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Abstract

This thesis involves an extensive experimental and theoretical study of the thermo-
electric-related transport properties of Bii_2Sb. nanowires, and presents a theoret-
ical framework for predicting the electrical properties of superlattice nanowires. A
template-assisted fabrication scheme is employed to synthesize Bi-based nanowires by
pressure injecting liquid metal alloys into the hexagonally packed cylindrical pores
of anodic alumina. These nanowires possess a very high crystalline quality with a
diameter-dependent crystallographic orientation along the wire axis. A theoretical
model for Bii_2Sb, nanowires is developed, taking into consideration the effects of
cylindrical wire boundary, multiple and anisotropic carrier pockets, and non-parabolic
dispersion relations. A unique semimetal-semiconductor (SM-SC) transition is
predicted for these nanowires as the wire diameter decreases or as the Sb concen-
tration increases. Also, an unusual physical phenomenon involving a very high hole
density of states due to the coalescence of 10 hole carrier pockets, which is especially
advantageous for improving the thermoelectric performance of p-type materials, is
uncovered for Bii_.2Sb_ nanowires.

Various transport measurements are reported for Bi-related nanowire arrays as
a function of temperature, wire diameter, Sb content, and magnetic field. R(T)
measurements show distinct T dependences for semimetallic and semiconducting
nanowires, as predicted by the theory, and the condition for the SM-SC transition can
be clearly identified. Enhanced thermopower is observed for Bii_,Sb, nanowires as
the diameter decreases or as the Sb content increases, indicating that both quantum
confinement effects and Sb alloying effects are important for improving the thermo-
electric performance. The theoretical model is further extended to study transport
properties of Te-doped Bi nanowires and Sb nanowires, and good agreement between
theoretical predictions and experimental results is obtained.

A model for superlattice nanowires is presented to evaluate their potential for ther-
moelectric applications. Thermoelectric properties of superlattice nanowires made of
various lead salts (PbS, PbSe, and PbTe) are investigated as a function of segment
length, wire diameter, crystal orientation along the wire axis, and length ratio of
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the constituent nanodots. An interesting inversion of the potential barrier and well

induced by quantum confinement is predicted in superlattice nanowires as the wire

diameter decreases. ZT values higher than 4 and 6 are predicted for 5 nm-diameter

PbSe/PbS and PbTe/PbSe superlattice nanowires, respectively, at 77K, and these

ZT values are significantly larger than those of their corresponding alloy nanowires.

For a given superlattice period, the ZT value can be further improved by adopting

different segment lengths for the two constituent materials. The model developed

here not only can determine the optimal superlattice nanowire parameters (segment

length, diameter, materials, and doping level) for thermoelectric applications, but

also can be extended to other superlattice systems, such as 3D quantum dot arrays.

Furthermore, the theoretical foundation given here provides a general framework to

study properties of interest to other applications of superlattice nanowires.

Thesis Supervisor: Mildred S. Dresselhaus
Title: Institute Professor of Electrical Engineering and Physics

Thesis Supervisor: Jackie Y. Ying

Title: Professor of Chemical Engineering
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Chapter 1

Introduction

1.1 Background

Nanostructured materials have received significant attention in recent years because of

their fundamental importance and potential applications in areas ranging from chem-

istry, physics, electronics, optics, materials science to biology. In the field of electron-

ics and optics, the drive to miniaturize devices and increase storage density has fueled

research in nanotechnology. The recent advances in material science and microfabri-

cation techniques, such as the epitaxial growth, electron beam lithography, chemical

vapor deposition, vapor-liquid-solid growth [1] and self-assembly approaches [2, 3],

have made it possible to process various interesting nanostructures and to examine

many non-classical phenomena that are absent in bulk materials. Nanostructures

represent a new class of materials with properties different from bulk solid-state struc-

tures, and their unusual properties arise from the size-dependent quantum effects and

the enhancement of surface states.

A promising application of nanostructured systems involves advanced thermoelec-

tric materials. The search for good thermoelectric materials used to be an active field

during the 1957-1965 period, after Ioffe's suggestion of using thermoelectrics as solid-

state refrigerators [4]. However, the best thermoelectric material found in that period

had only moderate performance efficiency, and there has been little progress in this

field since then. Recently, Hicks and Dresselhaus predicted a dramatic enhancement
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in thermoelectric performance with low-dimensional systems [5, 6]. The proposed im-

provement in the thermoelectric efficiency is associated with the enhanced density

of states at the band edge in low-dimensional systems, the possibility to manipulate

multiple anisotropic carrier pockets to optimize their thermoelectric performance, and

the opportunities to increase phonon scattering at the quantum-confined interfaces.

This promising prediction, along with the increasing demand for CFC-free, efficient

and small power generators or refrigerators, has rendered the study of low-dimensional

thermoelectric materials a rapidly growing field over the past few years.

1.2 Low-Dimensional Thermoelectricity

Evaluation of new materials for thermoelectric applications is usually made in terms

of the dimensionless thermoelectric figure of merit ZT where T is the temperature

(in Kelvin) and Z is given by

Z S2g Z = ,(1.1)

where S is the thermoelectric power or Seebeck coefficient, o is the electrical conduc-

tivity and

A = Ae + Aph, (1.2)

is the thermal conductivity, which includes contributions from carriers (Ae) and the

lattice (Aph). Large values of ZT require high S, high o, and low A. Since an increase

in S normally implies a decrease in a because of carrier density considerations, and

since an increase in a implies an increase in the electronic contribution to A as given

by the Wiedemann-Franz law, it is very difficult to increase Z in typical thermo-

electric materials. The best commercial bulk thermoelectric material is BiO.5 Sb .5 Te3

with a room temperature ZT ~ 1. It is believed that if materials with ZT - 3 could

be developed, many more practical applications for thermoelectric devices would be

realized. It should be noted that for a thermoelectric device to operate, both p-type

and n-type elements are required to complete an electrical circuit. Simple thermo-
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Figure 1-1: Schematic diagrams for simple (a) cooling and (b) energy conversion
devices using thermoelectric materials.

electric cooling and energy conversion devices constructed with p-type and n-type

components are schematically illustrated in Figs. 1-1(a) and (b), respectively.

Recently, research in thermoelectricity has entered into a new era with inspiration

from band structure engineering and phonon engineering of low-dimensional struc-

tures [6, 7]. In these new materials, the dimension of the systems is comparable to

or even smaller than the de Broglie wavelength of electrons, causing the emergence

of quantized energy subbands that dramatically alter the electronic band structures

and various properties. In addition, with the restricted dimensions shorter than the

phonon mean free paths, the thermal conductivity contribution from the lattice is

effectively reduced. Through carefully designed structures and optimal doping con-

centrations, it is possible to maintain the desirable thermoelectric properties of the

bulk material, while significantly improving the thermoelectric efficiency for the low-

dimensional systems.

The proof-of-principle demonstration of enhanced ZT in low-dimensional thermo-

electrics has been carried out for 2D quantum well systems using PbTe-Pb 1 ,EuTe

superlattice [9] and strain-relaxed Si-SiO.7 Geo.3 superlattice [8,10]. Figure 1-2 shows

the experimental data of S2 n as a function of well thickness in the Si-SiO. 7Geo. 3 su-

perlattice system, compared to theoretical predictions. The agreement between the

experimental results and theoretical prediction validates the theoretical transport
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Figure 1-2: Comparison between experimental data (.) and theoretical prediction (H)
for S 2 n vs. quantum well width d at the optimal doping level for a strain-relaxed

Si/Sio. 7Geo. 3 quantum well superlattice at room temperature [8].

model for these low-dimensional systems; the trend also gives convincing evidence

for the enhanced thermoelectric performance in 2D systems. An extension of the

previous results indicates that even higher ZT may be achieved in ID and/or OD

systems. Figure 1-3 shows the calculated ZT for ID Bi nanowires compared with

2D Bi thin films as a function of wire diameter and film thickness [8], respectively.

This theoretical model predicts that ID systems may possess ZT values of practical

interest for thermoelectric devices.

In this thesis, we present a comprehensive theoretical and experimental study of

the thermoelectric properties of ID Bi and Bi_,1 Sb, nanowires. Bi and its alloy

are chosen for this research because of their very small electron effective masses (~

0.001 m, where mo is the free electron mass), long carrier mean free path (- mm at

4 K), and large carrier anisotropy, which allow for the observation of quantum effects

at a relatively large wire diameter (- 50 nm) and provide for the possibility of carrier

pocket engineering to optimize the thermoelectric performance of nanowires.

It is possible that additional ZT enhancement may occur in OD systems, e.g.

quantum dot systems. Recently, an unusually large Seebeck coefficient was measured

in a PbSeTei_,/PbSe quantum-dot superlattice at 300 K (ZT ~ 2) [11]. This exper-

imental observation pointed out a potential way to utilize quantum dot systems for
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Figure 1-3: Calculated ZT for (a) Bi nanowires and (b) Bi thin films as a function of

wire diameter and film thickness, respectively [8].

thermoelectric applications. We propose in this thesis a novel structure that arranges

quantum dots in a systematic way in the form of a superlattice nanowire. A theo-

retical framework for the transport behavior will be developed for superlattice wires

consisting of quantum dots, and the thermoelectric properties will be predicted.

1.3 Thesis Outline

The first part (Chapters 2-4) of the thesis is focused on the studies of Bi and Bii_,Sb"

nanowires, and the second part (Chapter 5) is devoted to the theoretical investigation

of superlattice nanowires.

Chapter 2 describes the fabrication process of Bi-related nanowire arrays. Charac-

terization of the nanowires using various techniques, including scanning electron mi-

croscopy (SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD),

and energy dispersive X-ray (EDX) spectroscopy, will be discussed.

Chapter 3 presents a general theoretical framework to model the electronic band

structure and transport properties of nanowires, taking into consideration the quantum
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confinement effects due to cylindrical wire boundary and the effect of anisotropic

carriers. The theoretical model is then applied to Bii1 ,Sb, nanowires to investigate

their unique semimetal-semiconductor transition and the potential for thermoelectric

applications.

Chapter 4 is devoted to the experimental study of transport properties of Bi 1 ,Sb,

nanowires as a function of temperature, wire diameter, Sb content, and magnetic

field. The transport measurements not only provide valuable information to validate

theoretical assumptions and model calculations, but also demonstrate the enhanced

thermoelectric performance of Bi 1 ,Sb, nanowires. The theoretical model is then

extended to other nanowires, such as Te-doped Bi nanowires and Sb nanowires, in

order to examine their transport behavior and interpret the experimental findings.

Chapter 5 presents a general theoretical model for the electronic structure and

transport properties of superlattice nanowires made of interlaced quantum dots. It

explicitly takes into account the cylindrical wire boundary conditions, the diameter-

dependent band offsets for the periodic potential along the wire axis, and the multiple

types of anisotropic carriers. The established transport model is utilized to study

the thermoelectric properties of superlattice nanowires of various lead salts (PbS,

PbSe, and PbSe) to elucidate their performance dependence on the segment length,

wire diameter, crystal orientation along the wire axis, and the length ratio of the

constituent nanodots.

