
Copyright 

by 

Wan Young Jang 

2005



The dissertation Committee for Wan Young Jang Certifies that this is the approved 

version of the following dissertation:

Electrical Transport Measurements of Individual Bismuth 

Nanowires and Carbon Nanotubes

Committee:

Zhen Yao, Supervisor

 Jack B. Swift

John T. Markert

Peter R. Antoniewicz

                                                               Li Shi



Electrical Transport Measurements of Individual Bismuth 

Nanowires and Carbon Nanotubes

by 

Wan Young Jang, B.A.

Dissertation 

Presented to the Faculty of the Graduate School of

the University of Texas at Austin

in Partial Fulfillment 

of the Requirements

for the Degree of 

Doctor of Philosophy

The University of Texas at Austin

December, 2005



iv

Acknowledgments

I would like to thank Professor Zhen Yao for his help and guidance.  The work in his 

research group was incredible honor and joy which I have never experienced before.  

Special thanks go to my lab colleague, Dong-Hun Chae.  He helped me with equipment 

and measurement.  I was lucky to have him as lab mate and friend.  I enjoyed the 

company with Suyong Jung about work and other topics.  I also have a good time with 

Kang Luo and Volker Sorger in the lab.  I would like to thank Professor Alex de Lozanne 

for allowing me to use his equipments at the beginning of the work.  His student, Casey 

Israel, gladly allowed me to share his equipments.  It is my privilege to use equipments at 

Center for nano and molecular science and technology (CNM).  I truly thank Mike Tiner 

and Tim Blade maintained all equipments for users, I can’t imagine CNM without their 

efforts to keep all machines running.  I would also like to thank Jack Clifford and Allan 

Schroeder in the machine shop.  They are always kind to help me.

Finally, I thank my family in Korea.  They are always there for me all the time. 



v

Electrical Transport Measurements of Individual Bismuth 

Nanowires and Carbon Nanotubes

Publication No._______________

Wan Young Jang, Ph.D.

The University of Texas at Austin, 2005

Supervisor: Zhen Yao

Nanostructures are defined by reducing dimensions.  When the reduced size of 

materials is comparable to the Fermi wavelength, quantum size effect occurs. 

Dimensionality plays a critical role in determining the electronic properties of materials, 

because the density of states of materials is quite different. Nanowires have attracted 

much attention recently due to their fundamental interest and potential application s.  A 

number of materials have been tried.  Among them, bismuth has unique properties.  

Bismuth has the smallest effective mass as small as 0.001me.  This small effective mass 

of Bi nanowires allows one to observe the quantum confinement effect easily. Also Bi 

nanowires are good candidates for a low-dimensional transport study due to long mean 



vi

free path. Because of these remarkable properties of Bi nanowires, many efforts have 

been made to study Bi nanowires.  However, because bismuth is extremely sensitive to 

the oxide, it is very difficult to make a reliable device.  So far, array measurements of Bi 

nanowires have been reported.

The study is focused on the synthesis and electric transport measurements of 

individual Bi nanowires. Bi nanowires are synthesized by electrodeposition using either 

anodic aluminum oxide (AAO) templates or commercially available track etched 

polycarbonate membranes (PCTE).  The desired nanowire has a heterostructure of Au –

Bi – Au.  Au wires on both sides serve as contact electrodes with Bi.  To extract 

nanowires from PCTE or AAO, several attempts have been made.  

Devices consisting of single Bi nanowires grown by hydrothermal method are 

fabricated and electrical measurements have been carried out after in-situ deposition of Pt 

electrodes.  The temperature dependence of resistance of majority of nanowires increases 

with decreasing temperature, showing polycrystalline nature of nanowires.  However, 

some nanowires show resistance peaks at low temperature, suggesting quantum size 

effect (QSE).  Magnetoresistance (MR) has also been measured.

We have also studied electric transport measurements of carbon nanotubes grown 

in AAO templates.  These vertically grown carbon nanotubes (CNTs) are useful for field

emission device.  In addition, ultra-density vertical CNT transistor arrays have also been 

proposed based on these nanotube structures.  To realize these interesting electronic 
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applications, a detailed understanding of the electronic transport properties of the 

nanotubes is needed.  In particular, nanotubes grown in the AAO templates are known to 

possess significant amount of structural disorder.  It is thus important to elucidate the 

effect of disorder on the electronic properties of these nanotubes.  Electrical transport 

measurements of individual carbon nanotubes are studied, The four-terminal resistance at 

room temperature scales linearly with the nanotube length indicating diffusive nature of 

transport.  The conductance shows an exp[(-1/T)1/3] dependence on temperature T, 

suggesting that two-dimensional variable-range hopping is the dominant conduction 

mechanism.  The maximum current density carried by these nanotubes is on the order of 

106 A/cm2.
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Chapter 1

Introduction

1.1 Introduction

Nanostructures are defined by reducing dimensions (less than 100 nm).  The bulk 

materials are reduced to films (2D), nanowires (1D), and dots (0D) depending on 

reducing by 1 dimension, by 2 dimensions, and by 3 dimension s, respectively.  When the

reduced dimension of materials is comparable to the Fermi wavelength, quantum size 

effect occurs. Dimensionality plays a critical role in determining the electronic and 

optical properties of materials, because the density of states of materials is quite different

for different dimensionalities.

For example, an electron is promoted from the valence band to the conduction 

band by photon absorption in a semiconductor.  When the size of the materials is reduced

to nanometer scale, the edges of the bands acquire a discrete structure and change the 

density of states.  The band gap of dots is larger than that of the bulk.  The change in 

band structure is manifested as the appearance of discrete features in absorption spectra 

and as a blue shift in the absorption edge. Figure 1.1 shows how density of states is 

changed from 3D to 0D depending on  dimensionality.  The continuous density of states 

in 3D becomes discrete like in atoms in 0D.  So, by changing the dimensionalit y and size 
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of materials, one can control its properties.  The fundamental physics and engineering 

applications are of interest in electronic [1], optical [2] and thermoelectric [3] properties.  

1.2 Motivation

Nanowires have attracted attention recently due to their fundamental interest 

(quantum confinement effects) and potential applications (nanoelectronics [4, 5], high 

density magnetic recording media [6]).  Among them, bismuth has unique properties. 

Bismuth has the smallest effective mass as small as 0.001me [7].  This effective 

mass of Bi nanowires allows one to observe the quantum confinement effect.  The energy 

separations between the subbands of the quantum energy levels are large due to the small 

effective mass, that is ∆E ~ ħ2π2/m*d2, where m* is the effective mass and d is the 

diameter of nanowire.  

Bi nanowires are good candidates for a low-dimensional transport study due to 

long mean free path [8].  Since the diameter of Bi nanowires is much smaller than the 

electron mean free path, electrons feel confined within nanowire boundary.  As s result, 

the mean free path of the electrons is reduced, resulting in the increase of resistance.
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Figure 1.1 Density of states of material vs. dimensionality.





DD

DD

01

23



4

Because of these remarkable properties of Bi nanowires, many efforts to observe 

these phenomena have been made for the decades.  However, most nanowire materials 

are sensitive to the natural oxide which limits the measurements of the nanowires because 

of high contact resistance.  So far, array measurements of Bi nanowires have been 

reported [9, 10].  In these cases, the normalized resistance and magnetoresistance can be 

measured, and the number of nanowires which contribute to the transport is unknown.  

It is important to know the absolute resistivity of nanowires.  Absolute resistivity 

of nanowires can be measured by getting the cross section and length of nanowires 

combined with 4 probes which eliminate the contact resistance. The single Bi nanowires 

with 4- probe terminal measurements had been studied previously, but only the room 

temperature resistivity was measured there [11].

Finally, in an effort to realize large scale and self-assembled carbon nanotube 

CNT devices, nanotubes have been grown in nanoporous anodic aluminum oxide (AAO) 

templates [12].  CNTs grown by this method are uniform in size and vertically aligned in 

a hexagonal array on the substrate.  Coupled with their large aspect ratio and small tip 

radius, they are suggested as ideal candidates for cold cathodes in field-emission devices

[13].  Recently, ultra-density vertical CNT transistor arrays have also been proposed 

based on these nanotube structures [14].  To realize these interesting electronic 

applications, a detailed understanding of the electronic transport properties of the 
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nanotubes is needed.  It is thus important to elucidate the effect of disorder on the 

electronic properties of these nanotubes.  

1.3 Outline of Dissertation

The structure of this dissertation is following:

In Chapter 2, unique properties of Bi are introduced.  In Chapter 3, our attempts to make 

heterostructure nanowires (Au – Bi – Au) by sequential electrodeposition are discussed.  

The device fabrication and electrical transport measurements of single hydrothermal 

grown Bi nanowires are discussed in Chapter 4.  The synthesis and electrical 

characterization of vertically grown carbon nanotube are discussed in Chapter 5.  The 

results accomplished in this work are summarized in Chapter 6.
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Chapter 2

Background and Motivation of Bi Nanowires

2.1 Introduction

Bismuth has unique properties.  Bismuth has the smallest effective mass of all 

materials as small as 0.001me [1]. This small effective mass of Bi allows one to observe 

the quantum confinement effect.  The energy separations between the subbands of the 

quantum energy levels are large due to the small effective mass.  This energy gap is large 

enough to induce a semiconducting gap, which occurs at a diameter of 50 nm or less [2].  

This semimetal – semiconductor transition occurs at a relatively large diameter in Bi.  

