growth can be depicted as Fig. 5.4. The 

energetic difference of ZB and WZ at non-{111} plane is larger, therefore, the lattice 

defects of mixed WZ/ZB are barely observed in this case. This pure ZB structure of 

<110>-oriented nanowire grown by Pd assistance should provide an outstanding 

transport property. Especially, the structure without band discontinuous is 

important for the spintronic devices. Since the Rashba spin orbit interaction could 

be influenced at the edges between ZB and WZ stacks, manipulation of spin would 

be difficult at this region. Therefore, the nanowire with <110> orientation is not 

only provide a chance to spin manipulations but also a sufficient spin transport 

channel. Certainly, the <110>-oriented InAs nanowires are more suitable for the 

application than the <111>-oriented InAs nanowires.    

 

 

 
Figure 5.4: The schematic of the nanowire with <111> and <110> orientation grown on the 
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(111) substrate. In the case of Au-assistant <111>-oriented nanowire, the lattice defects 

easily occur at the {111} interface between Au-alloy and InAs nanowire, therefore, it is 

difficult to attain pure <111>-oriented InAs nanowires. In the case of Pd assistant <110> 

nanowire, the growth interface between nanowire and Pd-alloyed is a {311} plane, where 

WZ/ZB lattice defects barely occur. 

 

5.3 Hall measurements of a Single Nanowire 
 

5.3.1 Fabrications of a Single Nanowire Hall-bar Device 

 

Since the free carrier concentration and mobility of nanowires are crucial 

parameters for fabricating spintronics and other quantum devices on the nanoscale, 

evaluations with back-gate FETs are insufficient as they overestimate the free 

carrier change caused considerably by many inherent uncertainties [15, 16]. 

Especially, in the case of back-gate FET, there might be many interface/surface 

states between the nanowire and the back-gate oxidation layer, since the back-gate 

is just formed by the dispersion of nanowires. Therefore, fabricating a Hall-bar 

structure based on a single <110> InAs nanowire is investigated and carried out 

with the following procedure, and this structure allow us to obtain a relatively 

accurate carrier concentration and mobility results with Hall effect measurements. 

The grown nanowires were detached from the substrate in DI water by using a knife 

blade and dispersed onto a heavily doped p-type Si substrate with a 300-nm-thick 

SiO2 layer. Different from the fabrications of other nanowire devices, the position of 

nanowires must be defined more precisely. Therefore, for the fabrication of the 

single nanowire Hall bar device, address markers with more density are fabricated 

on the address substrates, and the precise positions of nanowires are determined by 

SEM. And the SEM image of the observed InAs nanowire is shown in the Fig.5.5, 

including four address marks.  



Chapter 5 Transport Properties of <110>-oriented InAs Nanowire 

79 
 

 

Figure 5.5: SEM image of a dispersed nanowire on the address substrate. The four address 

marks can be observed. 

 

Because the diameters of the nanowires for Hall-bar fabrication nanowire 

which were around 150 ~ 250 nm, were relatively large and much thicker than the 

metal film thickness of the electrodes in our common process, a planarization 

process with a hydrogen silsesquioxane (HSQ) lift-layer was performed prior to 

electrode formation. This process is advantageous in electrode formation because it 

eliminates the need for thick metal layers and improves the spatial resolution for 

the Hall terminals. Thus, an HSQ solution diluted with methyl isobutyl ketone 

(MIBK) was coated onto the nanowire dispersed substrates at 3000 rpm to form a 

layer with thickness of around 250 nm to cover the horizontally lying nanowires 

lightly. After 170 °C hard bake, an HSQ layer is transformed into a well insulating 

oxidic SiO2-like structure. This process is schematically depicted as Fig. 5.6(a) and 

(b). Subsequently, the nanowires are uncovered again by reactive dry etching with 
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CF4 and O2, so that a height of only 50 ~ 100 nm from the top of the nanowire is 

exposed from the HSQ layer, as depicted in Figs. 5.6(b) and 5.6(c). The electrodes of 

the Hall-bar devices are defined on a selected nanowire in a ZEP520A resist layer 

with electron beam lithography. Prior to depositing the electrodes, the native oxide 

layer of the nanowires is removed by dry etching with Ar gas for 4.5 min at 30 mW, 

the  etching rate is low enough to be negligible for other structures such as the 

HSQ lift-layer and ZEP520A resist layer. This yielded devices with a contact 

resistance typically in the range of 1 ~ 50 kΩ, which is small compared with the 

channel resistance and independent of the temperature change. For the electrodes, 

a combination of Ti (15 nm)/Pd (15 nm)/Au (10 nm) is used as deposited without 

annealing, which included a Pd barrier layer to prevent In diffusion into the Au [17]. 