Lastly, conclusions of this thesis are presented along with suggestions for future

research in Chapter 6.
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Chapter 2

Fabrication and Characterization

of Bi-related Nanowires

2.1 Introduction

Recently, nanowires have received growing attention because of their importance as

low-dimensional systems and their potential in nanotechnology applications.

Nanowires are quantum-confined in two dimensions, while the electrical conduction

is allowed along the wire axis. Because of their unique density of electronic states,

nanowires are expected to exhibit significantly different optical [12-15], electrical

and magnetic [16,17] properties from their bulk 3D crystalline counterparts. The in-

creased surface-to-volume ratio, the very high density of electronic states near the

energies of their van Hove singularities, the diameter-dependent band structures, and

the increased surface scattering for electrons and phonons are some of the unique

properties exhibited by nanowires that may be beneficial for certain applications.

Nanowires have also been shown to provide a promising framework for applying the

"bottom-up" approach [18] in the design of complicated nanostructures.

The preparation of ID quantum systems represents one of greatest challenges in

materials fabrication. The synthesis of highly crystalline and continuous nanowires is

essential for studying the interesting quantum phenomenon in these low-dimensional

systems. Over the last decade, significant progress has been made in deriving
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nanowires via techniques such as high-pressure injection [2,19-21], vapor deposition

[22, 23], electrochemical deposition [16, 24-38], laser ablation [39-43], thermal evapo-

ration [44, 45], molecular beam epitaxy [46,47], and electron beam lithography [48].

These different methods led to the generation of a broad range of 1D nanostructured

materials. Although some approaches are more suitable than others for specific appli-

cations, each approach may present certain limitations in fabrication with regard to

nanowire diameter, crystallinity, fabrication costs and scalability. A comprehensive

discussion on nanowire synthesis techniques is given by Refs. [49] and [50].

Since the present project is in part motivated by thermoelectric applications

of low-dimensional systems, several factors are further considered. First, in order

to carry a high electrical current density, it would be favorable to have a large

number of parallel nanowires connected. Secondly, in thermoelectric applications,

it is desirable to minimize the thermal conductivity and maximize the electrical con-

ductivity. Therefore, the thermal conductivity of the host material should be small,

and a high crystallinity in the nanowires is desired to achieve a high electrical con-

ductivity.

The template-assisted synthesis of nanowires is a conceptually elegant way of fab-

ricating nanostructures with the above characteristics in a self-organized assembly [19,

35, 51-54]. The template is typically a nonconducting host matrix with nanometer-

sized elongated pores or voids, which can be filled by the material of choice. Templates

that have been used for nanowire synthesis include anodic alumina (A12 0 3), nano-

channel glass [53], ion track-etched polymers and mica films [55]. Recently, diblock

copolymers [56] that consist of two different polymer chains with dissimilar properties

have also been utilized as templates for nanowire growth. During the segregation of

the two phases, spheres, cylinders and lamellae are formed, depending on the volume

ratio of the two polymer chains. By applying an electric field while the copolymer is

heated above the glass transition temperature, the self-assembled cylinders could be

aligned with their main axis perpendicular to the film.

In this study, Bi and Bii 1 Sb, alloy nanowires were synthesized within the nano-

channels of anodic alumina templates, which possess excellent chemical and

26



mechanical stability, controlled pore structures, and low thermal conductivity, which

is favorable for thermoelectric applications. The wide bandgap of anodic alumina (~

3.2 eV) also makes it an excellent host material for quantum wires.

Several techniques have been developed for filling the voids of porous templates

with the desired materials, including vacuum melting and pressure injection [2, 19, 21],

vapor deposition [22] and electrochemical deposition [34, 38]. For Bi-related alloys,

the pressure injection technique is found to produce nanowires with consistently high

crystalline quality down to a wire diameter of 13 nm. Due to the high thermal stabil-

ity of the alumina template (up to 800 C), this high-pressure injection approach can

be readily extended to the nanowire fabrication of other materials with a low melting

point. While it is possible to fabricate nanowires with smaller diameters by elec-

trochemical deposition [57] or vapor-phase deposition [58] in nanochannel templates,

these filling techniques produce polycrystalline nanowires with small grains, and post-

annealing treatments are usually required to improve their crystallinity.

In this study, we use vacuum melting and high-pressure injection to fabricate Bi-

based nanowire arrays in anodic alumina templates. In the following sections, the

fabrication process of anodic alumina templates and Bi-based nanowires is presented,

and the characterization results of these Bi-based nanowires are discussed.

2.2 Synthesis of Porous Anodic Alumina Templates

In this section, we briefly present the procedures and conditions used to fabricate

porous anodic alumina templates. Readers are referred to Refs. [2] and [49] for a

more detailed description.

In the processing of anodic alumina films, a thin aluminum sheet is first mechani-

cally and electrochemically polished to produce a smooth surface. It is then anodized

in an acidic electrolyte solution [59-61] at a constant voltage and temperature. The

experimental set-up for the anodization process is shown in Fig. 2-1. An ice bath is

used since the temperature for the anodization process is usually kept low. Under
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Figure 2-1: Schematic of the experimental set-up for anodization of aluminum.

carefully chosen anodization conditions, oxide films possessing a regular hexagonal

array of parallel and nearly cylindrical channels are obtained (see Fig. 2-2(a)). The

anodization voltage V determines the interpore distance D by an empirical relation:

D(nm)= -1.7+2.81 xV(volts) [61]. Different electrolytes are usually used for different

anodization voltage ranges: 20 wt% sulfuric acid (H2SO 4 ) for < 20 V, 4 wt% oxalic

acid (H2 C2 0 4 ) for 30-65V, and 3.5wt% phosphoric acid (H3 P0 4 ) for > 70V. The

as-prepared anodic alumina film has open pores on the top surface of the substrate

and is capped by a barrier layer on the other side (see Fig. 2-2(a)).

The self-organization of the pore structure in an anodic alumina template involves

two coupled processes: pore formation with uniform diameters and pore ordering.

The pores are formed with a uniform diameter because of a delicate balance between

the electric-field-enhanced diffusion that determines the growth rate of alumina, and

the dissolution of alumina into the acidic electrolyte [60]. The pores are believed

to self-order because of mechanical stress at the aluminum-alumina interface due to

expansion during anodization. This stress produces a repulsive force between the

pores, causing them to arrange in a hexagonal lattice [62]. Depending on the an-

odization conditions, the pore diameter can be systematically varied from < 10 nm

to 200 nm with a pore density of 109-10" pores/cm 2 [19, 59,60,63]. With recent im-
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Figure 2-2: Schematic diagrams illustrating the structure of an anodic alumina tem-
plate: (a) side view and (b) cross-sectional view.

provements on the degree of pore ordering, anodic alumina templates have stimulated

much interest in device applications [64-69] because they provide a highly ordered 2D

nanopattern readily and inexpensively on a larger scale than conventional lithographic

approaches.

The pore size distribution and pore ordering of anodic alumina templates can

be significantly improved by a two-step anodization technique [70,71], whereby the

alumina layer is dissolved after the first anodization in an acidic solution, followed by

a second anodization under the same conditions (see Fig. 2-3). Figures 2-4(a) and (b)

show scanning electron microscopy (SEM) images of the surfaces of porous alumina

templates anodized in 4 wt% oxalic acid and 20 wt% sulfuric acid, respectively. The

ordering and uniformity of the pores shown in Fig. 2-4 have been optimized by the

two-step anodization technique [70,71]. The processing conditions for the second

anodization process for templates (a) and (b) shown in Fig. 2-4 are listed in Table 2.1.
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Figure 2-3: Schematic of the two-step anodization process: (a) a mechanically and
electrochemically polished Al substrate at the start of the anodization, (b) porous
anodic alumina layer produced in the first anodization, (c) textured Al substrate
surface after removal of the anodic alumina layer in (b), and (d) porous anodic alumina
template produced in the second anodization.
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Figure 2-4: SEM images of the top surfaces of porous anodic alumina templates after
the second anodization in (a) 4wt% H2 C 2 0 4 and (b) 20 wt% H2 SO 4 . The average
pore diameters in (a) and (b) are 44 nm and 18 nm, respectively.

Table 2.1: The second anodization conditions for anodic alumina templates shown in
Fig. 2-4. The sample shown in Fig. 2-4(b) was also immersed in 20 wt% H2 SO 4 for
20 minutes for pore enlargement following the second anodization.

Sample Electrolyte Volt. Temp. Current Duration
(V) (0C) (mA/cm 2 ) (min)

Fig. 2-4(a) 4 wt% H2 C2 0 4  45.0 19 11 250
Fig. 2-4(b) 20wt% H2 SO 4 20.0 0-13 22-32 120
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2.3 Preparation of Bi-related Nanowires

2.3.1 Vacuum Melting/Pressure Injection Process

To produce Bii_,Sb, nanowires, we used a technique similar to that developed for

synthesizing pure Bi nanowires [19], replacing the pure Bi metal by the Bii_,Sb, alloy

in the pressure injection process.

The metal alloys used in pressure injection were prepared by mixing high-purity

Bi (99.9999%, Alfa Aesar) and Sb (99.9999%, Alfa Aesar) in a quartz tube, which

was then evacuated and sealed. The sealed tube was then heated to 650'C for 8 hours

with constant agitation to facilitate homogenization of the melt. The melt was then

quenched in cold water to prevent possible segregation. This vacuum sealing-melting-

quenching technique was found to be effective in producing an oxygen-free Bii_2Sb,

alloy.

For the pore-filling processes, the anodic alumina template was placed in a glass

beaker and fixed to the bottom of the container by pure Al (99.999%, Alfa Aesar) and

Cu (99.999%, Alfa Aesar) wires. The Al wires have essentially zero solubility in liquid

Bi at the temperatures used in the pressure injection process (T < 325'C), while Cu

has a small solubility (~ 0.2 at%) in liquid Bi at 325'C. The latter was introduced to

reduce the surface tension of Bi, thus facilitating Bi injection into the nanochannels

of the anodic alumina template [19, 72].

Figure 2-5 shows a schematic of the experimental set-up for pressure injection. The

chamber employed was a Parr high-pressure reactor that could sustain a pressure of

up to ~ 5500 psi. It was attached to a vacuum pump that could achieve 10-2 mbar,

and was heated to 240'C for 8-10 hours to evacuate the channels of the alumina

template. After degassing, the temperature was slowly ramped up (by - 10C/min) to

325'C to melt the Bii_,Sb, alloy, which has a melting point of ~ 271'C. The reactor

was maintained at this temperature for two hours for the system to reach equilibrium.