Single crystal bismuth has a very long mean free path, about 400 µm at 4 K and 

100 nm at 300 K [7].  Due to long mean free path, Bi nanowires are good candidates for a 

low-dimensional transport study.  Electrons feel confined within wire boundary with a 

small diameter of Bi nanowires.  As a result, resistance increases in Bi nanowires due to 

reduced mean free path, called classical size effect [3].  In this chapter, I will briefly 

mention these properties, especially 1D related properties.  
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2.2 Band Structure

Bismuth is a semimetal crystal in the A15 rhombehedral structure [4].  The bulk 

Bi band is overlapped between the conduction band at the L-point and the valence band 

at the T-point in the Brillouin zone.  Figure 2.1 shows the Brillouin zone of Bi with the 

electron and hole carrier pockets indicated there.

Bismuth has three highly non-parabolic electronic energy bands at the L-point 

with a small energy gap of 13.6 meV at T = 0 K.  The coupling between these L-point 

bands give rises to the non-parabolicity (Figure 2.2).  They are parabolic near the band 

edge.  The effective masses in eq. (2.1) must be calculated from the effective mass tensor 

of Bi.  For A (electron pocket) labeled in Figure 2.1, the effective mass tensor is 
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Figure 2.1 The Brillouin zone of Bi, The Fermi surfaces of the three electron pockets at 

the L-points and one T-point hole pocket are shown with an ellipsoidal shape.
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EF

T L

∆0
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Figure 2.2 Schematic diagram of the Bi band structure at the L-points and T-point at the 

Fermi energy level.  The band overlap ∆0 = - 38 meV and Eg = 13.6 meV at T = 0 K [6, 

7].
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The effective mass tensors for the other L-point carrier pockets are the same by 

rotating A about the trigonal axis by 120 º and 240 º.  The effective mass components of 

the L-point conduction band are me1 = 0.00118m0, me2 = 0.263m0, me3 = 0.00516m0, and 

me4 = 0.0274m0, where m0 is the free electron mass [1].  From the mass components, me2

>> me1, high anisotropy of ellipsoids is shown.  The very small values of the me1 and me3

lead to very large quantum bound state energies.

2.3 Classical Size Effect

Single crystal bismuth has a very long mean free path, about 400 µm at 4 K and 

100 nm at 300 K [7].  Due to long mean free path, Bi nanowires are good candidates for a 

low-dimensional transport study.  Since the diameter of Bi nanowires is much smaller 

than the electron mean free path, electrons feel confined within nanowire boundary.  As 

the diameter becomes smaller and smaller, electron is limited further.  As s result, the 

mean free path of electron is reduced, resulting in the increase of resistance, which is 

called classical size effect [3].
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2.4 Semimetal – Semiconductor Transition 

As the diameter of nanowires gets smaller and smaller, the energy separation of 

the subbands becomes larger and larger.  At a certain point, the lowest conduction 

subband will not overlap with the highest valence subband in energy, so the nanowire 

becomes a semiconductor with an energy gap, which is called semimetal – semiconductor 

transition.  The diameter where this takes place is the critical diameter.  Figure 2.3 shows 

the highest valence subband energy and lowest conduction subband energy plotted as a 

function of wire diameter.  The critical diameter is 54.2 nm shown in the figure.
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Figure 2.3 Left: Calculation of the lowest conduction and highest valence subband 

energies as a function of wire diameter, wire axis is parallel to the trigonal crystal 

orientation.  Right: Schematic diagram of the quantized band structure of Bi nanowire 

(from [2]).
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2.5 Quantum Size Effect

The appearance of resistance maximum in thin Bi films is due to the rapid 

increase of mobility at low temperature, which is from the quantum size effect [8].  The 

quantum size effect occurs when the film thickness is comparable to the de Broglie 

wavelength of carriers.  The energy of spectrum of the carriers in size-quantized films 

breaks up into subbands [9].  Assuming the simple case of a spherical Fermi surface, the 

single particle wave function for a film with thickness of t in an infinite square well 

potential, the energy spectrum is 

y

y

x

x
kkn m

k

m

k
EnE

yx 22

2222

0
2

,,

hh ++= ,                                                                       (2.1)

where 
2

22

0 2 tm
E

z

πh= .

Therefore, the Fermi surface breaks up into discrete subsheets shown in Figure 2.4 (a).

When the thin film growth direction (quantization direction, z) is parallel to the 

trigonal axis, the electron effective mass (me ~ 0.02m0) is much smaller than the hole 

effective mass (mh ~ m0).  The energy spectrum for holes is almost continuous compared 

to that for electrons.  The size quantization of the electron energy spectrum in Bi thin 

films decreases the number of available states, and restricts the electron-phonon 

scattering.  Also phonons are not able to transfer electrons between the size-quantized 

subbands at low temperature.  Consequently, the electron-phonon suppression leads to 
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the increase of the mobility which gives rise to the resistance maximum in very thin films 

at low temperature.

The size quantization may come into play in the Bi nanowires when the diameter 

of nanowires is comparable to the Fermi wavelength.  The quantized energy levels, the 

solution of the Schrodinger equation in cylindrical coordinates, are

2)(
02, )(

4 m
nmn ZEE π= ,                                                                                   (2.2)

where 
2*

22

0 2 dm
E ><= πh

, <m>* is the electron effective mass in the nanowire cross 

section, d is the nanowire diameter, and Zn
(m) is the nth root of the Bessel function Jm(Z).

The electron states are quantized into cylinders shown in Figure 2.4 (b).

The requirement for the quantum size effect is ∆E > kBT [10].  For 200 nm Bi 

nanowires with <m>* ~ 0.01m0, the quantum size effect takes place in T < 30 – 40 K [3].  

The resistance maximum in nanowires is reported [11].  We observed this behavior in our 

measurements with single Bi nanowires (detailed discussion in chapter 4).
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dt

(a) (b)
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kz

Figure 2.4 Quantization of electron orbits in k-space due to quantum size effect in (a) thin 

films, (b) nanowires.
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2.6 Magnetotransport Properties

The positive magnetoresistance (MR) of Bi is from the ordinary MR effect.  The 

conductivity and resistivity are given by the well-known formula

*

2

0 m

ne τσ = , and τρ
20

*

ne

m= ,                                                                                  (2.3)

where n is the number of electrons per unit volume and m* is their effective mass.  The 

relaxation time τ describes the time-constant for a current to die away when the 

sustaining electric field is removed.  When B = 0 the electrons travel in straight lines 

between collisions, and a magnetic field affect significantly the conductivity if it is strong 

enough to bend the trajectory appreciably during a free path.  The Lorentz force ev × B 

bends the paths into helices whose axes are parallel to B, and the angular velocity of an 

electron round its particular axis is the cyclotron frequency

*m

eB
c =ω .                                                                                                                 (2.4)

The mean angle turned between collisions is ωcτ, which is a measure of the electron 

trajectory curving.  Small MR effect can be expected with condition of ωcτ < 1 [12].  

Combining eq. (2.3) and (2.4), we have

ne

B
c

0στω =                                                    (2.5)

ωcτ is inversely proportional to the electron density.  
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The ordinary MR in most metals is very small, a few percent, due to the very small 

values of ωcτ.  For example, carrier concentration of copper is n = 8.5 × 1028 m-3, and its 

conductivity is σ0 = 6.4 × 107 Ω-1m-1, so ωcτ of copper is only 0.14 at 30 T at room 

temperature.  

However, Bi is semimetal with the very low carrier concentration which is several 

orders of magnitude smaller than those in most metals.  In Bi, each atom possesses 10-5 

electrons, relaxation time is long, and ρ0 is 70 times higher than that in Cu, so the 

characteristic term ωcτ (30 B)  is much larger resulting in large positive 

magnetoresistance.  Bismuth is a compensated metal with equal number of electrons and 

holes.  The electron and hole are diverted to the same side of sample in a magnetic field 

and recombine, instead of building up a charge to create the Hall field.  Therefore, Bi has 

large magnetoresistance.
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Chapter 3

Synthesis of Bismuth Nanowires

3.1 Introduction

Many efforts have been made to investgate the properties of Bi nanowires for 

several decades.  Bismuth nanowires have been synthesized by several methods, for 

example, electrodeposition [1, 2], pressure injection [3], hydrothermal method [4].

Nanowires have attracted a great deal of attention due to their fundamental physical 

properties and potential applications.  However, most of nanowire materials are sensitive 

to the natural oxide which limits the measurement of nanowires because of high contact 

resistance.  

Bismuth is extremely sensitive to oxygen, which makes it very difficult to make 

electrical contacts.  So, bismuth nanowire array measurements have been carried out to 

study the properties [5].  In these cases, the normalized resistance and magnetoresistance 

can be measured.  The number of nanowires which contribute to the transport is 

unknown.  

In this chapter, the efforts to grow Bi nanowires and make an intrinsic electric 

contact are introduced.  First, the anodic aluminum oxide (AAO) templates [6] have been 

synthesized, and track-etched polycarbonate membrances were purchased from 
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Sterlitech, Whatman, and Nest Group, Inc.  These are the supporting structures for Bi 

nanowires.  

Bi nanowires were synthesized by electrodeposition method through 

polycarbonated membrane and AAO template.  By the sequential eletrodeposition, Bi 

nanowires consist of three segments (Au – Bi – Au) [7].  The Au nanowires on both ends 

serve as natural contact electrodes to Bi nanowires.  Unfortunately these three segments 

of Bi nanowires were not successfully removed from polycarbonate membranes and 

AAO templates.  

Figure 3.1 is a schematic diagram of a heterostructure nanowire for intrinsic 

contacts.

Figure 3.1 Schematic diagram of heterostrucutre nanowire (Au – Bi – Au).



23

3.2 Templates for Bi Nanowire Growth

3.2.1 Synthesis of Anodic Alumina Oxide (AAO) Templates

The synthesis of AAO templates has been carried out for several decades [8].  The 

pore is uniform and dense.  The pore size and cell is proportionally related to the applied 

potential, pore size (nm) ~ V (Volt), cell size (nm) ~ 2.5 × V (Volt) [9].