As a result, contact resistance degeneration during electrical measurements, which 

is a common phenomenon in nanowire devices, is barely observed. Schematic and 

SEM images of the Hall-bar device after the lift-off process are shown in Figs. 5.6(d). 

In order to increase the yield of the Hall terminals, a useful technique is that design 

several sets (one set is 4 Hall terminals) along a nanowire with a shift of 20 nm in 

the direction perpendicular to the nanowire. For this reason, a relative long 

nanowire with length larger than 10 µm is preferred. With these processes, the Hall 

terminals can be formed properly on the two sides of the InAs nanowire, shown in 

Fig. 5.6(e) and (f). With this method, three devices with different diameters of 

nanowires were fabricated. The Hall measurements are carried out with the 

terminals depicted. 
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Figure 5.6: Schematic and SEM images of the single nanowire Hall bar fabrication. (a). A 

nanowire is dispersed on the address substrate which is a highly doped Si substrate with a 

SiO2 layer with 300 nm thickness. (b). Nanowire is covered by the HSQ lift-layer with a 

thickness around 300 nm. (c). Nanowire is uncovered again by a dry etching process, a 

height of only 50 ~ 100 nm from the top of the nanowire is exposed from the HSQ layer. (d). 

Hall bar electrodes are formed by a typical EB lithography process, several sets of the 

Ti/Pd/Au Hall contacts are form on the side wall of nanowire. (e) and (f) SEM images of a 

single nanowire Hall bar devices. 
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5.3.2 Hall Measurements of a Single Nanowire 

 

The Hall effect is measured with a standard setup in a He-4 cryostat system, from 

140 to 1.5 K, with the magnetic field B oriented perpendicular to the substrate. As 

shown in Figs. 5.6(e) and 5.6(f), a constant current Ids of 1 µA was driven through 

the drain (D) and source (S) electrodes, and the voltages between terminals XG and 

YG were measured simultaneously. Figure 5.7 shows the Hall voltage VH = VYG 

normalized to the drain current Ids as a function of the magnetic field B measured at 

different temperatures. Each curve was shifted by 5 Ω for clarity.  

 

Figure 5.7: Hall voltage VH = VYG normalized to the drain current Ids as a function of the 

magnetic field B measured at different temperatures. Inset: R4T = VXG / Ids, the four-terminal 

resistance temperature dependency of device A. 
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The Hall voltage changed linearly with a negative slope as along with magnetic 

field B, which indicates that the nanowire is an n-type one. In 3D, the Hall voltage 

VH can be expressed as 

B
qnS

wIV Hds
H −= ,                     (5.3) 

where wH is the distance between Hall voltage terminals YG, q is the elementary 

charge, n is the electron concentration and S is the cross sectional area. We used the 

same expression for nanowires and calculated the electron concentration and Hall 

mobility by combining four-terminal resistivity measurements. The inset of Fig. 5.7 

shows R4T = VXG / Ids, the four-terminal resistance temperature dependency of device 

A, and that the sheet resistivity was calculated to be 4.18 × 10-3 Ωcm. Figure 5.8 

shows the temperature dependence of the carrier density and mobility of the three 

devices with different values of nanowire diameters. The carrier concentrations 

were almost independent of temperature below 140 K for all three devices; the 

results between 6.5 × 1016 and 1.2 × 1017 cm-3 agreed with the typical values 

obtained for intrinsic InAs [16]. The Hall mobility deduced from the carrier 

concentration and four-terminal resistivity showed a gradual enhancement from 

140 to 30 K and a saturation below 30 K; similarly, this behavior was observed as 

well with the InAs nanowire FET devices [18]. 