Before pressure injection, the vacuum pump was removed from the chamber, and a

high-pressure Ar gas cylinder (6000 psi, BOC Gases) was connected to the inlet valve

of the chamber instead. Ar gas was then introduced into the chamber to increase the
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Figure 2-5: Schematic of the experimental set-up for the pressure injection of Bi-
related alloy into the pores of an anodic alumina template [19]. The metal charge
could be pure bismuth, Te-doped Bi, Bi-1 ;Sb, alloy or Te-doped Bi 1 ,Sb, alloy.

pressure to 4500 psi for the pressure injection of liquid alloy into the nanochannels

of the anodic alumina template. After 5 hours, the chamber was slowly cooled down

to room temperature over a 12-hour period, and the Bi_,1 Sbs alloy was allowed to

crystallize within the nanochannels. The slow cooling process was found to be critical

towards producing single-crystal nanowires. Although a small amount of Cu was in-

troduced into liquid Bi to enhance the filling of nanochannels, the Cu atoms should

be segregated from Bi upon solidification, since Cu has zero solubility in solid Bi. The

Cu flakes rose to the top surface of Bi after solidification due to their lower density,

leaving pure Bi nanowires within the nanochannels. As will be shown in Chapter 4,

Bi nanowires fabricated by the vapor deposition and the pressure injection techniques

possess similar transport properties, indicating that the introduction of Cu impuri-

ties during the liquid injecting process does not affect the transport properties of the

Bi-related nanowires. The absence of Cu impurities in these Bi-related nanowires

was further confirmed by the energy dispersive X-ray (EDX) spectroscopy analysis of
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nanowire arrays under the SEM environment, which showed no Cu signals within the

detection limit.

2.4 Characterization of Bi-related Nanowires

2.4.1 SEM and TEM Characterization

To ensure that the Bii_,Sb, alloy was injected as nanowires from the top surface all

the way to the bottom side of the anodic alumina template, the bottom surface of

the Bi/A120 3 nanocomposite was examined by a scanning electron microscope (SEM)

after removal of the barrier layer and the underlying Al substrate. Figure 2-6 presents

the SEM image of a nanowire array with an average wire diameter of 45 nm, showing

that more than 80% of the pores were filled. For templates with pore diameters

smaller than 40 nm, however, the filling factor declines rapidly with decreasing wire

diameter d, because the pressure required to fill the pores varies as 1/d". It is

found that for a template with a pore diameter of less than 10 nm, the filling factor

becomes lower than 10%, rendering other filling processes more attractive for this

pore diameter range.

The crystal quality and structural characteristics of these Bii_,Sb, nanowires were

studied by high-resolution transmission electron microscopy (HRTEM) using a JEOL

2010 high-resolution TEM operated at 200 kV. Figure 2-7 shows a HRTEM image

of a free-standing Bii ,Sb, nanowire that was removed from the alumina template.

Free-standing nanowires were derived by dissolving the alumina template at 20'C

in an acid solution of 3.5 vol% H3PO 4 plus 45 g/l Cr0 3 , which does not attack

the Bii_,Sb, nanowires. In Fig. 2-7, the lattice fringes of a typical nanowire can be

seen, clearly indicating its high crystallinity. HRTEM studies show that most of the

Bil_,Sb, nanowires are single crystals, and no grain boundaries are observed. The

single crystallinity is further supported by selected-area electron diffraction (SAED)

experiments. Fig. 2-8 shows a SAED pattern taken from the same nanowire. The
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Figure 2-6: Two SEM micrographs of (a) high and (b) low magnifications of the
bottom surface of a nanowire array after the barrier layer was removed. The alumina
template was prepared in 4 wt% H2C20 4 and has an average pore diameter of ~ 45 nm.

Most of the pores have been thoroughly filled with Bii_,Sb, alloy (shown as bright
spots).
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Figure 2-7: HRTEM image of a free-standing Bi_,,Sb, nanowire with a diameter of
~ 45 nm and a nominal Sb content of 15 at%. The inset highlights the lattice fringes

of the nanowire, indicating high crystallinity. The amorphous layer on the nanowire
surface is the oxide of Bii_2Sb, alloy.
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Figure 2-8: Selected-area electron diffraction pattern of the nanowire shown in Fig. 2-
7.

discrete diffraction spots in the SAED pattern result from a single crystalline grain,

indicating the high crystallinity of the nanowire.

In Fig. 2-7, a thin amorphous coating was noted on the Bii_2Sb, nanowire. This

was found to be the oxide of Bi_,,Sb, alloy, which might have resulted from the oxi-

dation of Bii_,Sb, nanowire upon removal of the alumina template and/or exposure

to air, and the thickness of this oxide layer was found to be independent of the Sb

content. Although this oxide coating may protect the crystalline core of the nanowire

from further oxidation, it presents a substantial challenge in the electrical measure-

ments of free-standing nanowires [731.

2.4.2 Compositional Analysis by EDX

For Bii-_Sb, alloy nanowires synthesized by pressure injecting liquid alloys into a

porous template, it is important to determine the actually Sb content in the nanowires.

The Sb content and distribution within the nanowire are critical factors that influence

various transport properties of Bi-_1 Sb, alloy nanowires.

The EDX capability of a TEM instrument provides a valuable and non-destructive

tool for elemental analysis of a single nanowire. By striking the specimen with high-

energy electron beams, a X-ray spectrum consisting of the characteristic peaks of
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Figure 2-9: EDX spectrum of a free-standing Bii_,Sb, nanowire with a diameter of

45 nm and a nominal Sb content of 15 at%.

constituent elements can be obtained, and the peak intensity can be quantified to

determine the concentration ratio of different chemical elements by comparison to a

standard. Since the electron beam used in the TEM has a diameter as small as several

nm, this technique can be employed to investigate the compositional distribution

along the wire axis, which is usually on the order of tens of microns for our Bii_2Sb,

nanowires.

Figure 2-9 shows the EDX spectrum of a free-standing 45-nm Bi-1 ,Sb, nanowire

using an electron beam diameter of 25 nm. Besides the characteristic peaks of Bi

and Sb, Cu signals were detected from the TEM grid used for holding the nanowire

sample. The Cr peaks were due to residues of the acid solution (Cr 20 3 + H3 PO4 )

used for dissolving the alumina template. By quantifying the peak intensities of

Bi and Sb in Fig. 2-9, the Bi and Sb contents in the nanowire were calculated to

be 84.5 at% and 15.5 at%, respectively, which are in good agreement with that of

the bulk alloy used for the pressure injection of nanowires (85.0 at% and 15.0 at%,

respectively). To examine the homogeneity of the nanowires, the EDX analysis was

performed at various spots along the nanowire. As indicated in Fig. 2-10, we found
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Figure 2-10: EDX analysis at four different spots along the wire axis of a free-standing
Bi_,,Sb, nanowire with a nominal Sb content of 15 at%. The wire diameter was
~ 45 nm and the electron beam diameter is 25 nm. The results showed that the
actual Sb content in the nanowire was 15.8 at%t0.8 at%.

that the Sb content was fairly constant along the wire length with values within 2 %

of the nominal Sb content of the bulk alloy.

The results from the EDX studies of Bii_.Sb_ nanowires are of great significance

because they confirm that these nanowires not only have a similar composition to the

alloy pieces used for the pressure injection, but also possess a uniform compositional

distribution throughout the entire wire. Since the electronic and transport properties

of these Bii_,Sb, nanowires are expected to be highly dependent on the Sb content

(see Chapter 3), the information on the nanowire composition forms the basis of the

fundamental assumptions for the theoretical models developed on these nanowires.

The determination of the Te dopant concentration in Te-doped Bii_,Sb, nanowires

using the EDX analysis was, however, not feasible. The Te dopant concentration in

these nanowires was typically on the order of 0.1 at% for samples of interest for ther-

moelectric applications. This concentration was below the detection limit (~ 1 at%)

of the EDX instrument. Therefore, other techniques that are more sensitive to the Te

dopants, e.g., the electrical transport or optical measurements, should be employed

to determine the Te dopant content in doped Bii_2Sb, nanowires.
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Figure 2-11: Schematic of the set-up for XRD experiments, illustrating the orientation
of the nanowire array relative to the X-ray beam.

2.4.3 XRD Study of Bi-related Nanowire Arrays

The crystal structure of the Bii_2Sb, nanowires was investigated by X-ray diffraction

(XRD) with the reflection plane perpendicular to the wire axis. The XRD studies

were performed on a 6-6 diffractometer (Siemens D5000, 45 kV, 40 mA, Cu-Ka) using

an experimental set-up depicted in Fig. 2-11.

Figure 2-12 shows the XRD patterns of pure Bi nanowire arrays of three different

wire diameters. It illustrates that the crystal structure of these nanowires is the

same as that of bulk Bi, and no separate Cu phase is present. We note that since

Cu has zero solubility in solid Bi, it is expected that Cu atoms would segregate

to the nanowire surface and/or form nanocrystals that may be detected by the XRD

experiments if present, rather than producing point defects in the nanowires. Figure 2-

12 also indicates that the nanowire arrays possess a preferred wire orientation that is

dependent on their wire diameters. The major orientations of the 95-nm and 40-nm

Bi nanowire arrays are normal to the (202) and (012) lattice planes, respectively,

which are denoted as [1011] and [0112] using the hexagonal lattice structure notation.

These results suggest that the majority (> 80%) of the Bi nanowires are oriented

along the [1011] and [0112] directions for d, > 60 nm and d, <; 50 nm, respectively.

The existence of more than one dominant orientation in the 52-nm Bi nanowires

(Fig. 2-12(b)) is attributed to the transitional behavior of nanowires with intermediate

diameters as the preferential growth orientation is shifted from [1011] to [0112] with

decreasing d,. On the other hand, Huber et al. have synthesized 30-nm Bi nanowires

using a much higher pressure of > 20, 000 psi, and their nanowires show a different
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Figure 2-12: XRD patterns of Bi/anodic alumina nanocomposites with average Bi

wire diameters of (a) 40 nm, (b) 52 nm and (c) 95 nm. The XRD peaks of all three

samples appeared at the same positions as those of the polycrystalline Bi standard,

and the resulting lattice constants were equal to those of bulk Bi within 0.3%. The

Miller indices corresponding to the lattice planes of bulk Bi are indicated above the

individual peaks.

crystal orientation of (001) along the wire axis [74], indicating that the preferred

crystal orientation may also depend on the pressure applied. From XRD studies,

Zhang et al. also found that there is a metastable high-stress phase in the as-prepared

nanowires [19], which can be transformed into the normal Bi phase by a thermal

annealing treatment.

Figure 2-13 shows the XRD patterns of Bi 1 _Sb, nanowire arrays with different

Sb contents. The wire diameters of the three samples in Fig. 2-13 were all about

40 nm. We note that the XRD peak positions as well as the relative peak intensities

of the Bi 1 _Sb, nanowire arrays were similar to those of the pure Bi nanowire array,

indicating that alloying Bi with < 15 at% Sb did not affect the crystal structure of

Bi, and the dominant crystal orientation along the wire axes was perpendicular to the

(012) lattice plane for these 40-nm nanowire arrays, although the transition diameter

for the preferred growth orientation may change in the Bi-,Sb, nanowires.