The anodizing voltage is specific for the desired electrolytes.  The typical 

anodizing potential is 25, 40 and 200 V for sulfuric (H2SO4), oxalic (C2H2O4) and 

phosphoric (H3PO4) acids, respectively.  Other controlling parameters are temperature, 

electrolytes and time.  The pore size varies from 5 nm to 500 nm, depending on the 

electrolytes and applied potentials. 

The pore has honeycomb structure with a close-packed array of columnar 

hexagonal cells shown in Figure 3.2.  The sequence of the self-assembled pore growth 

[11] is the following (Figure 3.3):

a) formation of barrier layer

b) pore nucleation due to local thickening of the oxide layer
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Figure 3.2 Schematic diagram of AAO templates (from [10]).
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Figure 3.3 Pore formation.  The competition between field enhanced dissolution and field 

enhanced oxidation leads to the growth of alumina sidewalls at the expense of continual 

oxide dissolution at the pore bottom.
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c) field enhanced oxide dissolution at oxide/electrolyte interface 

d) oxidation at the aluminum/oxide interface due to field enhanced migration of O2- ions

e) sustenance of pore growth due to the fact that electric field is highest in the region 

around the pore bottom, leading to field assisted oxide formation and growth of alumina 

sidewalls at the expense of field assisted oxide dissolution at the pore bottom.

Pure aluminum (99.99 %, ESPI Metals) sheets are cleaned by ultra sonic agitation 

for 15 minutes in acetone and isopropyl alcohol, respectively, before annealing under 

nitrogen flow at 500 ºC for 4 hours.  The annealing relieves the mechanical stresses in the 

sheets by grain growth.  The electropolishing (perchloric acid [HClO4] : ethanol 

[C2H5OH] = 1 : 4) under a constant current density of 100 mA cm-2 is carried out.  This 

step induces pits which serves as center nucleation site for pore formation.  The 

formation of pore consists of two step anodization processes [12].  The single step 

process takes a long time and the structure is distorted [13].  

The aluminum sheets which are already electropolished are dipped in 0.3 M 

oxalic acid (H2C2O4) solution at 17 ºC for 15 minutes.  This initiates the first anodization.  

The anodized aluminum, i.e., thin alumina, is removed in 6 wt % phosphoric acid 

(H3PO4) solution at room temperature.  The surface of aluminum sheets forms concave 

pits with a textured pattern of nanometer size, anodization occurs at the center of the 

concave pits.  This sample is dipped again for the second anodization in 0.3 M oxalic acid 
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Figure 3.4 Scanning Electron Micrograph (SEM) image of anodic aluminum oxide pores 

used in this work.  The diameter of the pore is about 70 nm.
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(H2C2O4) solution at 17 ºC.  The anodization proceeds vertically from the center of these 

concave pits, the length of the pore is controlled by the anodization time.  

Figure 3.4 is one of the AAO samples synthesized for nanowire growth, the pore 

size is approximately 70 nm and the inter-pore spacing is about 100 nm.  This is in 

agreement with the previous reports that the pore diameter and pore cell are proportional 

to the applied voltage [9].  The growth rate of the AAO template in 0.3 oxalic solution is 

about 1 – 2 µm/hour [14].  The maximum pore depth (pore length) is 6 µm for this work.

The pores have a thin oxide layer at the bottom (Figure 3.3) as a result of the 

oxidation process.  It is important to remove the bottom oxide layer to conduct the 

electrodeposition onto the underlying metallic aluminum.  The bottom barrier layer is 

dissolved in 6 wt % phosphoric acid for 40 minutes at room temperature.  Phosphoric 

acid etches the alumina oxide in an isotropic way, which makes the pores widen.  The 

process of pore opening of bottom barrier layer with time is shown in Figure 3.5 [15].
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Figure 3.5 SEM images of backside of AAO template after pore opening, a) 2 hr, b) 2 hr 

30 min, c) 3 hr in 5 wt % H3PO4 acid solution.  The pore is open on both sides with 

diameter of 70 nm. 

(a)

(b)

(c)
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3.2.2 Polycarbonate Membranes (PCTE)

Track etched polycarbonate membranes were purchased from several companies 

(Sterlitech, Whatman, Nest Group, Inc.).  The nominal thickness is about 6 µm shown in

Figure 3.5 (b).  Some area is thicker than other.  This relatively thin membrane is not 

good for the nanowire growth. 

Figure 3.6 (c) shows the backside of polycarbonate membrane with Au partially 

evaporated (white area).  The small holes can be seen, in other words, Au doesn’t block 

the pores completely.  The original membrane surface can be seen in upper left corner. 

Figure 3.6 shows the SEM images of polycarbonate membranes, Figure 3.6 (a) dark holes 

are pores with size of 50 nm, the pores are not uniform. It will be discussed in section 

3.6.  
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Figure 3.6 (a) Polycarbonate membrane (pore diameter ~ 50 nm, Nest Group, Inc.), (b) 

Cross section of polycarbonate membrane (Whatman, pore diameter ~ 50 nm, membrane 

thickness ~ 6 µm), (c) Polycarbonate membrane (diameter ~ 100 nm, thickness ~ 6 µm, 4 

× 108/cm2, Sterlitech)

(a)

(c)

(b)
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3.3 Electrodeposition of Bi Nanowires

3.3.1 Electrodepositon

The electrodeposition or electroplating is the process of charge transfer through 

the solution which contains metal ions (cations) and anions.  When potential is applied in 

the solution, the positively charged metal ions are attracted to negative electrode 

(cathode), but the negatively charged anions are driven to positive electrode (anode).  

During this process, the cations get electrons (reduction), and are accumulated at the 

cathode as metal.  

Since the solution is a strong acid or base, the electrodes should be electrically 

conducting and chemically inert.  The platinum rod shown in Figure 3.7 is used as a 

counter electrode (anode), and a gold film evaporated on one side of the anodic alumina 

oxide or on polycarbonate membrane as the working electrode (cathode).

Two methods of electrodeposition are used to grow nanowires.  In this work, the 

direct current (DC) deposition is the process in which the potential or current is kept 

constant.  The pulse deposition is the process in which the potential or current is applied 

alternatively with periodic frequency.  With time interval and potential, the deposition 

condition could be determined.  The deposition condition depends on several parameters, 

for example, pH in the solution, applied potential, electrode geometry, temperature, 
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agitation degree, deposition time and solution concentration.  Au nanowires are grown by 

DC deposition with potential of -1V.  DC electrodeposition is alos used for Bi nanowires 

[17].  This method produces polycrystalline Bi nanowires with grains.  We have also used 

pulse electrodeposition for Bi nanowire growth [2].  A constant potential is applied on 

and off with constant period.  We used -0.35 V (on) of potential for 10 ms and 0 V (off) 

for 10 ms.  The diameter of nanowires is determined by the off time (relaxation time), 

and longer off time makes the nanowires larger in diameter.  The Bi nanowires grown by 

this method are known as single crystal [2].  

3.3.2 Electrodeposition of Bi Nanowires Using PCTE 

We used polycarbonate membrane as an assistance to guide nanowires.  Figure 

3.7 is a schematic diagram of Bi electrodeposition.  Bi is deposited through the pores and 

becomes a nanowire.  Bi ions get electrons and become Bi metal (reduction) at the 

cathode.

As mentioned above, to know the intrinsic properties of any nanowires, the single 

Bi nanowire must be measured.  The sequential growth of bismuth nanowires is the 

solution to avoid the oxide.  Two electrolyte baths are needed, one for Au solution and 

the other for Bi solution.  First, we grow Au nanowires (1 mM of HAuCl4·3H2O, 0.25 M 

of KCl) [16] shown in Figure 3.8 (a).  The applied potential is -1 V (DC 
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electrodeposition) and the growth is 900 seconds.  These Au nanowires serve as contact 

electrodes to Bi nanowires.  The image of Figure 3.8 (a) shows that Au nanowires 

vertically stand (bright rods) based on the Au evaporated film (dark bottom) after 

removing the polycarbonate membrane that is dissolved in dichloromethane.  Some Au 

nanowires are very short and are broken together with the residue of polycarbonate 

membrane, indicating that nanowires synthesized by this method are very 

fragile and weak.  Figure 3.8 (b) is the image of bismuth nanowires.  Some are also 

already broken and detached from the Au film.   Bi nanowires look thicker and smoother 

than Au wires.

Figure 3.8 (a) and (b) show that the Au and Bi nanowires are clearly grown, 

because only Au electrolyte solution is used for Au nanowire growth, only bi solution for 

Bi nanowire.  Before growing the heterostructure nanowires, each nanowire was 

synthesized separately to make sure that Au and Bi nanowires can be grown.

Now, heterostructure nanowires (Au – Bi – Au) are shown in Figure 3.8 (c).  The most 

critical thing is to avoid the oxidation of Bi nanowires between the electrodeposition.  

During the electrodeposition, the solution is purged for 10 or 20 minutes under the 

nitrogen flow to remove the oxygen dissolved in the electrolyte, and
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Figure 3.7 Schematic diagram of two electrode Bi electrodeposition through AAO or 

PCTE. Bi is accumulated through the pores, and becomes nanowires.  Pt is anode 

electrode and Au at the bottom of AAO or PCTE is cathode where Bi3+ is converted to Bi 

metal.
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Figure 3.8 Bi nanowires after PCTE removed in dichloromethane, (a) Au 

electrodeposition (-1 V, 900 s), (b) Pulse electrodeposition (-0.35V, 10ms, 10ms OFF, 

60s), (c) is the image of Au – Bi – Au (600 s – 120 s – 600 s) nanowires (3 segments).

(a)

(b)

(c)
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sealed immediately.  The electrodeposition is carried out in the glove box in N2

environments.  After one electrodeposition is done, the bath is rinsed several times with 

high purity DI water.  