The weak temperature dependence of the carrier density determined by 

Hall-bar structure could be explained by the electron accumulation that occurred at 

the surface of the nanowires, which was due to the pinning of the Fermi level above 

the conduction band [19, 20] and to the formation of 2D electron gas. At low 

temperature, these electrons at the surface dominated the carrier concentration 

rather than the electrons in the bulk region. One can easily deduce the carrier 

concentration n2D of this 2D electron gas from Fig.5.8. The extracted values between 

3.6 × 1011 and 1.5 × 1012 cm-2 agreed well with the 2D systems within the surface 

accumulation layer in InAs [20, 21]. It has been demonstrated that the 2D electron  
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gas can provide the sufficiently large conductance even at low nanowire radius; 

furthermore, electron spin propagating through this cylindrical tube-like channel 

can be strongly modulated by Rashba SOI [22]. 

 

Figure 5.8: The temperature dependent carrier density and transport properties of three 

devices with different diameters of nanowire. The carrier concentrations (solid dots) are 

almost independent of temperature below 140 K for all three devices, and the results were 

between 6.5 × 1016 and 1.2 × 1017 cm-3. The Hall mobility (open symbols) deduced from the 

carrier concentration and four-terminal resistivity shows a gradual enhancement from 140 

to 30 K and a saturation below 30 K. 

  

The gradual increase of Hall mobility from 140 to 30 K is mainly attributable 

to the reduction of phonon scattering. Below 30 K, the surface scattering, including 

surface roughness scattering and surface ionized impurity scattering, dominated 
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over other scattering events. Since our nanowires were not intentionally doped, 

ionized scattering caused by impurity in the bulk region should not be a factor. As 

discussed above, the electron transport near the surface dominated the electrical 

characteristics. The observed weak temperature dependence, therefore, is mainly 

due to the surface roughness scattering which in general leads to weak temperature 

dependence [23]. It is also likely that fluctuation of the surface impurity or surface 

states also gave rise to fluctuation of the surface potential and to electron scattering 

similar to the surface roughness scattering [24]. Since our <110>-oriented InAs 

nanowires have a stable ZB crystal structure, surface state scattering caused by 

ZB/WZ crystal phase mixing [25, 26] is eliminated. It is believed that proper surface 

passivation scheme of the nanowire or core/shell structure would further reduce the 

scattering effects mentioned and make it highly possible to increase the transport 

properties of our nanowire.  

 

5.4 Spin Injection of a Single InAs Nanowire 

 

In order to realize the electron spin transport in an InAs nanowire, the direct 

measurement is the spin injection which is a typical application of the giant 

magneto-resistance. For the electrical spin injections and detections, the nonlocal 

measurement of a spin imbalance [27, 28] is generally regarded as the best 

configuration to exclude misleading effects that leave the same signature. Recently, 

in the semiconductor nanowire systems, several materials such as Si [29, 30], Ge 

[31], GaN [32] and InN [33] are reported, spin have been successfully injected and 

detected by nonlocal methods. Importantly, most of these nanowires owe lower spin 

orbit interaction comparing to InAs. To our knowledge, there are still no spin 

injection reports on the InAs nanowire devices. Even though only some primary 

results are attained in this thesis, in this section we will discuss the observations of 

the spin injection in our InAs nanowire devices. We have measured the nonlocal 
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spin signal on both InAs with <111> orientation and <110> orientations for each 

more than 30 InAs nanowire samples with the structure shown in the Fig.5.9. 

However, spin-valve like signals have never been observed in <111>-oriented 

nanowires, and only several ambiguous magneto-resistance signals in 

<110>-oriented nanowire, depicted in Fig. 5.10(a). Obviously, besides the peaks of 

spin-valve signal, there is a redundant peak at magnetic field B = -0.05 kGauss. 