XRD studies of the Bi-related nanowires indicated that the rhombohedral crystal

structure of bulk Bi was preserved in the nanowires. This result has important im-
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Figure 2-13: XRD patterns of 40-nm Bi-,Sb, nanowire arrays with x (a) 0.0, (b)
0.10 and (c) 0.15. The Miller indices corresponding to the lattice phases of bulk Bi

are indicated above the individual peaks.

plications for transport-related experiments, since it suggests that the unique band

structure and electronic properties of bulk Bi are retained in these nanowires. As the

carrier pockets of Bi are highly anisotropic, the preferred crystal orientation provides

valuable information on the electronic states of Bi-related nanowire systems. The

crystal structure of Bi is characterized by three orthogonal principal axes, the binary,

bisectrix and trigonal axes. The two preferred directions for Bi nanowires of different

wire diameters both lie in the trigonal-bisectrix plane, with the [1011] and [0112]

directions making 71.870 and 56.5' angles to the trigonal axis, respectively. We note

that since these preferred crystallographic orientations obtained in our nanowires are

not along the highest symmetry direction, the degeneracy of various materials proper-

ties in bulk Bi 1 -Sbx alloy is lifted in the nanowires, which can be utilized to provide

valuable information on the anisotropy of important attributes.
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Chapter 3

Theoretical Model for Bi and

Bi1-Sb, Nanowires

3.1 Introduction

Nanostructured materials have received a great deal of research interest because they

are expected to exhibit very different properties from their bulk counterparts due to

quantum confinement effects. The ability to tailor materials properties by exploiting

quantum confinement effects [6] not only provides a promising approach for novel

device fabrication, but also creates possibilities for fundamental studies on nanotech-

nology [351.

Bi is attractive for transport studies as low-dimensional systems for the following

reasons. The electrons in Bi are distributed in three highly anisotropic carrier pockets

at the L points of the Brillouin zone, and the holes are contained in one pocket

at the T point [75, 76]. Quantum confinement effects can be readily observed in

Bi at a larger length scale (~ 50 nm) [22] than most metals and semiconductors.

Bii_,Sb, alloys form substitutional solid solutions, and the band structure of these

alloys changes gradually from that of Bi to that of Sb as x increases [77, 78]. Thus,

BiixSbx nanowires constitute a unique ID system in which the band structure and

other related properties can be tailored by combining the quantum confinement effects

with the Sb alloying effects.

43



In this chapter, a general theoretical framework is developed to derive the electronic

band structure of nanowires and their transport properties, taking into consideration

the quantum confinement effects due to the cylindrical wire boundary and the effect

of anisotropic carriers. The theoretical model is then applied to Bii1 ,Sb, nanowires

to investigate their semimetal-semiconductor transition and their potential for ther-

moelectric applications.

3.2 Theoretical Formalism

ID quantum wires are different from bulk materials in that the carriers (i.e. electrons

or holes) are confined in two directions and constrained to only move along the wire

axis. This confinement causes the allowed in-plane carrier energies to be quantized,

which alters their properties dramatically. Thus, it is important to understand how

the quantum confinement effects modify the band structure when a bulk material

is shaped into a nanowire, and the information is essential for predicting various

properties of the nanowires and in designing optimal thermoelectric devices.

A general theoretical framework and numerical solutions for the energy spectrum

of anisotropic carriers in cylindrical nanowires have been previously developed in

Ref. [79]. In this section, we summarize the important findings in Ref. [79], and

consider the effect of magnetic field on the energy levels in a nanowire system.

3.2.1 Band Structure of a Homogeneous Nanowire in the

Absence of Magnetic Fields [79]

A bulk material is considered where the majority carriers are electrons with an

effective mass me. In general, the electron masses are anisotropic, and the effective

mass is expressed as a symmetric second-rank tensor me. The dispersion relation of

the electrons is written as

E(k) = k- a k, (3.1)
2
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where k is the wavevector and a is the inverse tensor of me. From the effective mass

theorem, the envelope wavefunction of electrons, i/(r), is described by the Schrddinger

equation,
It2

-- V - a - VV(r) = EO(r). (3.2)
2

For nanowires embedded in an insulating matrix with a large band gap (e.g., alumina

or mica), electrons are well-confined within the wires. Thus, to a good approximation,

the electron wavefunction can be assumed to vanish at the wire boundary.

For an infinitely long wire with a circular cross-section of diameter d", we take

the z axis to be parallel to the wire axis, with the x and y axes lying on the cross-

sectional plane. The cylindrical symmetry properties of the wire are then used to

simplify Eq. (3.2) by making oxy = aGy = 0, which can be achieved by a proper

rotation about the z axis. The wavefunction then has the form:

(r) = u(x, y) exp(i~x) exp(iry) - exp(ikzz), (3.3)

where and r/ are constants to be determined, and kz is the wavenumber of the

traveling wave in the z direction. By letting = - (azz/ax) k andTI = -(ayz/yy)kz,

Eq. (3.2) is reduced to a concise second-order differential equation in x and y only:

r2 02 02 h2k 2)'aa +a E - a, (3.4)
2 ( x2 Y99Y2 2mzz

where

Mzz = Z - me Z (3.5)

is the transport effective mass along the wire axis. Equation (3.4) is reminiscent of a

2D Schr6dinger equation with in-plane effective mass components

n ty(3.6)

in the x and y directions, respectively. Since u(x, y) must satisfy the bonndary
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condition: u(x, y) -- 0 when x2 + y2 = (d, /2) 2 , the eigenvalues of u(x, y) in Eq. (3.4)

are quantized, and the energy of the electrons is written as

Enm(kz) = Enm + Z (3.7)
2mzz

where Em is the eigenvalue of Eq. (3.4) corresponding to the subband edge eigenstate

at kz = 0 labeled by the quantum numbers (n, m).

In the nanowire system, the quantized subband energy Enm and the transport

effective mass m,, along the wire axis are the two most fundamental parameters that

determine essentially every electronic property of this ID system. For a simple case

where OXX = cyy, the wavefunction of Eq. (3.4) has the analytical solution,

Unm(r) Jn (Xnmfr)Cimo, (3.8)

where Jn is the nth Bessel function, and Xnm is determined by the m th root of

Jn(xd,/2) = 0. The subband energy Enm corresponding to the wavefunction unm(r)

is given by

h2En - 2x~m (3.9)

For the general case where ax # aYY, there are no analytical solutions and the only

possible approach to determine the quantized subband energy Enm from Eq. (3.4) is

through numerical methods, as described in Ref. [79].
The density of states (DOS) of electrons in nanowires is derived from Eq. (3.7) as

g(E) = 2mzz Z(E - Enm) 1/ 2 , (3.10)
n ,m

which has a very different form from that of bulk materials. Figure 3-1 shows the

calculated DOS for electrons in a 40-nm Bi nanowire compared to that of bulk Bi, in

which the non-parabolic character of the electron pockets is also taken into account.

The DOS in nanowires is a superposition of ID transport channels, each located at

a quantized subband edge Enm. We note that the DOS of nanowires has sharp peaks
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Figure 3-1: Calculated effective densities of states for 40-nm bismuth nanowires (-)
and bulk bismuth (- - -). The zero energy refers to the band edge of bulk bismuth.

at the subband edges, whereas the DOS in a bulk material is a smooth monotonic

function of energy. The enhanced density of states at the subband edges has important

implications for many applications, such as in optics [14,80] and thermoelectrics [6].

3.2.2 Band Structure of Nanowires in Magnetic Fields

With the application of a magnetic field, the trajectory of carriers is deflected due

to the Lorentz force. In addition, in crystalline materials with high mobility carriers,

the magnetic field yields discrete Landau levels and alters the electronic properties

of the systems. Both effects will change the transport properties of the material. In

this section, we will devote our attention to the effect of magnetic field on the energy

spectrum of nanowire systems.

In a bulk material with isotropic carriers, magnetic field causes the energy levels

associated with motion in the plane perpendicular to the magnetic field to collapse
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into equally spaced Landau levels, which can be written as:

El = hwc(l + 1), (3.11)
2

where wc = cB/m is the cyclotron frequency, and I is a non-negative integer. The

degeneracy factor of each Landau level is proportional to the magnetic field strength,

and is given by eB/h. The total energy for a free electron in a magnetic field is then

1 h2 k2

E, = hw(l + -) + Z (3.12)
2 2m

However, in a nanowire, these Landau levels are no longer well-defined due to the

competing interaction of quantum confinement, which also tends to form quantized

levels. Therefore, the energy levels of nanowires in a magnetic field will depend on

the wire diameter and the magnetic field, as well as the field direction relative to the

wire axis. In addition, for materials with anisotropic carriers, such as Bi, the energy

levels will also be affected significantly depending on the direction of the magnetic

field relative to the major crystallographic axes. Since the transport properties of

nanowires are closely related to these subband levels, it is necessary to obtain the

shifts in energy levels in the presence of a magnetic field. A theoretical formulation

is presented in this section for nanowires with anisotropic carriers in a magnetic field

parallel to the wire axis.

Assuming that the nanowire axis and the magnetic field are both in the z direction,

the Schr6dinger equation for an anisotropic carrier in the magnetic field is:

1
-(P - eA).a.(P - eA)TI(r) = EP(r), (3.13)
2

where P = -ihV is the momentum operator, a is a symmetric second-rank tensor

denoting the inverse effective mass tensor, and A is the vector potential. The vector

potential satisfies V x A = B where B is the magnetic field. For a magnetic field
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along the z axis, we choose the symmetric gauge for A:

B
A = (X, -y, 0). (3.14)

2

As shown earlier, in a wire with cylindrical symmetry, the inverse effective mass

tensor a can be written, without loss of generality, as

a( l 0 a13
a = M-1 0 a22 G 2 3  (3.15)

G3 1 "32 013 3

where ai = ay. Assuming that the solution of IF(r) in Eq. (3.13) has the same form

as Eq. (3.3) and substituting the assumed wavefunction into Eq. (3.13), it is surprising

that the resulting equation can also be significantly reduced into a manageable form

by letting =-ai 3 /aikz and rl -= 23 /alikz, as we did in the previous section.

The resulting wave equation then becomes:

jj2 ( 2 02 eB U + 82c
al ++ ih2(a)(2 alYa - a22X U (3.16)2 OX2 OY2 2 OX Oy

2 eB h2k 2

+ -( )2 (aIy2 + " 2 2 x2 )U= E - zU
2 2 2M33

where M 3 3 = . M - 2 is the transport effective mass along the wire axis. The

eigenvalues of Eq. (3.16) can then be derived through numerical solutions with proper

boundary conditions. We note that due to the finite cross-sectional area, the well-

defined degenerate Landau levels are lifted into discrete subbands. Also, the transport

effective mass M33 is unchanged in the presence of longitudinal magnetic field, and

the result given in Eq. (3.5) still applies, indicating that the motion along the wire

axis is not affected by the longitudinal magnetic field. Eq. (3.16) can be written in a

more concise form as:

1 k
-(P2D - eA2D) ' C2D ' (P2D - cA2D)u(X, Y) E - U(x, y) (3.17)
2 2m 33 )
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where P2D and A2D are the projection of the momentum operator P and the vector

potential A on the x-y plane, respectively, and a is the 2D projection of the inverse

effective mass tensor given by:

a2D ( ) (3.18)

0 a22

It is interesting to note the resemblance between Eq. (3.13) and Eq. (3.17), which

holds even for anisotropic carrier pockets. The importance of Eq. (3.17) cannot

be over-emphasized since it provides the insight into the electronic structure of a

nanowire in a magnetic field. It should also be noted that the validity of Eq. (3.17)

is not self-evident for an anisotropic carrier pocket, since special conditions for and

rq have to be met with respect to the original wavefunction I(r) (see Eq. (3.3)).