3.3.3 Separation of Au – Bi – Au Nanowires from PCTE

The difficult part is the extraction of the nanowires (Au – Bi – Au) from the 

polycarbonate membrane and Au film. First we dissolved the polycarbonate membrane 

after electrodeposition, and sonicated the substrate (nanowires and Au film). 

As one can imagine, the heterostructure nanowires cannot survive the ultra sonic 

agitation even though the sonication time is very short.  It is impossible to get a complete 

(three segments) nanowire by sonicating the sample with nanowires vertically standing 

on Au film shown in Figure 3.10.  

Since the nanowires are too fragile, annealing method is introduced to increase 

the strength of the nanowires.  The sample is annealed under N2 flow at 150 °C for 4 

hours.  Figure 3.11 (a) is the SEM images of sample after annealing, (b) is after 5 min 

sonication.  After annealing, the nanowires stick to the Au film even if the ultra sonic 

agitation is applied for a long time.
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The third try to get the nanowires from the sample (PCTE/Au after 

electrodeposition) is to remove the Au evaporated film after electrodeposition.  Ethanol-

soaked cotton tips are used to peel off the Au film by scratching the backside of PCTE.  

We now have heterostructure nanowires embedded in the PCTE with both sides open.  

This sample is put in the dichloromethane to dissolve PCTE.  The upper half of the 

solution is removed and fresh dichloromethane is added to dilute the residue of PCTE 

several times (5 or 6 times).  After adding dichloromethane, the solution should be gently 

shaken so the overall density of PCTE residue is reduced.  The free standing nanowire 

solution is dropped by pipet onto the SiO2/Si subtrate to allow element analysis.  

Before going further, I would like to describe the simple method which provides 

the element analysis of nanowires.  Electron Disperse X-ray Spectroscopy (EDS) is the 

tool in which high energy electrons hit a target sample and the detector in the chamber 

detects the rebounded electrons which carry the energy corresponding to the specific 

material.  Figure 3.10 shows the example of the EDS tests.  The third peak in Figure 3.9 

(a) indicates Au, which means that the electron beam spot area has Au element.  The peak 

in Figure 3.9 (b) is slightly shifted to the right, and that is Bi spectrum.  The third and 

fourth peaks correspond to Au and Bi element, respectively, as shown in Figure 3.9 (c).  

Using this tool (Leo SEM 1530), we can easily determine whether the nanowires are 

composed of three segments or not by performing EDS along the nanowires from one end 

to the other.  Even though it is not very accurate, EDS is very simple to check the 
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Figure 3.9 Energy Disperse X-ray Spectroscopy, the first two peaks are oxygen 

and silicon because the nanowires are dispersed onto SiO2 substrate.  (a) the third peak 

corresponds to Au element, (b) the third peak Bi, (c) the third and fourth peaks are 

indication of Au and Bi, respectively. 

(c)

(a)

(b)



40

composition of nanowires, after dispersing the nanowires grown by three sequential 

electrodeposition.

Because of the weak and fragile nature of nanowires grown by this 

electrodeposition, half of the nanowires are already broken which is confirmed by EDS 

analysis.  During the processes of removing Au bottom film, dissolving PCTE and 

dispersing, nanowires are broken by themselves.  Figure 3.12 is the images of nanowires 

with different growth time.  We only change the Bi growth time to get different Bi length 

of nanowires.  The length of Au wire at the bottom (first Au growth part) is about 0.5 µm, 

which corresponds to the narrow end of nanowires shown in Figure 3.12.  

The first electrodeposited segment is Au wire.  The middle of nanowires consists 

of Bi element confirmed by EDS analysis as expected. However, the length of nanowires 

is similar regardless of the Bi electrodeposition time.  The growth time of Bi nanowires is 

30 min, 90 min and 180 min shown in Figure 3.12 (a), (b) and (c), respectively.  If there 

are nanowires whose length is long enough to touch the other side of PCTE, they may be 

broken easily during the process, because PCTE is soft and it will be squeezed by cotton 

tip.

The alternative way to avoid using mechanical force is evaporating Cu instead of 

Au.  Cu is dissolved in 50 mM of CuCl + 10 % HCl solution before removing PCTE [7].  

After electrodeposition, the sample is dipped in the solvent to remove Cu.  It turns out 

that this solvent also dissolves Bi nanowires.
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Figure 3.10 (a) SEM image of nanowires for 5 seconds sonication after polycarbonate 

membrane is removed, (b) SEM image of sample after 30 seconds sonication.  These 

samples are not annealed.  Scale bar : 1 µm

(b)

(a)
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Figure 3.11 (a) SEM image of annealed sample (150 °C, 4 hr, N2) after electrodeposition,

(b) SEM image of sample after 5 min sonication, all nanowires are still attached.

Scale bar : 1 µm

(a)

(b)
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Figure 3.12 SEM images of nanowires with different the growth time : Au – Bi – Au, (a) 

10 – 30 – 10 min, (b) 10 – 90 – 10 min, (c) 10 – 180 – 10 min.  Au and Bi solution 

purged for 10 min, H2O for 20 min.  Short (broken) nanowires are been seen.

(a)

(c)

(b)
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3.3.4 Electrodeposition of Au – Bi – Au Nanowires using AAO

In previous subsection, the effort of making sequential nanowires (Au – Bi – Au) 

has been performed using polycarbonate membrane.  The disadvantage of using PCTE is 

that it is very thin (5 µm), not uniform, and mechanically soft.  Anodic alumina oxide 

(AAO) template has been synthesized (Figure 3.4) with thickness of about 20 µm.  The 

advantage of using AAO is that it is uniform, thick and mechanically strong.  

Figure 3.13 (a) and (b) are SEM images of nanowires grown in AAO/Au with the 

growth time of (a) 10 – 5 – 10 min (Au – Bi – Au) and (b) 30 – 30 – 30 min.  Three 

bright spots in Figure 3.13 (a) are areas hit by electron beams during EDS analysis.  The 

nanowires are short, about 1.3 µm.  Long nanowires are seen in Figure 3.13 (b) with 

length of 8 – 10 µm.  20 µm thick AAO allows nanowires to grow long even though the 

growth rate of individual nanowires is different.  Since AAO is thick, the nanowires 

which grow faster than others are still in the pore.  No nanowires get out of pores to make 

3-dimensional large chunk on the AAO surface.  The length of nanowires is different, but 

all wires are still within the pores.

The dispersing process to extract nanowires from AAO is quite different from that 

of PCTE.  After electrodeposition, Au film is removed by scratching with cotton tip.  

The sample (nanowires and AAO) is dipped in 2 M NaOH which dissolves AAO 

template until the AAO is all gone.  The upper part of solution is removed and diluted 

with DI water many times until pH paper indicates that the solution is totally neutral, 
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because a little NaOH residue prevents nanowires from dispersing.  The solution (DI 

water + nanowires) is removed and added with ethanol, the process is repeated many 

times until the solution is totally replaced by ethanol.  The new solution (ethanol + 

nanowires) is dropped onto the substrate shown in Figure 3.13. 

During the dilution of solution from NaOH to DI water to ethanol, the process 

takes long time and is repeated many times.  Most of nanowires are aggregated at the 

bottom of solution after completing the dilution process.  The ultra sonication cannot be 

used to separate nanowires because nanowires synthesized by this method are very 

fragile.  The diluted solution is shaken with hand and dropped onto substrate.  Not many 

nanowires are found on the substrate after all, which makes device fabrication practically 

impossible.
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Figure 3.13 SEM images of Au – Bi – Au nanowires grown in AAO/Au with growth time 

of (a) 10 – 5 – 10 min, (b) 30 – 30 – 30 min.

(a)

(b)
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3.4 Problems of Detaching Bi Nanowires

Extracting heterostructure nanowires (Au – Bi – Au) from PCTE or AAO was not 

successful.  Several reasons are described in the following.  First, nanowires grown by 

electrodeposition are very weak and fragile.  Annealing after electrodeposition makes the 

sample (nanowires + PCTE) too strong to be detached from each other.  Second, thin 

PCTE makes nanowires short, which is not appropriate in this study.  Flexible PCTE 

causes more broken nanowires.  Third, the oxidation problem is not completely solved 

after Bi electrodeposition before the second Au electrodeposition.  Fourth, dilution steps 

(NaOH to DI water to ethanol) in AAO cause nanowires in the solution to aggregate 

again at the bottom of the solution because of the long and repeated process.  Sonication 

is not possible before dispersing because of fragility of nanowires.  

Overall, three segment nanowires (Au – Bi – Au) are synthesized, but detaching 

nanowires from PCTE or AAO and dispersing onto substrate without breaking any part 

of nanowires was not successful.
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Chapter 4 

Device Fabrication and Electric Transport Measurements of 

Single Bi Nanowires

4.1 Introduction

Arrays of Bi nanowires have been studied in the past [1, 2].  The array 

measurements of Bi nanowires show no quantative information about resistivity. Because 

of its chemical sensitivity to oxygen, it is hard to make electric contacts to a single Bi 

nanowire.  There are reports of single Bi nanowire measurements using focused-ion beam 

(FIB) [3, 4, 5].  However the FIB technique causes Pt coating problem and damages 

nanowires from ion beam [6].  

By making a device of individual nanowires with four-terminal, it is possible to 

measure the electrical transport properties (absolute resisitivity, temperature dependence 

of resistivity and magnetoresistance) which are the intrinsic properties of the materials.

In this chapter, I will discuss in detail the fabrication of a single Bi nanowire device 

(grown by hydrothermal method) and electrical transport measurements.  Using 

minimum beam current and minimum exposure to nanowires, the damage of nanowires 
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can be avoided.  The coating problem can be also avoided by depositing Pt exactly the 

interface between Bi nanowire and electrodes.