This appearance of excrescent peaks might due to the distortions of the 

ferromagnetic electrodes at the nanowire intersection which would impact the 

magnetic switching field. Since the successful observation of spin injection is 

depends on the efficient devices with proper electrical contacts, the fabrications of 

the effective spin injection contact is another key reason besides the strong spin 

orbit interactions in InAs nanowires. Meanwhile, local spin-valve measurements 

also have been carried out with two ferromagnetic terminals in both <111>- and 

<110>-oriented InAs nanowires. As shown in the Fig. 5.10(b), compared with the 

nonlocal signals, the local spin-valve like signal shows relative stable low-resistance 

and high-resistance states for the parallel and anti-parallel orientations of the 

magnetization of the FM electrodes. This device is fabricated with a similar process 

of Hall bar device except a shorter Ar+ dry pre-etching time, leading a relative high 

contact resistance of ~ 20 kΩ. If we assume the observed signal originate from the 

spin-valve but from spurious effects in the InAs nanowire itself or at the contacts, 

the equation below [34] lead to the following expression of ΔR 





















++









−
==

sfb

ch

ch

b

sf

p

l
L

R
R

R
R

l
LR

RMR

sinhcosh2

2
1 2

2

γ

γΔ

  ,    (5.4) 

where Rp is the resistance of the device at parallel state, γ is the spin polarization 

of the contact around 32 % [35], L is the channel distance, Rb is the contact 

resistance, and Rch is the channel resistance. Correspondingly, the spin diffusion 

length Lsf can be calculated around 300 nm, which is agree with the results deduced 
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from the WL-WAL measurements. Unfortunately, these signals have not been 

observed in another devices fabricated with same processes. Further efforts are 

necessary to complete the spin-valve measurements. 

 

 

Figure 5.9: Schematic and SEM image of spin injection and detection device. (a) On the 

SiO2/Si substrate, a single <110>-oriented InAs nanowire is covered by several 

ferromagnetic electrodes (NiFe). (b) SEM image of the device, the nonlocal spin-valve and 

local spin-valve are observed with the terminals VNL and VL respectively. 

 

 

Figure 5.10: (a) A typical nonlocal spin-valve magneto-resistance. (b) Results of local spin 

injection measurements at 20 K.   
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Chapter 6 
Conclusions 
 
 

 

In this thesis, we have proposed that InAs nanowire can be used as fine spin 

transport channel for spintronics device applications, particularly, the Datta-Das 

Spin-FET. InAs nanowires have been grown by VLS technique using MBE system. 

In addition, the electrical transport properties and the fabrications of single 

nanowire electrical device have been investigated. Furthermore, the spin transport 

properties of InAs nanowires with different structures and crystalline orientations 

have been evaluated and compared.  

In chapter 2 and 3, we have reported the growth of the common 

<111>-oriented InAs nanowires and InAs/InP core/shell <111>-oriented nanowires. 

Then, the field effect mobility of these two kinds of nanowires have been 

characterized by using back gate FET structure respectively. Meanwhile, spin 

transport property such as electron spin relaxation length of the nanowire have 

been investigate by the observations of a gate voltage dependent crossover from 

weak localization to weak anti-localization were extracted the spin relaxation 

length of ~ 290 nm and coherence length of ~ 360 nm, which are both longer than 

the previous reports of the common InAs nanowires. Reduced spin relaxation and 

enhanced 1D transport properties in our core/shell nanowires are confirmed. 

In chapter 4 and 5, we have focused on the InAs nanowire with <110> 
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orientation. For the spin propagating along the [110] direction, the effective 

magnetic fields due to spin orbit interaction of Rashba and Dresselhaus own same 

direction. Therefore, we expected that InAs nanowire with <110> orientation might 

be applied to spintronics devices as an efficient 1D spin transport channel. 

Correspondingly, investigating growth and transport properties have been reported. 

Using Pd as the new catalyst metal, stable ZB structure <110>-oriented InAs 

nanowire have been grown in similar VLS technique with MBE system. Compared 

with other <111> InAs nanowires, a superior transport property was determined 

with a back-gate FET structure at room temperature. Furthermore, the transport 

properties of a single nanowire were characterized with Hall-bar devices, and a 

proper electron concentration and sufficiently high carrier mobility were accurately 

determined. Meanwhile, temperature dependent transport behavior was 

investigated, and surface scattering was confirmed as the main factor of electron 

scattering. To improve the transport properties of this nanowire, future work will 

focus on investigating proper surface passivation or core/shell structure growth. 

Furthermore, the spin injection of semiconductor nanowires has been discussed and 

some primary results have been reported. The physics behind this observation is 

currently under investigation and further efforts are necessary to complete the 

spin-valve measurements. Regardless, these <110> InAs nanowires are expected to 

provide more opportunities to realize spintronics devices for spin transport and 

manipulation applications.  
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