3.2.3 Transport Equations

The transport properties of nanowire systems have been studied by extending the

semi-classical Boltzmann transport model to ID systems. For a one-band system in

a ID quantum wire, important thermoelectric-related transport coefficients such as

the electrical conductivity -, the Seebeck coefficient S, and the thermal conductivity

Ae are derived as [81, 82]:

- () (3.19)

1 LP()
S = (3.20)

eTC(O)

A = (,C(2) - ) (3.21)
e C2T 'C(O)'

where T is the temperature and

ja) e2 J d ( ) T(k)v(k)v(k)(E(k) - EF) (3.22)
f 72d2 dE
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in which a = 0, 1 or 2, E(k) is the carrier dispersion relation, T(k) is the relaxation

time, EF is the Fermi energy, and f(E) is the Fermi-Dirac distribution function. For

a one-band system with a parabolic dispersion relation, the transport elements EQ)

in Eqs. (3.19)-(3.21) are derived as

() D F (3.23)
.2 2

(kBT)D [ F1 - ' *F ] (for electrons)
12 2-_ (3.24)

-(kBT)D Fi - F(*] (for holes)

S(2) (kBT) 2 D 5 F 3 - 3(*Fi + 1*2F 1 (3.25)

where D is given by

D 2m*kB / (3.26)7r2d2 /i2

in which 1- is the carrier mobility along the nanowire and

Fj = f C*O + (3.27)

denotes the Fermi-Dirac related functions, with fractional indices 1 11 .

The reduced chemical potential (* is defined as

(EF - E )/kBT (for electrons) (3.28)
(g) - EF BT (for holes)

where FO) and <(0) denote the ID subband edges for electrons and holes, respectively.

For the Bi and Bii1 xSbx quantum wire systems, there are many ID subbands due

to the multiple carrier pockets, and the quantum confinement-induced band splitting

also forms a set of ID subbands from each single band in the bulk material. Therefore,

when considering the transport properties of real ID nanowire systems, contributions

from all of the subbands near the Fermi energy should be included, and the c(,,)'s in

Eqs. (3.19)-(3.21) should be replaced by the sum (Lal => 2 C")) of contributions

from each subband i to obtain the various transport coefficients.
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Another physical quantity of interest in the thermoelectric application of quantum

wire systems is the lattice thermal conductivity AL which, together with the electronic

thermal conductivity Ae, determines the total thermal conductivity of the system. The

lattice thermal conductivity in ID systems has been studied by using the Boltzmann

equation for phonons and considering the diffusive and specular phonon scattering at

the wire boundary [83, 84]. The calculated results showed that AL decreases signifi-

cantly below the bulk value for small wire diameters. In this study, we use a simpler

approach to estimate AL for nanowire systems as follows. From the kinetic theory,

the thermal conductivity of phonons is given by [85]

1

3

where Cv is the heat capacity per unit volume, v is the sound velocity, and A is

the mean free path for phonons. We note that the wide bandgap host material which

confines electrons cannot confine the phonon paths, and thus, because of acoustic mis-

match, phonons will be scattered when they move across the wire boundary. There-

fore, if the phonon mean free path AB in the bulk material is larger than the wire

diameter de, then A and AL are mainly limited by the predominant phonon scattering

at the wire boundary, and the lattice thermal conductivity of the quantum wire sys-

tem is obtained approximately [5,6] by setting A = d, and using Eq. (3.29). On the

other hand, the bulk value of AL is used for a conservative estimation of the thermal

conductivity of nanowire systems if d, is larger than AB.

3.3 Electronic Properties of Bulk Bi and Bii_,Sb,

Alloys

Bi is a group V semimetal, in which the electrons are distributed in three highly

anisotropic ellipsoidal carrier pockets at the L points of the Brillouin zone, and an

equal number of holes are contained in one pocket at the T point (see Fig. 3-2).
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Figure 3-2: The Brillouin zone of Bi, showing the Fermi surfaces of the T-point hole
pocket and the three L-point electron pockets.

The effective mass of the T-point holes is heavier than the L-point carriers, and the

dispersion relation at the T point can be approximated by a parabola. The L-point

carriers, however, are highly non-parabolic due to the strong coupling between the

L-point valence and conduction bands, which gives rise to the very small effective

mass components for L-point carriers along certain crystallographic directions. The

valence band and the conduction band at the L points are symmetric, and their

dispersion relations are described by

EL (k)= -E- ( i 1 + k-ae-k (3.30)

for the L-point electrons (- sign) and holes (+ sign), where EgL (38 meV at 77K) is

the direct L-point band gap, and ae is the inverse mass tensor at the conduction (or

valence) band extremum. Although either the L-point electrons or the T-point holes

alone would make large Seebeck coefficient contributions, pure bulk Bi has a small

Seebeck coefficient because the contributions from electrons and holes nearly cancel

each other. Thus, bulk Bi has been traditionally considered a poor thermoelectric

material. However, it has also been suggested that if the overlap between the T-point

valence band and the L-point conduction band can be reduced, it may be possible to
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Table 3.1: The band structure parameters of bulk Bi at T < 77K [86].

Parameters Notation Value Reference

Band overlapa AO -38 meV [76]
Band gap at the L point EgL 13.8 meV [87]
Electron effective mass mel 0.00119 mO
tensor elements at the m. 2  0.263 mo
band edge for the L(A) m 3  0.00516 mo [75]
pocketb M 4  0.0274 mo
T-point hole effective mhl 0.059 mo
mass tensor elements mh2 0.059 mo [76]
at the band edge mh3 0.634 mo

111 68.0
Electron mobility P2 1.6
at 77K (104 cm 2 /Vs) p3 38.0 [88]

P4 -4.3
Hole mobilityc at 77 K 1Uhl 1-2 12.0

(104 cm 2/Vs) [1h3 2.1 [88]

aThe band overlap for Sb and As is 177.5 meV and 356 meV, respectively.
bThe tilt angle of the L-point electron ellipsoids are 6.0', -4', and -4' for Bi, Sb,
and As, respectively. The tilt angle of the H-point hole "ellipsoids" are 53' for Sb
and 37.5' for the major As hole ellipsoid.
cThe forms of the effective mass tensor and the mobility tensor are assumed to be the
same for a given carrier pocket for Bi. Since the Fermi surfaces of the carrier pockets
for Sb and As are much larger than for Bi, the ellipsoidal approximation is not valid
and more accurate models are necessary to obtain quantitative results.

develop a good thermoelectric material based on Bi. Values for the band parameters

of bulk Bi are given in Table 3.1. Since these band parameters are highly sensitive to

temperature, their temperature dependences are listed in Table 3.2.

Bismuth can be alloyed isoelectronically with antimony (Sb) to yield a high

mobility material with desirable thermoelectric properties. Bi and Sb both crystallize

in the same A7 structure with space group R3m [92], and Bii1 ,Sb, alloys form a solid

solution over the entire compositional range x. The lattice constants and structural

parameters obey Vegard's law for x < 0.3 [93], which is the range of interest for low-

dimensional thermoelectricity. In antimony, the electron pockets are at the L points

of the Brillouin zone, while holes are at the H points (see Fig. 3-3). The substitution

54



Table 3.2: Temperature dependence of selected bulk Bi band structure parameters.

Parameters ' Temperature Dependence

-38 (meV) (T < 80K)

Band overlap AO -38 - 0.044(T - 80) (3.31)

(meV) [89] +458 x 10-4(T - 80)2 (T > 80K)
-7.39 x 10- 6 (T - 80)3

Direct band gap

(meV) [90 EgL 13.6 + 2.1 x 10-3T + 2.5 x 10- 4T 2  (3.32)

L-point electron
effective mass [me(0)1ij
components [me(T)]jj = 1 - 2.94 x 10- 3T + 5.56 x 10- 7T2  (3.33)

[75, 90]

(00011
Trigonot (z)

U T\ -B

E (10101
llZIO]Oisectrix

Binciry x) Xo X (Y

Figure 3-3: The three L-point electron carrier pockets and the six H-point hole carrier

pockets of Sb in the rhombohedral Brillouin zone [91]. As a first approximation,
ellipsoidal carrier pockets are assumed.
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Figure 3-4: Schematic diagram for the energy bands near the Fermi level for 3D
Bii_,Sb, alloys as a function of x at low T (< 77K) [77].

of Sb atoms in the Bi lattice has a major effect on the electronic band structure of Bi

(see Fig. 3-4). Three features of particular interest include: (1) the crossing of the Ls

and LA energy bands at x ~ 0.05; (2) the semiconducting range (0.07 < x < 0.22)

delineated by the crossing of the L-point conduction band with the T-point hole

band at x = 0.07 and with the H-point hole band at x = 0.22; and (3) the range of

0.09 < x < 0.16 where the highest lying valence band is at the L point, giving rise

to the possibility of p-type carriers (which are mirror images of the L-point electron

carriers) with excellent thermoelectric properties.
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(b) Transition (c) Semiconductor

Conduction Band

Valence Ban

Decreasing Wire Diameter

Figure 3-5: Schematic illustrating the semimetal-semiconductor transition in
nanowires made of semimetals: (a) bulk semimetals with a band overlap between
the electrons and holes, (b) nanowires with a critical wire diameter d, undergoing the
semimetal-semiconductor transition, and (c) nanowires with diameters smaller than
de, exhibiting a bandgap between the conduction and valence bands.

3.4 Predictions for Bii_,Sb, Nanowires

3.4.1 Band Structure Engineering and Semimetal-Semiconductor

Transition

For semimetals, such as Bi, the conduction band overlaps with the valence band,

and the electronic properties are governed by both electrons and holes. Quantum

confinement effects in nanowires cause the band edge of the electrons to move up in

energy, while decreasing the energy of the valence band edge. The band edge energies

of electrons and holes shift in opposite directions in Bi, decreasing the energy overlap

between the conduction and valence bands, as illustrated in Fig. 3-5. As the wire

diameter decreases further, the energy overlap vanishes eventually (Fig. 3-5(b)), and

a band gap is formed between the lowest conduction subband and the highest valence

subband, causing a semimetal-to-semiconductor transition. The critical wire diameter

d, corresponding to this transition depends on the band overlap energy, electron and

hole effective masses, and the crystal orientation along the wire axis. For Bi nanowires,

d, is is predicted to be ~ 50 nm at 77 K [79]. Owing to the large carrier anisotropy
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Figure 3-6: Calculated critical wire diameter d, for the semimetal-semiconductor
transition as a function of temperature for Bi nanowires oriented in different direc-
tions [79].