The four-terminal resistance at room temperature was measured and compared to 

that of bulk Bi.  The resistance of the majority of Bi nanowires shows montonic increase 

with decreasing temperature, on the other hand, some show resistance maximum around 

50 K, suggesting quantum size effect plays a role.  Finally, we measured the resistance of 

magnetic field dependence which shows positive magnetoresistance.

4.2 Hydrothermally Grown Bi Nanowires

These nanowires are from our collaborator (Professor Yadong Li at Tsinghua 

University, China) [7].  Bismuth is synthesized by hydrothermal method.  Pure bismuth 

nitrate (Bi(NO3)3, 0.01 mol) and an excess amount of aqueous hydrazine solution 

(N2H4·H2O, 0.02 mol) were mixed in distilled water at room temperature to form a 

mixture with insoluble precipitate. The pH value is controlled by aqueous NH3·H2O, 

stirred strongly for 1.5 hours. The solution is sealed, maintained at 120 ºC for 12 hours to 

complete the reaction.
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4.3 Device Fabrication

4.3.1 Dispersion of Bi Nanowires onto SiO2/Si Substrate 

The powder of hydrothermally grown Bi nanowires [7] is ultrasonicated briefly in 

ethanol solution (or alcohol, for example, methanol or IPA).  The powder disperses, and 

immediately the solution becomes dark.  The dark solution is dropped onto an oxidized 

heavily-doped silicon substrate (thickness of SiO2 ~ 500 nm) by using pipet.  The 

substrate is already containing an array of prefabricated Au alignment marks shown in 

Figure 4.2.  

The process of making Au alignment marks is following (Figure 4.1):

i) spin-coating PMMA onto SiO2/Si substrate

ii) baking PMMA at 170 ºC for 30 min

iii) electron-beam lithography

iv) develop (MIBK:IPA = 1:3 ratio, for 1 min)

v) Au/Cr thermal evaporation

vi) Lift-off (removing residual PMMA in Acetone)



53

Figure 4.2 (a) is a design of alignment marks for e-beam lithography (Figure 4.1).  

The dispersed single Bi nanowire is shown in Figure 4.2 (b).  Bi nanowire is located by 

four alignment marks.

4.3.2 Fabrication of Electrodes on Top of Bi Nanowires

After dispersing Bi nanowires, they are located by either optical microscope or 

atomic force microscope (AFM) with respect to the pre-patterned alignment marks shown 

in Figure 4.2 (b).  The electrodes of Bi nanowires are designed based on the locations of 

nanowires shown in Figure 4.2 (b).  Figure 4.3 (a) shows the design of electrodes, and 

many electrodes can be designed with long nanowires.  Figure 4.3 (b) is a large area 

design with 8 contact pads which are wire bonded to the cryostat for the measurements.  

The center area (100 × 100 µm in size) corresponds to Figure 4.3 (a).  The device is 

further fabricated by electron-beam lithography, metal evaporation and lift-off processes 

(Figure 4.1).

Electrodes consisting of Au/Cr = 140/5 nm are made on top of a single Bi 

nanowire.  Figure 4.4 is an AFM image of one of devices fabricated by these processes.
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Figure 4.1 Schematic diagram of e-beam lithography and metal deposition.

PMMA
MMA/MAA
SiO2
Si

e-beam

lithography develop

metal deposition lift-off
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Figure 4.2 (a) a design of alignment marks, in size of 100 × 100 µm, the distance between 

two marks is 10 µm, one of any four square marks has an unique shape allowing 

nanowires to be located exactly.  (b) SEM image of a dispersed Bi nanowire pinpointed 

by the marks which are in unique shapes at all sites

22 µm

3 µm

(a)

(b)
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22 µm

220 µm

Figure 4.3 (a) Electrode design for e-beam lithography and metal deposition, 100 × 100 

µm in size, (b) large scale (1000 × 1000 µm in size) of design with eight contact pads. 

The center area corresponds to (a).

(a)

(b)
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Figure 4.4 AFM image of a single Bi nanowire device.  Five electrodes are connected to 

single Bi nanowire, alignment marks are seen at the 4 corners.
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4.3.3 Removal of Oxide Layer of Bi Nanowires

It has been attempted to remove oxide layer of Bi nanowires to make an ohmic 

contacts.  Most of nanowires have natural oxide layer on the surface.  It is very severe in 

the case of Bi.  Several attempts of removing oxide layer have been previously made with 

Bi nanowires synthesized by pressure injection method [6].  

We got no contact signals from Bi nanowires with normal process.  It is obvious 

that oxide layer serves as an insulation layer.  So, we followed previously reported recipe 

of removing oxide.  We etched Bi nanowires with HF or NaBH4 before metal deposition.  

Also, we annealed the samples with H2 before metal deposition.  However, none of these 

methods worked, because Bi nanowires immediately reacted to oxygen as soon as they 

were exposed to air. 

4.3.4 FIB Milling and in-situ Pt Deposition

Bi nanowire and Au electrodes make no electric contact at this stage, the device is 

ion-milled about 10 nm on the Bi nanowire followed by Pt deposition in-situ in the FIB 

chamber [6].

Focused ion beam (FIB) machine makes it possible to make an electric contact to 

Bi nanowires by Pt deposition.  Ga ion beam sputters away the oxide layer on the surface 

of Bi nanowires and Pt-hydrocarbon is introduced into the chamber shown in Figure 4.4.
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Ga ion carries Pt from Pt-hydrocarbon gas which flows through above Bi nanowire 

sample.  The electron beam is 2 KV and Ga ion beam is 1 pA (20 KV acceleration 

Voltage).  The Bi nanowire is exposed for 5 seconds under the e-beam (2 KV) right 

before ion milling and Pt deposition.  

Since the exact location of Bi nanowire is known with respect to alignment marks, 

all necessary optimization of operation is done nearby without Bi nanowires exposed.  1 

pA of Ga ion beam is scanned once before Pt depositioin.  The diameter of Bi nanowires 

is about 100 nm, including 10 nm oxide layer.

We think this Bi nanowire is not damaged with once scan of Ga ion beam with a 

small beam current (1 pA).  Unlike previous reports, no Pt coating occurred.  Pt is 

deposited by small amount not to cause coating nearby and enough to make ohmic 

contacts.  We tested the Pt coating by changing the distance of electrodes.  The gap of the 

sample in this study is large enough to avoid the Pt coating.    

Figure 4.6 is AFM images of a device (a) before and (b) after Pt in-situ

deposition.  Figure 4.6 (b) is the sample for electrical transport measurements which will 

be discussed in the next section.  The process between Figure 4.6 (a) and (b) is explained 

in Figure 4.5 with schematic diagram.  Bi nanowire with 4-terminal probes, the 4 small 

rectangles are Pt deposition which makes an electric contact between Bi nanowire and Au 

electrodes.  Bi nanowire is 11 µm in length and 90 nm in diameter.  Some Bi nanowires 
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and residues are seen, and they are from dispersing process, resulting from ultra sonic 

agitation.  One alignment mark is seen below the electrode (2nd from the right).

4.4 Electric Transport Measurements of Single Bi Nanowires

Hydrothermally grown Bi nanowires are fabricated with FIB in the previous 

section.  In this section, electrical transports measurements have been carried out.   Four 

terminal resistance measurements, temperature dependence of resistance and 

magnetoresistance measurements are discussed.

4.4.1 Absolute Resistivity

Most of the samples are stable with thermal cycling and do not deteriorate with 

time.  To see thermal annealing effect [2], some samples are annealed at 150 ºC for 8 

hours under N2 flow before measurements, and some are annealed after 1st and before 2nd

measurements.  No thermal annealing effect has been shown in our samples.  

Our samples are about 100 nm in diameter.  About 20 samples are measured for 

this study.  The resistivity at room temperature varies from 3.7 × 10-4 to 3.9 × 10-3 Ω-cm 

(3 to 30 times higher than that in bulk bismuth).  Grain size and inhomogeneity of 

nanowires may play a role.  Small grain size and high inhomogeneity may cause high 

resistivity.  
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Figure 4.5 Schematic diagram of the technique for electrical contacts to a Bi nanowire.  

The oxide layer of Bi nanowire is ion milled and then Pt is deposited. 

Sputter off oxide:

Deposit Platinum:

Ga ions
Bi

Bi oxide

Bi

Bi oxide

Pt beam

Ga ions

Pt-Hydrocarbon gas

(c)

(d)
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Figure 4.6 AFM image of device (a) before, (b) after in-situ Pt deposition.
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4.4.2 Temperature Dependence of Resistance

Temperature dependence of resistance measurements shows two kinds of 

behavior.  The first type of behavior is that resistances keep decreasing with decreasing 

temperature.  The second type of behavior is that resistances start to decrease at certain 

temperature.  Figure 4.7 shows the temperature dependence of resistance with zero 

magnetic field.  All samples in Figure 4.7 (a), (b), (c) and (d) show monotonic increase 

with decreasing temperature.  On the other hand, the resistance maximum was observed 

in some other samples with zero magnetic field at temperatures of 34 – 53 K as shown in 

Figure 4.8 (a), (b) and (d).  One sample in Figure 4.8 (c) has a maximum at relatively 

high temperature (at 77 K).  Although majority of samples show resistance increase with 

decreasing temperature from room temperature to 4 K, some samples (shown in Figure 

4.8) have resistance maximum at low temperature, meaning that resistance starts to 

decrease with temperature down towards 4 K.  

The temperature dependence of resistance of Bi depends on the interplay of 

carrier mobility and carrier concentration.  Electron and hole density and mobility are 

temperature and size dependent [8, 9].  The carrier concentration increases with 

increasing temperature, so the resistance decreases, leading to the temperature coefficient 

of resistance (TCR) which is negative.  On the other hand, the carrier mobility increases 

with decreasing temperature, resulting in TCR which is positive.  
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In bulk sample, electron-phonon scattering is the dominant mechanism.  When 

temperature goes down, the phonon effect is reduced and mean free path increases, 

consequently the resistance decreases.  

In nanowires, wire boundary, grain boundary scattering and defects play an 

important role in the scattering mechanism [1, 10].  Polycrystalline sample has high 

defect level and grain boundaries, carriers experience more boundary scattering, and 

mean free path is limited with decreasing temperature, so resistivity increases with 

decreasing temperature.  Majorities of our samples show these phenomena, indicative of 

polycrystal nature of the material.

Resistance maximum as observed in some of our nanowire samples has been

observed in thin Bi films [11, 12] and Bi nanowire array samples [10].  At low 

temperature, very thin films are characterized by a strong growth of the mobility, related 

to the quantum size effect.  The quantum size effect occurs when the film thickness is 

comparable to the Fermi wavelength of carriers.  The energy of spectrum of the carriers 

in size-quantized films breaks up into subbands. The size quantization of the electron 

energy spectrum in thin Bi films decreases the number of available states, and restricts 

the electron-phonon scattering.  Also phonons are not able to transfer electrons between 

the size-quantized subbands at low temperature.  Consequently, the electron-phonon 

suppression leads to the sudden increase of the mobility which gives rise to the resistance 
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maximum in very thin films.  The resistance maximum (Tmax) is shifted to the higher 

temperature with reducing thickness. 

Similarly, the size quantization may come into play in the Bi nanowires when the 

diameter of nanowires is comparable to the Fermi wavelength.  In zero magnetic field, 

the resistance maximum has not been observed in Bi nanowires synthesized by 

electrodeposition [1], vacuum evaporation [8] and pressure injection method [9].  The 

resistance maximum was observed in polycrystalline Bi nanowires under a magnetic field 

by Liu et al. [1].  An anomalous decrease in resistance at T < 50 K was reported by 

Gurvitch [9].  Resistance maximum with zero magnetic field at 60 K was observed in Bi 

nanowire array measurement by Wang et al. [10].  

The resistance maximum observed in our experiments with zero magnetic field is 

qualitatively in agreement with the previous reports.  The maximum is observed at T = 34 

– 53 K shown in Figure 4.8 (a), (b) and (c).  But the sample in Figure 4.8 (c) has a 

maximum at relatively high temperature of 77 K.  

Majority of Bi nanowires in this study show polycrystalline-like behavior, so 

resistance monotonically increases with decreasing temperature.  However, some samples 

may have good qualities in structure, so mobility starts to increase at low temperature due 

to the quantum size effect, leading to resistance maximum at low temperature.  We 

believe that some of Bi nanowires may have better quality in structure than the others.
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Figure 4.7 Temperature dependence of resistance without external magnetic field shows 

no resistance maximum, monotonic increase with decreasing temperature.  The slight 

differences in shape of all 4 samples (a), (b), (c) and (d) are sample variations.
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Figure 4.8 Temperature dependence of resistance with zero magnetic field shows 

resistance maximum (Tmax), 4 samples have resistance maximum at temperatures of (a) 

34 K, (b) 53 K, (c) 77 K and (d) 34 K.  The diameter of nanowire in this study is about 

100 nm.
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4.4.3 Magnetoresistance

Figure 4.9 (a) and (b) show magnetoresistances of Bi nanowires with an angle 

(nanowire axis and field direction) of (a) 30 º and (b) 80 º, respectively.  The 

magnetoresistances of Figure 4.9 (a) and (b) are 9 % and 14 %, respectively, up to 2 T at 

4 K.  The range of MR is wide up to 46 %, but half of them show small MR of 1 %. 

The magnetic field causes the curving of electron trajectory, which is the ordinary 

magnetoresistance (MR) [13].  The characteristic quantity ωcτ is inversely proportional to 

the carrier density, where ωc is the cyclotron frequency and τ is the relaxation time.  In 

most metals, the ordinary MR is very small, a few percent.  In Bi, MR is large due to the 

small carrier concentration, which is several orders of magnitude smaller than those in 

most metals. MR of Bi is positive, quadratic at low field, linear at high field, and non-

hysteretic in previous Bi nanowire array measurements [1].  The shape of our MR 

measurements is similar to that of previous polycrystalline array measurements.  Bismuth 

is compensated metal with equal number of electrons and holes.  The electron and hole 

are diverted to the same side of sample in a magnetic field and recombine, instead of 

building up a charge to create the Hall field.  Therefore, Bi has large magnetoresistance.  

Large MR in single crystal bulk Bi has been observed at 4K [14].   MR in thin 

film depends on the quality of film.  Large MR has been observed in molecular beam 

epitaxy grown Bi film [15] and electrodeposited film after annealing [16], while sputtered 

film and vacuum evaporated film show small MR [17, 18, 19].  MR of nanowire array 



69

has also been reported [1, 8, 2].  The quality of Bi is related to the magnitude of MR, 

large MR from single crystal material (bulk, film, wire), but small MR from polycrystals 

with small grains.  Half of our samples show small MR.  This can be explained with 

similar fashion.  Our Bi nanowire is polycrystalline material with small grain size. 

Our measurements of Bi nanowires show wide range of resistivity, which is 

indepent of nanowire diameter.  Most of samples show that resistance increases with 

decreasing temperature.  However, some of samples show resistance maximum at low 

temperature, originating from quantum size effect. We still don’t know why Bi 

nanowires in this study don’t depend on their diameters.  This is the first report of 

complete single Bi nanowire measurements that include resistivity, temperature 

dependence of resistance and magnetoresistance.  Further study may be needed to get 

more quantitative analysis from Bi nanowires grown by other methods.
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Figure 4.9 Magnetoresistances of Bi nanowires, the angles of magnetic field and 

nanowire are (a) 30 º and (b) 80 º, respectively.  This shows ordinary magnetoresistances 

of (a) 9 % and (b) 14 % (magnetic field is applied 0 to 2 T at 4 K). 

0.0 0.5 1.0 1.5 2.0
4.9

5.0

5.1

5.2

5.3

5.4

(a)

R
 (K

ΩΩ ΩΩ )

H (T)

0.0

2.0

4.0

6.1

8.1

M
R

 (%
)

0.0 0.5 1.0 1.5 2.0
2.6

2.7

2.8

2.9

3.0
(b)

R
 (K

ΩΩ ΩΩ)

H (T)

0

4

8

11

15

M
R

 (%
)



71

References         

1. K. Liu, C. L. Chien, P. C. Searson and K. Yu-Zhang, Appl. Phys. Lett. 73, 1436 

(1998).

2. Z. Zhang, X. Sun, M. S. Dresselhaus, J. Y. Ying and J. Heremans, Phys. Rev. B 

61, 4850 (2000).

3. S. B. Cronin, Y. Lin, P. L. Gai, O. Rabin, M. R. Back, G. Dresselhaus and M. S. 

Dresselhaus, Mater. Res. Soc. Symp. Proc. 635 (2001).

4. L. Vila, L. Piraux, J. M. George and G Faini, Appl. Phys. Lett. 80, 3805 (2002).

5. S. H. Choi, K. L. Wang, M. S. Leung, G. W. Stuian, N. Presser, B. A. Morgan, M. 

Abraham, S. W. Chung, J. R. Heath, S. L. Cho and J. B. Ketterson, J. Vac. Sci. 

Technol. A 18, 1326 (2000).

6. S. B. Cronin, Y. Lin, O. Rabin, M. R. Black, J. Y. Ying, M. S. Dresselhaus, P. L. 

Gai, J. Minet and J. Issi, Nanotechnoloy 13, 653 (2002).

7. Y. Li, J. Wang, Z. Deng, Y. Wu, X. Sun, D. Yu and P. Yang, J. Am. Chem. Soc. 

123, 9904 (2001).

8. J. Heremans, C. M. Thrush, Z. Zhang, X. Sun, M. S. Dresselhaus, J. Y. Ying and 

D. T. Morelli, Phys. Rev. B 58, R10 091 (1998).

9. M. Gurvitch, J. Low Temp. Phys. 38, 777 (1980).

10. X. Wang, J. Zhang, H. Z. Shi, Y. W. Wang, G. W. Meng, X. S. Peng, L. D. Zhang 

and J. Fang, J. Appl. Phys. 89, 3847 (2001).



72

11. Yu. F. Komnik and E. I. Bukhshtab, Zh. Eksp. Teor. Fiz. 54, 63 (1968) [Sov. 

Phys. JETP 27, 34 (1968)].

12. Yu. F. Komnik and E. I. Bukhshtab, Yu. V. Nikitin and V. V. Andrievskii, Zh. 

Eksp. Teor. Fiz. 60, 669 (1971) [Sov. Phys. JETP 33, 364 (1971)].

13. A. B. Pippard, Magnetoresistance in Metals, edited by A. M. Goldman, P. V. E. 

McClintock and M. Springford (Press Syndicate of the University of Cambridge, 

Cambridge, 1989).

14. P. B. Alers and R. T. Webber, Phys. Rev. 91, 1060 (1953).

15. D. L. Partin, J. Heremans, D. T. Morelli, C. M. Thrush, C. H. Olk and T. A. Perry, 

Phys. Rev. B 38, 3818 (1988).

16. F. Y. Yang, K. Liu, K. Hong, D. H. Reich, P. C. Searson and C. L. Chien, Science 

284, 1335 (1999).

17. N. Garcia, Y. H. Kao and M. Strongin, Phys. Rev. B 5, 2029 (1972).

18. C. M. Lerner, Y. P. Ma, J. S. Brooke, R. Messervey and P. Tedrow, Appl. Phys. A 

52, 433 (1991).

19. A. K. Meikap, S. K. De and S. Chatterjee, Phys. Rev. B 49, 1054 (1994).



73

Chapter 5

Electric Transport Characterization of Carbon Nanotubes 

Grown in Anodic Alumina Templates

5.1 Motivation

Ever since the discovery of carbon nanotubes (CNTs), extensive electrical 

transport studies have been carried out on various types of nanotubes and their devices.  