Table 3.3: Calculated critical wire diameter d, for the semimetal-semiconductor tran-
sition of Bi nanowires of various crystallographic orientations at 77 K and 300 K [79].

Temperature Trigonal Binary Bisectrix [0112] [10l]
77K 55.1 nm 39.8 nm 48.5 nm 49.0 nm 48.7 nm

300 K 15.4 nm 11.2 nm 13.6 nm 14.0 nm 13.6 nm

and highly temperature-dependent band structure parameters of Bi, this critical wire

diameter is a function of wire orientation and temperature, as shown in Fig. 3-6 and

Table 3.3 [79]. The quantum confinement-induced semimetal-semiconductor transi-

tion dramatically alters the electronic properties of the nanowires, and could be used

to design a system of desired band structure.

In addition to quantum confinement effects, the electronic properties of Bi

nanowires can be further engineered by Sb alloying. Figure 3-7 illustrates the elec-

tronic phase diagram of Bi_,,Sb, nanowires as a function of wire diameter and Sb

content x [94]. The semimetal and indirect semiconductor states at x < 0.13 have the

highest valence band extremum at the T-point, while those states at x > 0.13 have
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Figure 3-7: The electronic phase diagram of Bi 1 ,Sb, nanowires as a function of wire
diameter and antimony content x at 77K [94].

their H-point hole pockets at the highest energy. Along the solid lines in this "phase

diagram", the extrema of the first subband of carrier pockets coalesce in energy at

two different points in the Brillouin zone. This diagram predicts a shift in d, to higher

values as Sb is added to pure Bi. In Fig. 3-7, another semimetal-semiconductor tran-

sition involving the band overlap between the H-point holes and the L-point electrons

is also noticed for Bi 1 -Sbx nanowires at x > 0.24, where d, shifts to lower values as

the Sb content increases. The bold arrow in the center of the diagram points to the

particularly interesting situation where the extrema of all 10 hole pockets coalesce

in energy (dw = 60 nm, x = 0.13), resulting in a high density of states that may be

beneficial towards increasing the thermopower.

3.4.2 Thermoelectric Properties

The efficiency of a thermoelectric material is measured by the figure of merit,

S 2 J

Z A , (3.34)
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Figure 3-8: Calculated ZlDT at 77 K as a function of carrier concentration for n-type
Bi nanowires of different diameters oriented along the trigonal axis [79].

where S is the Seebeck coefficient, o- is the electrical conductivity, and A is the thermal

conductivity. The thermal conductivity consists of two components: lattice thermal

conductivity AL and electronic thermal conductivity Ae, and A = AL + Ae.

The thermoelectric figure of merit ZIDT of Bii_2Sb, nanowires is calculated based

on the theoretical model developed in previous sections and in Ref. [79], taking into

consideration the multiple carrier pockets and the non-parabolic behavior of L-point

carriers. Figure 3-8 shows the calculated ZlDT for n-type Bi nanowires oriented along

the trigonal axis at 77 K as a function of dopant concentration for three different wire

diameters [79]. We note that the value of ZlDT for a given donor concentration

increases dramatically with decreasing wire diameter d,. For 5-nm Bi nanowires

oriented along the trigonal axis, the maximum ZlDT at 77 K is ~ 6.4, with an

optimized electron concentration Nd(opt) ~ 10" cm- 3 . The value of ZlDT also strongly

depends on the wire orientation due to the anisotropic nature of the Bi band structure

and thermal properties. Figure 3-9 shows the calculated figure of merit ZIDT at 77K

as a function of donor concentration Nd for 10-nm Bi nanowires oriented in different

directions. The trigonal nanowires have the highest optimal ZlDT (- 2.1), while
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Figure 3-9: Calculated ZDT at 77 K as a function of carrier concentration Nd for 10-
nm n-type Bi nanowires oriented along trigonal, binary, bisectrix, [1011] and [0112]
directions [79].

the bisectrix wires have the lowest optimal ZlDT of - 0.4. A detailed discussion on

the optimal ZlDT of Bi nanowires with different diameters and crystal orientations

has been presented in Ref. [79]. The optimum carrier concentrations Nd(opt) and the

corresponding ZlDT of nanowires at 77K are summarized in Table 3.4.

Figures 3-10(a) and (b) depict the contour plots of the optimal Z1DT for n- and p-

type Bii1 zSb, nanowires at 77K [94], respectively, showing improved thermoelectric

efficiency compared to pure Bi nanowire systems. For n-type Bii-,Sb, nanowires,

ZlDT increases as the wire diameter decreases at all x values. For p-type Bi 1 -Sbx

nanowires, however, the contour plot of ZlDT (see Fig. 3-10(b)) is very different from

that of the n-type counterparts, with a local maximum ZlDT of > 1.2 observed at

0.13 < x < 0.14 and 35 nm < d_ < 43 nm at 77 K. This unusual enhancement in

ZlDT for p-type BiixSbx nanowires, which is absent in n-type nanowires, is due to

the merging of 10 valence subbands to a common degeneracy point noted in Fig. 3-7.

It is this degeneracy that leads to an increased density of states near the Fermi energy

for valence band carriers in p-type Bii1 xSbx nanowires, which is in turn manifested

in the high ZlDT values calculated. Since there is no corresponding degeneracy for
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Table 3.4: The optimum dopant concentrations Nd(opt) (in 1018 cm- 3 ) and the corre-
sponding ZlDT for n-type and p-type Bi nanowires of various diameters and orienta-
tions at 77 K [79].

Wire 5 nm 10 nm 40 nm
Orientation Nd(opt) ZlDT Nd(opt) ZlDT Nd(opt) ZlDT

Trigonal n-type 0.96 6.36 0.81 2.0 0.38 0.31
p-type 0.96 6.36 12.9 0.72 6.2 0.17

Binary n-type 0.35 3.68 0.28 1.14 0.56 0.13
p-type 0.79 1.78 10.3 0.16 7.9 0.05

Bisectrix n-type 4.1 2.21 1.78 0.40 4.97 0.03
p-type 0.74 0.32 0.19 0.40 0.50 0.07

[1011] n-type 3.21 2.69 1.57 0.51 2.57 0.04
p-type 1.04 1.16 0.43 0.19 0.63 0.05

[0112] n-type 2.07 3.41 1.33 0.70 2.73 0.06
p-type 2.59 2.46 0.58 0.18 0.75 0.03
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Figure 3-10: Contour plots of optimal ZT values for (a) n-type and (b) p-type

Bi 1 ,Sb, nanowires of different wire diameters and antimony contents at 77K [94].
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the conduction bands, the thermoelectric performance for n-type nanowires exhibits

a monotonic variation as a function of wire diameter. Fig. 3-10 indicates that with the

addition of Sb in accordance with the band structure engineering concept [79, 94, 95],

ZlDT > 1 can be achieved at 77 K for Bi-based nanowires with a diameter as large

as 40 nm, which can be achieved readily with existing fabrication techniques.

63



Chapter 4

Transport Properties of B1-,Sb,

Nanowires

4.1 Introduction

Factors that determine the transport properties of nanowires include wire diameter

(which is important for both classical and quantum size effects), material composition,

surface chemistry, and crystallinity. Also, crystallographic orientation along the wire

axis is critical for materials with anisotropic electronic parameters, such as effective

mass tensor, Fermi surface, and carrier mobility.

The electronic transport behavior of nanowires may be categorized based on the

relative magnitude of three important length scales: carrier mean free path lw, the

de Broglie wavelength of electrons AE, and wire diameter d,. For wire diameters

much larger than the carrier mean free path (d, > (w), the wires exhibit diameter-

independent transport properties similar to bulk materials, since the scattering due

to wire boundary is negligible compared to other scattering mechanisms. For wire

diameters comparable to or smaller than the carrier mean free path (d, $ tw), but

much larger than the de Broglie wavelength of electrons (d, > AE), the transport

in nanowires is in the classical finite size regime, where the band structure of the

nanowires is still similar to that of bulk materials, while their transport properties may

become diameter-dependent because of the scattering events at the wire boundary.

64



For wire diameters comparable to the electronic wavelength (dw ~ AE), quantum

subbands are formed due to quantum confinement at the wire boundary, and the

electronic density of states is altered dramatically. In this regime, the transport

properties are further influenced by the change in the band structure. We note that

transport properties for nanowires in the classical finite size and quantum size regimes

are expected to be highly diameter-dependent.

Bi and Bii_,Sb, alloys are promising candidates for studying the quantum size

effects in the transport properties of nanowires because of their very small electron

effective mass components and the long carrier mean free paths. Quantum size effects

are expected to become significant in bismuth nanowires with diameters smaller than

50 nm [79], and the fabrication of crystalline nanowires of this diameter range has

been demonstrated and discussed in Chapter 2.

In this chapter, we present transport measurements of Bil_,Sb, nanowires as

a function of temperature, wire diameter, Sb content, and magnetic field. The

experimental results are compared with theoretical predictions based on the model

developed in Chapter 3. These transport measurements not only provide valuable

information to validate theoretical assumptions and model calculations, but also

demonstrate the enhanced thermoelectric performance of Bi 1 ,Sb, nanowires. The

theoretical model was further extended to other nanowires, such as Te-doped Bi

nanowires and Sb nanowires, so as to study their transport behavior and to interpret

the experimental results.

4.2 Temperature-Dependent Resistance Measure-

ments

Measurements of the temperature-dependent resistance R(T) of Bi-related nanowire

arrays have been carried out on samples prepared by pressure injection [2] and

vapor-phase deposition [96], yielding results that are consistent. Due to geometric
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Figure 4-1: Schematic of the experimental set-up for two-probe measurements. Silver

paint (Ladd Research Industries) is applied onto both sides of the template to make

ohmic contacts, to which two gold wires are attached on each side. One pair of

gold wires is connected to a current source, and the voltage drop is measured across

the other pair of gold wires. The current is applied both forward and backward to

eliminate any thermoelectric effects.

limitations, the first attempt to study the temperature-dependent properties of

nanowires was made with a two-probe measurement (see Fig. 4-1). Recently, a

number of high-resolution lithographic techniques have been developed for patterning

nano-contacts to enable four-probe measurements on a single nanowire [97]. However,

surface oxidation of the free-standing Bi-related nanowires upon their removal from

the alumina matrix was found to prevent the fabrication of low-resistance ohmic

contacts, rendering the temperature-dependent measurement a difficult task as these

contacts become unstable at temperatures below 200 K [97]. On the other hand, the

anodic alumina template protects the Bi-related nanowires against oxidation, and

offers a convenient system for handling the nanowires. Hence, we adopt the two-

probe method illustrated in Fig. 4-1 to study the temperature-dependent transport

properties of nanowires arrays. Although an absolute value of the resistivity cannot

be obtained by the two-probe method, the temperature dependence can be examined

by normalizing the resistance R(T) to the resistance at a common temperature,

e.g. R(300 K). In addition, since the nanowires formed in the anodic alumina

template possess a very narrow diameter distribution (< 10% variation), the two-

probe measurement on nanowire arrays may be utilized to reveal the size dependence
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of their transport properties.

4.2.1 T-Dependent Resistance of Bi Nanowires

Figure 4-2 shows the temperature dependence of the resistivity R(T)/R(300 K) of Bi

nanowire arrays synthesized by vapor deposition [22]. As shown in Fig. 4-2, R(T) of

Bi nanowires is very different from that of bulk Bi, and is highly sensitive to the wire

diameter. Interestingly, the R(T) curves in Fig. 4-2 show a non-monotonic trend for

nanowires of larger diameters (70 nn and 200 nm), whereas R(T) curves decrease

monotonically with T for nanowires with diameters of < 48nm. This dramatic

change in R(T) behavior as a function of d, is attributed to the unique semimetal-

semiconductor transition in Bi [98], induced by quantum size effects. The critical Bi

wire diameter for the semimetal-semiconductor transition is predicted to be ~ 50 nm

below 100 K, as discussed in Section 3.4.1. For T > 70 K, the resistance of all nanowire

arrays shown in Fig. 4-2 decreases with increasing T. For T < 70 K, the resistance

of the smaller Bi nanowires (7-48nm) in the semiconducting regime increases with

decreasing T, while the resistance decreases with decreasing T for the nanowires of

larger diameters (70 and 200 nm) in the semimetallic regime. It is also noted that

the temperature dependence of the resistance of semiconducting nanowires weakens

as the wire diameter d, decreases, as explained in the next section. The resistance

of Bi nanowires is determined by two competing factors: the carrier density that

increases with T, and the carrier mobility that decreases with T. Qualitatively, the

non-monotonic R(T) for Bi nanowires of larger diameters is due to a smaller carrier

concentration variation in semimetals at low temperatures (< 100 K), so that the

electrical resistance is dominated by the carrier mobility in this temperature range.

Based on the band structure model and transport equations established for

nanowires, the normalized temperature-dependent resistance R(T)/R(270 K) for 70-

nm and 36-nm Bi nanowires has been calculated [99], and the results are shown by the

solid curves in Fig. 4-3, which exhibit trends consistent with the experimental results

in Fig. 4-2. Calculations for nanowires of 70 nm and 36 nim diameters are particu-
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Figure 4-2: Temperature dependence of the normalized resistance R(T)/R(300 K)
for Bi nanowire arrays of various wire diameters prepared by the vapor deposition
method [22], in comparison with the corresponding data for bulk Di.
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Figure 4-3: Calculated temperature dependence of R(T)/R(270 K) for Bi nanowires
of 36 nm and 70 unm, using a semiclassical transport model [99].

larly interesting because they are semimetallic and semiconducting, respectively. In

this model, additional scattering processes are considered for realistic Bi nanowires,

including wire boundary and grain boundary scattering, and ionized impurity scatter-

ing that reflects the presence of uncontrolled charged impurities. The total mobility

Iptot by various scattering processes is taken into account by Matthiessen's rule [100]:

1 _ 1 1 1= + I + 1(4.1)
Po(T) PuIlk(T) Pibound ,imp(T)'

where Pbulk is the carrier mobility in bulk crystalline bismuth, and /i-tc-un and pim

account for boundary scattering and charged impurity scattering, respectively. The

T dependence of P/ulk(T) is mainly due to electron-phonon scattering [90], while

Pbound is assumed to be T-independent. For most bulk materials, impurity scattering

contributes to a temperature-dependent mobility pimp - T 3/2, and the same temper-

ature dependence is assumed for nanowires. The curve for the 36-nm Bi nanowires

in Fig. 4-3 is fitted by Pbound = 33 m 2V- 1 s- 1 and /1 imp 0.2 x T3/2 2 V s-1, and

the uncontrolled impurity contribution is fitted to Nimp ~ 5 x 1016 cm-3. The data

(solid curve) for the 70-nm Bi nanowires are fitted by Pbound ~ 50 m 2 V- s- 1 and

Pimp~ 1.0 x T3/ 2 m 2V-Is- 1. Since the 70-nm Bi nanowires are semimetallic, the
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carrier density contribution due to Nimp can be neglected. The smaller value of

1tound for the 70-nm wires relative to that for the 36-nm wires is attributed to a

smaller fraction of atoms on the 70-nm nanowire surface. The T dependence of

R(T) of Bi nanowires, which is found to be strongly affected by the crystal quality,

can be accounted for in this transport model by the value of Pbound Instead of a

non-monotonic behavior for semimetallic Bi nanowires as shown in Fig. 4-3, R(T) is

predicted to have a monotonic T dependence at a higher defect level. The dashed

curve in Fig. 4-3 shows the calculated R(T)/R(270 K) for 70-nm wires with increased

boundary scattering (Pbound ~ 6 m2V's 1 ), exhibiting a monotonic T dependence

similar to that of Bi nanowires synthesized by electrochemical deposition [101].

4.2.2 Significance of the Semimetal-Semiconductor Transi-

tion to the T-Dependent Resistance

In order to investigate the influence of the semimetal-semiconductor transition in Bi-

related nanowires on their transport properties, we have fabricated 65-nm Bi-,Sb,

nanowires with different Sb concentrations and performed the temperature-dependent

resistance (see Fig. 4-4). According to the phase diagram of Bii1 ,Sb, nanowires

in Section 3.4.1 (Fig. 3-7), 65-nm Bil_,Sb, nanowires are expected to undergo a

semimetal-semiconductor transition at x ~ 0.03 as x increases. In Fig. 4-4, the

measured resistivity of pure Bi nanowires exhibits a non-monotonic T dependence

with a maximum at ~ 70 K, while the resistivities of the two alloy nanowire samples

(with 5 at% and 10 at% Sb) decrease monotonically with increasing T. In addition,

the resistance of the Bio.95Sbo.o5 nanowires displays a stronger T dependence than that

of the Bio.goSbo.10 nanowires. We note that this non-monotonic shift in R(T)/R(270 K)

of BiixSbx nanowires as a function of Sb content is strikingly similar to the non-

monotonic shift in R(T)/R(300 K) of pure Bi nanowires as a function of wire diameter

(see Fig. 4-2). The resemblance in the two sets of experimental findings suggests that

in Bi nanowires, the alloying with Sb and the reduction of wire diameter may have
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Figure 4-4: Temperature dependence of R(T)/R(270 K) for 65-nm Bii1 "Sb2
nanowires with different Sb contents. The inset shows the calculated carrier den-
sity as a function of temperature for these 65-nm Bii_,Sb, nanowires, assuming an
impurity carrier concentration of 4x1016 cm-3 .

common effects on the band structure and transport properties, i.e. the semimetal-

semiconductor transition [79]. Therefore, both Figs. 4-4 and 4-2 indicate that in Bi-

related nanowire systems, semiconducting wires possess a monotonically decreasing

R(T) with increasing T, whereas semimetallic nanowires exhibit a maximum resis-

tivity below 100 K. The agreement between these two sets of experiments not only

provides strong evidence for the semimetal-semiconductor transition in Bi-related

nanowire systems, but also validates the phase diagram predicted for Bii_2Sb,

nanowires.

The reason for a weakened temperature dependence for semiconducting wires

with increasing band gap is due to carriers contributed by uncontrolled impurities.

We note that in Fig. 4-4, the resistivity of semiconducting wires (with 5 at% and

10 at% Sb) saturates at low temperatures instead of exhibiting a T dependence of

exp(Eg/2kT) characteristic of semiconductors with a band gap Eg. This resistivity

saturation behavior was also observed for semiconducting Bi nanowires in Fig. 4-

2, and it was attributed to uncontrolled impurities introduced during the nanowire
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Figure 4-5: (a) Measured and (b) calculated R(10K)/R(100K) as a function of Bi
nanowire diameter [102].

synthesis process. The uncontrolled impurity density, which was estimated to be on

the order of 1016 cm- 3 (see Sec. 4.2.1), has little effect on the total carrier concentra-

tion for semimetallic wires that usually have an intrinsic carrier density higher than

1017 cm-3. However, the presence of extrinsic carriers is important to the transport

behavior of semiconducting wires, especially at low temperatures. For semiconduct-

ing wires with a larger band gap, the extrinsic carriers that have a T-independent

carrier concentration will dominate over thermally excited carriers over a broader

temperature range as T increases (see the inset of Fig. 4-4), resulting in a weaker T

dependence of the resistance, as observed experimentally.

Fig. 4-5(a) shows the measured R(10 K)/R(100 K) of Bi nanowires as a function of

wire diameter [102]. The solid line in Fig. 4-5(a) is a guide to the eye. The resistance

ratio is chosen between 10 K and 100 K because (1) the resistance becomes relatively

constant below 10 K, and (2) the band structure parameters of Bi and Bil_,Sb, are

highly T-dependent above 100 K, and these parameters are relatively T-independent

and reliably known below 100 K. Therefore, it is sensible to compare theoretical cal-

culations with experimental results in the temperature range of 10 K to 100 K. In

Fig. 4-5(a), a maximum in R(10 K)/R(100 K) is clearly observed at dw ~ 50 nm, which

is very close to the predicted critical wire diameter for the semimetal-semiconductor

transition of Bi nanowires. To interpret this peak in R(10 K)/R(100 K), we show
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in Fig. 4-5(b) the calculated resistance ratio of Bi nanowires as a function of wire

diameter [102]. In deriving the curve in Fig. 4-5(b), we considered both the carrier

concentration contributed by uncontrolled doping impurities and additional scatter-

ing mechanisms introduced by charged impurities and by the wire boundary. These

parameters were previously determined in Section 4-2, yielding an impurity carrier

concentration of ~ 5 x 1016 cm-3 , and a mobility related to the charged impurities

Pimp = 1.0 x T 3/2 m 2 V 1 S-1. The mobility related to the wire boundary scattering

Ybound is dependent on the wire diameter de, and the following relation, obtained by

curve fitting in accordance with Matthiessen's rule, is assumed: /1 - = 0.001 +

0.741d; (m2 VMS-1), where d, is in units of nm. The calculated R(10 K)/R(100 K)

in Fig. 4-5(b) shows a maximum around the critical wire diameter for the phase

transition (indicated by the arrow), and the calculated trend with wire diameter

agrees surprisingly well with the experimental results in Fig. 4-5(a). For smaller

diameter nanowires, the calculated R(10 K)/R(100 K) is lower than the experimental

values, possibly due to an overestimation of carrier mobility for these finer nanowires,

since the crystalline grain size may be smaller in them. Nevertheless, the good

agreement between Figs. 4-5(a) and (b) not only validates the theoretical model

developed for Bi nanowires, but illustrates that the semimetal-semiconductor transi-

tion in Bi nanowires can be established from the plot of R(10 K)/R(100 K) vs. wire

diameter. As the wire diameter decreases, R(10 K)/R(100 K) of semimetallic wires

increases due to the decreased band overlap between the conduction and the valence

bands, whereas R(10 K)/R(100 K) decreases for semiconducting wires due to the

increasing dominance of extrinsic carriers.