The electronic properties of CNTs are intimately related to their structures and also to the 

nature of contacts.  Single-walled carbon nanotubes (SWNTs) can be either metallic or 

semiconducting depending on how the graphene sheets are rolled up [1, 2], and electrical 

transport in clean metallic SWNTs is shown to be ballistic [3, 4].  In contrast, transport 

properties exhibited by multi-walled carbon nanotubes (MWNTs) vary from ballistic to 

diffusive behavior [5, 6].

In an effort to realize large scale and self-assembled CNT devices, nanotubes 

have been grown in nanoporous anodic aluminum oxide (AAO) templates [7].  CNTs 

grown by this method are uniform in size and vertically aligned in a hexagonal array on 

the substrate.  Coupled with their large aspect ratio and small tip radius, they are 
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suggested as ideal candidates for cold cathodes in field-emission devices [8].  Recently, 

ultra-density vertical CNT transistor arrays have also been proposed based on these 

nanotube structures [9].  To realize these interesting electronic applications, a detailed 

understanding of the electronic transport properties of the nanotubes is needed.  In 

particular, nanotubes grown in the AAO templates are known to possess significant 

amount of structural disorder.  It is thus important to elucidate the effect of disorder on 

the electronic properties of these nanotubes.  

I will explain the growth of carbon nanotubes  grown in AAO, and device 

fabrication (only extracting process from AAO, other details in chapter 4) in section 5.2.  

In section 5.3, electric measurements have been carried out, and the variable range 

hopping is introduced, which is transport mechanism of the AAO grown CNT, along with 

the detailed discussion of transport measurements.
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5.2 Chemical Vapor Deposition (CVD) Growth of Carbon 

Nanotubes (CNTs) and Device Fabrication

5.2.1 CVD Growth of CNTs

Anodic aluminum oxide template (AAO, Chapter 3) is used.  The metal catalyst 

(cobalt) is then electrodeposited into the pores in the solution of 240 g/l cobalt sulfate 

(CoSO4·7H2O) and 40 g/l boric acid (H3BO3) at a current of 50 mA for 30 seconds at 

room temperature.  The chemical vapor deposition (CVD) of carbon nanotubes can be 

grown through the cobalt catalyst deposited AAO template by flowing acetylene and 

nitrogen (carrier gas).  The substrate is AAO/Al, the melting point of Al is 660 ºC.  The 

growth temperature is limited by Al substrate.  As a consequence, the maximum 

temperature (working/operation temperature) we used here is 600 ºC to grow carbon 

nanotube in a tube (1 inch in diameter) furnace (LINDBERG Blue).  

The sample (AAO with cobalt catalyst) is purged for 2 hours under the nitrogen 

flow at room temperature before slowly ramping up to 600 ºC where nitrogen flow is 

stopped and hydrogen starts to flow to reduce the oxidation of cobalt catalyst for 2 hours.  

The hydrogen flow is stopped and a mixture of acetylene and nitrogen (1 : 10 ratio) is 

passed through the tube in the furnace for 2 hours.  The flow rates are 100 ml/min for 

acetylene and 1 l/min for nitrogen respectively [10].  After 2 hours, the acetylene flow is 

stopped, the sample is annealed under the nitrogen flow for 10 hours at 600 ºC for
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graphitization.

The as-grown samples are covered with amorphous carbon, the nanotubes grow 

from the pore bottom to the surface where the growth is self-terminated [8].  6 wt % 

phosphoric acid + 1.8 wt % chromic acid solution (anisotropic etching) or 6 wt % 

phosphoric acid (isotropic etching) etches alumina oxide selectively over aluminum along 

with amorphous carbon.

5.2.2 Device Fabrication of CNTs (detailed in Chapter 4)

Subsequent separation of the nanotubes from the template is done by further 

dissolving the entire alumina layer in the etching solution.  The CNTs are then transferred 

to a 1,2-dichloroethane solution using a centrifuge.  This process is repeated several times 

to completely remove the etching remnants from the nanotubes.

The diluted solution is dispersed, and the rest of the process is discussed in 

chapter 4 (section 4.2). Since CNT is inert to oxygen, the electric contact is made directly 

between CNT and Au/Cr electrodes.  The process of section 4.3 is skipped.  The 

electrode consists of 10 nm of Cr and 160 nm of Au shown in Figure 5.2.  Figure 5.2 

shows an AFM image of a device with a CNT having an apparent height of 90 nm 

connected to five electrodes.  The geometry allows four-probe measurements to be 

performed as a function of nanotube length which is defined by the spacing between the 

voltage probes.
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1 µm

150 nm

Figure 5.1 SEM image of the nanotube array with the alumina template partially etched.  

The CNTs show a distinct tubular wall with a hollow center.  a) Large area view of 

nanotubes etched in H3PO4 + H2CrO4, b) zoom-in view of the same sample after ion 

milling.  The cross section of nanotubes reveals the hollow at the center.

(b)

(a)
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Figure 5.2 AFM image of CNT connected to five electrodes.  Some residue and 

alignment mark are seen.  The diameter of CNT is 90 nm.

2 µm
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5.3 Electrical Transport Measurements of CNTs

5.3.1 Resistivity of CNTs

As shown in Figure 5.4 (a), the room temperature four-probe resistance changes 

in proportional to the nanotube length, which suggests diffusive nature of transport.  

Using an outer diameter of 90 nm and a wall thickness of 25 nm for the nanotubes, the 

room temperature resistivity is estimated and ranges from 2.1 × 10-2 to 5.0 × 10-2 Ω-cm 

for all the samples.  In some samples, the nanotube segments in the contact region are 

exposed to an oxygen plasma for 3 min to remove possible amorphous carbon coating 

before metal deposition.  However, no systematic difference in resistances is observed in 

samples treated with this process.
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5 nm

Figure 5.3 High Resolution TEM image of CNT grown in AAO template.  

Wall of a CNT shows a disordered structure.
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5.3.2 Transport Mechanism of CNTs

To elucidate the mechanism of transport in our nanotube devices, the variation of 

conductance G is measured with standard ac lock-in technique over a wide range of 

temperature T from room temperature down to 4.2 K, as shown in Figure 5.4.  The 

conductance decreases monotonically as the temperature decreases.  Such kind of 

behavior was observed in both single-walled carbon nanotubes (SWNTs) [12, 13] and 

multi-walled carbon nanotubes (MWNTs), where the temperature dependence was fitted 

to a power-law function.  

In the case of SWNTs, the behavior is consistent with the Luttinger liquid (LL) 

model which describes the correlated electronic state formed in a true one-dimensional 

(1D) system due to Coulomb interactions.  In MWNTs, both the LL model and the 

environmental Coulomb blockade can lead to the power-law behavior [14, 15].  The LL 

model, however, is valid only for a clean one-dimensional (1D) system.  The amount of 

disorder in the present nanotube system precludes a LL description.  Furthermore, the 

power law does not provide a good fit to the data.

Decrease in conductance at very low temperatures could be due to the Kondo 

effect resulting from many-body interactions between magnetic impurities and 

conduction electrons [16].  However, this effect cannot account for the conductance 

decrease over the entire temperature range in our samples.  In addition, magnetic 

impurities from residual cobalt catalyst, if any, exists at the ends of the nanotubes only 
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and should not contribute to the transport.  We have further considered other mechanisms 

that suppress the conductance at lower temperatures including thermally activated 

transport in which ln G(T) ~ -1/T, and weak localization in which G(T) ~ ln T [16].  

Neither temperature dependency gives a good fit to the data. 

Another possible explanation for the experimental data would be the variable 

range hopping (VRH) which describes electronic conduction in a disordered system [18, 

19].  In this model, the electronic wavefunction becomes strongly localized due to 

disorder and the conductance vanishes at zero temperature.  At finite temperature, 

conduction occurs via thermally activated hopping between localized states.  The average 

hopping distance is determined by the thermal energy, the density of states at the Fermi 

energy, and the spatial extent of the localized wavefunction.  If electron interactions are 

not important, Mott predicted that the conductance should vary as G(T) ~ exp[-

(TM/T)1/(1+d)], where d is the dimensionality of the system and TM a characteristic 

temperature [18].  Under certain circumstance, Coulomb interactions can open up a gap 

in the density of states at the Fermi energy, and in this regime, Efros and Shklovskii 

predicted a conductance G(T) ~ exp[-(1/T)1/2] [19].
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Figure 5.4 (a) Four-terminal resistance as a function of nanotube length.  (b) Conductance 

as a function of temperature for one nanotube segment. Open circles are experimental 

data and the solid line is a fit to Mott’s 2D VRH formula.  Inset: Logarithm of G vs T-1/3.
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Variable Range Hopping (VRH) [11] is derived in the following. In perfect 

crystal structure, the electric transport is governed by band theory. Electrons are localized 

in strongly disorder system.  The transport is governed by hopping conduction that refers 

to conduction via localized states.  The wavefunctions of electrons that are localized in a 

particular site are overlapped to the next localized site.  In other words, there is non zero 

probability for an electron which are located at one site to hop to a nearby another sites 

via quantum mechanical tunneling.

The Hamiltonian of the localized electron is:

r

e
rV

m

P
H κ

22

)(
2

−+=                                                                                     (5.1)

where m is the mass of free electron, V(r) is a periodic potential, e is the electron charge, 

r is the distance between impurity centers, and κ is the dielectric constant of the material.

The solution of the Schrodinger equation for a waverfunction

)/exp()()( 2/130 ararFi −= −π   (5.2)

where 
2*em

a
κh=  is defined by the localized length (the characteristic dimensions of the 

wavefunction), m* is the effective mass.  

When interaction between two localized sites is considered, the electrons hop 

from one site to another as a result of the absorption or emission of a phonon.  Therefore, 

electron-phonon interaction term is added to the Hamiltonian
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)]exp()exp()exp()[exp(
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phel ωωρ ⋅−−−⋅Ω=−
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           (5.3)

where q is the wavevector of the phonon, wq is phonon frequency, Ω is the volume of the 

material, ρ is the density, and vs is the sound velocity.  The first term in the equation 

represents the phonon absorption, the second phonon emission.   Using the Fermi Golden 

Rule, the transition probability for the absorption of a phonon at low temperature is

)exp()
2

exp(0 Tk

EE

a

r
PP

B

ijij
ij

−−−= , ij EE >                                              (5.4)

where Ei and Ej are the energies of i and j impurity sites, respectively.  P0 is a 

proportionality constant, rij is the distance between the localized states i and j.

During the absorption, an electron hops to a higher energy state.  

For the emission of a phonon, the equation is 

)
2

exp(0 a

r
PP ij

ij −= , ij EE <                       (5.5)

An electron hops down to lower energy state during the emission.

The above equations indicate that hopping between localized states depends on the 

distance rij between these states as well as the energy difference.  Therefore, it is possible 

that electrons hop to a further site rather than to the nearest site if energy required to hop 

is lower.  The distance of hopping can vary depending on required energy, called 

Variable Range Hopping.  
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Mott first introduced the idea.  At a site, the number of other states per unit energy 

at the Fermi energy is

)( f
d DAxn ε=                                                                                                 (5.6)

where D(εf) is the density of states at the Fermi energy, A is a numerical factor depending 

on the dimensionality d, x is the spatial radius of a site (hopping distance).  The total 

number of states in an energy range ∆E is 

EDAxN f
d ∆= )(ε ,                                                                                    (5.7)

where ∆E is the activation energy which is needed to reach another site.  When x is 

increased from zero to a state where activation energy is found, N is equal to one.  

Solving for ∆E

)(

1

f
d DAx

E ε=∆ .                                                                                       (5.8)       

From the above equation, the longer the hopping distance is, the smaller the activation 

energy is needed.  This means electron will hop to a distant site with less energy required.  

Consider an electron at the Fermi level hop upwards in energy to another site, the 

probability of hopping distance x and energy ∆E is 

)exp()
2

exp(0 Tk

EE

a

r
PP

B

ijij
ij

−−−= � )exp(0 RP −                                       (5.9)

Where 
TkDAxa

x

Tk

E

a

x
R

Bf
d
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122
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The probability is maximum when R is minimum.  dR/dx = 0 gives the minimum value 

of R.  Solving for x

1

1

)
)(2

( += d

Bf TkCD

ad
x ε                                                                                (5.10)

where C is a numerical factor.  Substituting x into R,

1

1

min
+−= dBTR ,                                                                                         (5.11)

B is a constant. Rmin means that the nearest neighbor in space and energy.

Therefore, the probability of hopping in terms of temperature is 

)exp( 1

1

0
+−−= dBTPP                                                                                (5.12)

Since the conductivity is proportional to the probability of hopping, one finds that 

conductivity is

)exp( 1

1

0
+−−= dBTσσ .                                                                              (5.13)

A temperature dependent variable range hopping conductivity for three dimensional 

materials is

)exp(~ 4

1−
Tσ , d = 3 (three dimension).                                                    (5.14)

A two dimensional temperature dependent hopping expression is 

)exp(~ 3

1−
Tσ , d = 2, (two dimension).                                                      (5.15)
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The inset of Figure 5.4 (b) shows a plot of G on a logarithmic scale versus T-1/3,  

where all the data points appear to lie on a straight line over the entire temperature range.  

This indicates that the conductance scales as exp[(-1/T)1/3], which strongly suggests that 

the conductance in our samples is in the 2D noninteracting VRH regime.  The fit of the 

experimental data to Mott’s 2D VRH formula is shown as the solid line in Figure 6.3 (b).  

The hopping behavior is consistent with highly-disordered structure of our CNTs.  

As shown in Figure 5.3, the CNTs do not possess a coaxial cylindrical structure, 

but are made up of imperfect and broken graphite cylinders of varying sizes (similar 

observation has been reported previously [20]).  Hence transport along a single continous 

shell or set of shells as in the case of perfect MWNTs is impossible.  The disorder 

localizes the electronic wavefunction and gives rise to VRH type of transport. We can 

estimate the localization length and the optimum hopping distance as follows.  In the 2D 

VRH regime, the characteristic temperature TM is related to the 2D density of states at the 

Fermi energy N2D(EF) and the localization length ξ as [19]:

=MT
2

2 )(

8.13

ξFDB ENk
,                                                                                         (5.16)

where kB is Boltzmann’s constant.  The temperature-dependent optimum hopping 

distance is given by

3

)/(
)(

3/1TT
TR Mξ= .                                                                                            (5.17)
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We estimate N2D(EF) by multiplying the bulk density of states of ~ 1018 eV-1·cm-3, which 

is typical of amorphous carbon films [21, 22], and the nanotube’s wall thickness of 25 

nm.  From the fitting value of TM = 69.48 K, the localization length is estimated to be 

304 nm.  This leads to an optimum hopping distance of 258 and 62 nm at 4 and 300 K, 

respectively.  Thus the hopping length exceeds the wall thickness over the entire 

temperature range, which is consistent with the observed 2D VRH behavior.

5.3.3 Nonlinearity and Maximum Current Density of CNTs

Figure 5.5 (a) and (b) show typical current – voltage (I – V) characteristic of the 

CNTs at room temperature and 4.2 K.  The I – V curves display nonlinear behavior 

showing increasing conductance with increasing bias voltage and the nonlinearity at 4.2 

K is much more pronounced.  Previously, the nonlinearity was attributed to the presence 

of a semiconducting gap [9].  However, using the heavily doped silicon substrate as a 

back gate, we cannot observe any modulation of the I – V curves for a gate voltage up to 

±5 V at any temperature.  Thus these nanotubes do not appear to be semiconductiong.  
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The nonlinearity in the I – V curves is naturally expected in the VRH regime.  

Similar to thermal activation, an electric field can also act to delocalize the electrons 

leading to an increased conductance at large electric field.

Due to the highly defective structures in the present nanotube samples, the 

maximum current density that can be carried by these nanotubes before electrical 

breakdown is expected to be much lower than clean SWNTs and MWNTs, both of which 

can sustain a remarkably high current density exceeding 109 A/cm2 [23, 24].  Figure 5.5 

(c) shows a representative of I – V curve of a nanotube at very large bias voltage.  

At/above 9 V, the current abruptly drops to zero.  The maximum current density 

immediately before breakdown is 2.8 × 106 A/cm2, which is indeed significantly lower 

compared to clean SWNTs and MWNTs.  All the samples that have been tested show 
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Figure 5.5 Nonlinear I – V characteristic at (a) room temperature and (b) 4.2 K. (c) I – V 

curve at room temperature showing electrical breakdown.
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similar value for breakdown.  The critical current density, however, is comparable to the 

electromigration thresholds in copper interconnects (~106 A/cm) [24].
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Chapter 6

Conclusions

Bimuth nanowires have been investigated from synthesis to measurement.  Bi is 

an attractive material due to its applications as well as fundamental interests.  To 

investigaet fundamental properties, the study was focused on a single Bi nanowire.  

However, it is very difficult to get a single Bi nanowire with a good electric contact 

because of its sensitivity to the natural oxide.  

Some efforts have been carried out to solve this problem.  Bi nanowires were 

synthesized by electrodeposition method using nanoporous membrane.  The desired 

nanowire was a heterostructure nanowire (three segment nanowire, Au – Bi – Au) by 

sequential electrodeposition.  Au wires on both sides serve as contact electrodes (end-to-

end contact) with Bi.  

Several attempts (ultra agitation, annealing, chemical etching) have been made to 

extract the complete (three segments) nanowires from polycarbonate membranes (PCTE) 

and anodic aluminum oxide (AAO) templates.  Nanowires didn’t survive from 

sonication.  It turned out that nanowires grown by electrodeposition were too fragile and 
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broken easily even without mechanical stress.  Annealing made Bi nanowires and the 

bottom Au film stronger, so nanowires didn’t detached from Au film.  

Polycarbonate membrance was too thin and too soft to grow long complete 

nanowires.  Dilution process (from NaOH to DI water to ethanol solution in AAO) makes 

disperse difficult, because Bi nanowires aggregate.  Thick and strong template and 

neutral solvent will solve the problem for fragile nanowires.

Devices consisting of individual hydrothermally grown Bi nanowires are 

fabricated and electrical measurements have been carried out.  We used focused-ion 

beam (FIB) to remove oxide of nanowires and deposited Pt in-situ.  The method to 

remove possible coating problem was explained.  The electric transport measurements 

have been carried out.  The resistivity at room temperature varies from 3 to 30 times 

higher than that in bulk.  The temperature dependence of resistance monotonically 

increased with decreasing temperature. About 30 % of nanowires showed a resistance 

maximum at low temperature, suggesting quantum size effect plays a role.  

Magnetoresistance (MR) of Bi nanowires ranged from 1 % to 46 % up to 2 T, half of 

them showed small MR (1 %).

The anodic aluminum oxide (AAO) template-assisted grown carbon nanotubes 

(CNTs) have also been electrically characterized.  These CNTs are useful for field 

emission applications.  Resistivity at room temperature is proportional to the length, 

indicating diffusive nature of materials.  The transport mechanism is dominated by 
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structural disorder which is originated from growth process, leading to 2D variable range 

hopping (VRH) mechanism.  Maximum current density is three orders of magnitudes 

lower than sinlge-walled carbon nanotubes (SWNTs) grown by other methods.
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