A maximum in R(10 K)/R(100 K) vs. x that is related to the semimetal-semi-

conductor transition is also observed for 65-nm BiixSbx nanowires. Assuming an

extrinsic impurity carrier concentration of 4x 1016 cm-3, we calculated the total

carrier concentration for the 65-nm BiixSbx nanowires below 100 K (see Fig. 4-4).

The ratios of the total carrier concentration n(100 K)/n(10 K) are calculated as 4.2,

4.3 and 1.4 for Bii_.Sb, nanowires with 0, 5, and 10at% Sb, respectively. Based

on the calculated carrier concentration and the measured resistance, the average
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Figure 4-6: p(10 K)/p(100 K) (o) and the predicted R(10 K)/R(100 K) (D) for 65-nm
Bi1 -Sb, nanowires as a function of x.

mobility ratio p(10 K)/t(100 K) is obtained for the three samples, as shown by the

dashed curve in Fig. 4-6. We note that although the measured resistance ratio

R(1O K) /R(100 K) shows complex variations as a function of Sb content x (see Fig. 4-

6), the mobility ratio of 65-nm nanowires simply decreases monotonically with x. The

results indicate that the carrier mobility becomes less T dependent as x increases due

to increased neutral impurity scattering. Assuming a linear dependence to interpo-

late the mobility ratio for 0.00 < x < 0.10, the resistance ratio R(10K)/R(100K)

for 65-nm Bi 1 -Sbx nanowires is calculated as a function of x, as shown by the

solid curve in Fig. 4-6. The maximum in the resistance ratio R(10K)/R(100K) at

x ~ 0.02 corresponds to the Sb content for the predicted semimetal-semiconductor

transition. Thus, the transport model we have developed not only is able to explain

the complex behavior of the R(T) results, but also suggests an approach to experi-

mentally determine the actual condition for the semimetal-semiconductor transition.

4.2.3 T-Dependent Resistance of 40-nm Bip-Sbx Nanowires

As discussed in the previous section, the transport phenomena of pure Bi or 65-nm

Bi 1 -Sbx nanowires are dominated by the semimetal-semiconductor transition as the

wire diameter or the Sb concentration varies. However, it is also informative to study

74



r

2.0

0
P-

1.35

1 .5
1.30

1.25-

W 1.20-

1.0U 0.00 0.05 0.10 0.15

10 100
Temperature (K)

Figure 4-7: Measured R(T)/R(270 K) for 40-nm Bi_,,Sb, nanowires of x (o)
0.00, (o) 0.05, (A) 0.10, and (D) 0.15 [103]. The inset shows the measured
R(10 K)/R(100 K) as a function of Sb content x.

the transport properties of semiconducting nanowires with diameters below 50 nm,

where the presence of multiple carrier pockets becomes important.

Figure 4-7 shows the measured R(T)/R(270 K) of 40-nm BiixSb, nanowires with

various Sb concentrations for 2K < T < 300 K [103]. According to the phase diagram

of Bii_,Sbx nanowires (see Fig. 3-7), these 40-nm nanowires are all semiconductors

below 100 K. As shown in Fig. 4-7, the semiconducting nanowires exhibit a quali-

tatively similar monotonic T-dependent resistance. R(10 K)/R(100 K) shows a non-

monotonic behavior as x increases (see the inset of Fig. 4-7), which is due to competing

interactions resulting from variation in the band structure and change in carrier mo-

bilities induced by Sb atoms. For the same reasons for a highly T-dependent band

structure above 100 K stated in the previous section, we can compare the experimen-

tal results with theoretical calculations for T < 100 K. The electrical conductivity of
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a system with multiple carriers can be expressed as:

- =Lecn = e=Zn 7ipi, (4.2)

where ni and pi are the carrier density and the mobility for each type of carrier pocket.

n = ' ni is the total carrier concentration, and yj = ni/n is the relative population

for each type of carrier. In Bii_,Sb, nanowires, carriers of various pockets possess

very different mobilities, so a is sensitive to the relative population 7i in each carrier

pocket.

Fig. 4-7 shows that the resistance ratios R(10 K)/R(100 K) of Bii_,Sb, nanowire

arrays are 1.34, 1.19, 1.30 and 1.29 for x = 0, 0.05, 0.10, and 0.15, respectively.

To understand the transport behavior of BiixSbx nanowires as a function of x, we

examine both the change in n and the shift in carrier population among the different

carrier pockets between 10 K and 100 K. Assuming a modest n-type impurity concen-

tration of 1016 cm-3, the total carrier concentration ratio n(100 K) /n(10 K) of 40-nm

Bii-xSbx nanowires is calculated as a function of x, as shown in Fig. 4-8(a). We

note that n(100 K)/n(10 K) decreases rapidly as x increases from 0.00 to 0.10, and

becomes relatively flat for x > 0.10. Figure 4-8(b) shows the difference in the relative

population Ayj = -y(10 K) - -yi(100 K) calculated for 40-nm BiixSbx nanowires for

the L-, T- and H-point carriers. _(L includes contributions from both the light-mass

L-point electrons and holes. Since the L-point carriers have a much higher mobility

than the T- and H-point holes, the average mobility pavg is usually dominated by

the relative population _YL of the L-point carriers. Qualitatively, a larger value of

AL implies a larger increase in pavg as the temperature decreases, which tends to

lower the value of R(10 K)/R(100 K). The measured R(1OK)/R(100K) of 40-nm

Bi 1 -Sbx nanowires can be understood based on the calculations shown in Figs. 4-

8(a) and (b). For x < 0.05, since /VYL is almost constant, R(10K)/R(100K) is

mainly determined by n(100 K)/n(10 K), both of which decrease as x increases. For

x > 0.5, n(100K)/n(1OK) is less sensitive to x, and the variation in A-YL becomes

the dominant factor. The decrease in A-YL from 0.43 to - 0.20 is mainly responsible
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Figure 4-8: (a) Calculated ratios of the total carrier concentration n(100 K)/n(10 K)
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for the increase in R(1OK)/R(100K) as x increases from 0.05 to 0.10. Finally, since

the values of n(100 K)/n(10 K) are similar for x = 0.10 and 0.15 while A7L is slightly

higher for x = 0.15, we expect a lower R(10 K)/R(100 K) value for x = 0.15 than for

x = 0.10, which is consistent with the experimental results.

4.2.4 Te-doped Bi Nanowires and Sb Nanowires

In this section, the transport model developed for nanowires is extended to investigate

the transport properties of Te-doped Bi nanowires and Sb nanowires.

Te is a group VI element and an electron donor in Bi. Figure 4-9(a) shows the

measured R(T)/R(270 K) of 40-nm Bi nanowires with various nominal Te contents [99].

The actual Te content in the Bi nanowires is smaller than the nominal Te content

due to the likely segregation of Te atoms to the wire boundary during alloy solid-

ification [104]. For the following discussions, we assume that 6. = 10% of the Te

dopants in the alloy melt are present in the final nanowires produced. A justifi-

cation of the assumed 6, values will be given in Section 4.4. With this assump-

tion, 0.025 at%, 0.075 at%, and 0.15 at% Te-doped Bi alloys give rise to donor

concentrations Nd of 6.67 x 1017, 2.0 x 1018, and 4.0 x 1018 cm- 3 in the respective

resulting nanowires. Based on the measured R(T) in Fig. 4-9(a) and the calculated

T-dependent carrier density, the T dependence of the average mobility pMag of these

Te-doped Bi nanowires is obtained, shown as 1-t- (T)/g (270 K) in Fig. 4-9(b) [99].

Pa of Te-doped Bi nanowires can be related to the various scattering processes by

Ildped(T -l1oped(T) + p7,(T) + p-1ec,, where Pundoped is the average mobility of

the undoped Bi nanowires of the same diameter, and puj and 1--' t are associated

with the increased ionized impurity scattering and the expected higher defect level

in Te-doped Bi nanowires, respectively. At high T (> 200K), the three Te-doped

samples in Fig. 4-9(b) exhibit a similar T dependence to that of the undoped sample,

indicating that [L- is the major contributor to P1ed. The average mobilityiniaigta undoped dope

of undoped Bi nanowires can be well fitted by a Pundoped ~ T-2.9 dependence for

T > 100 K, as shown by the dashed line in Fig. 4-9(b), consistent with the predomi-
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Figure 4-9: (a) Measured R(T)/R(270 K) for 40-nm undoped and Te-doped Bi
nanowires. (b) Calculated T dependence of pa for 40-nm undoped and Te-doped Bi
nanowires. The dashed and solid curves are fitting curves corresponding to undoped

and Te-doped Bi nanowires, respectively [99].

nant electron-phonon scattering at high T. For most materials, electron-phonon scat-

tering yields a T-dependent mobility [105] pphonon C x*-5/2T-3/2 c .T 5 . However,

pphonon of Bi has a stronger T dependence than T- 1 5 because the effective mass m*

of Bi increases with T [90]. The term p-1 ect that includes neutral impurity scattering

is essentially T independent, while pi-p generally increases with decreasing T. Since

/pundoped and pi-p + pdeect are dominant contributors at high and low T, respectively,

a minimum in p-e is observed for Te-doped Bi nanowire arrays.

However, the T- 3/2 dependence generally expected for p- [105] cannot account

for the much weaker T dependence observed in Te-doped Bi nanowires in Fig. 4-9(b)

at low T. For ionized impurity scattering, Timp oc m*2 V3 , where Timp is the scattering

time and v is the carrier group velocity [105]. Since the L-point electrons have a non-

parabolic dispersion relation, pimp for Bi nanowires has a different T dependence from

that of ordinary materials with parabolic dispersion relations. The group velocity

along the wire axis (z direction) for electrons in one of the subbands is calculated as

8Em Eg 7mm2 g 1/2

Vnm(k) = + , 2 EgL (4.3)
hOk - z 2h2k2
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where Enm(k) is the dispersion relation of the (n, m) subband, EgL is the L-point

bandgap of bulk Bi, and rfi = (2- m - ) is the transport effective mass along the wire.

Here m is the electron band-edge effective mass tensor and mm 1 + 4?nm/EgL,

whereby ?nm is the subband edge energy obtained by ignoring the non-parabolic

effects [79]. In Bi nanowires, the Te dopants raise EF into the conduction band, and

the group velocity of electrons responsible for the transport properties is approxi-

mately independent of energy, since v ~ V2EgL/rfi2. Because of the T dependence

of EgL and riz [90], pimp is essentially T-independent below 80 K, but increases ap-

proximately linearly with increasing T above 80 K. Therefore, we have an expression

for Pd-eoed as

P-doped aT 2 .9 + br(T), (4.4)

where

r,(T) ~ m*(T)1/ 2EqL (T)- 2 / 3  (4.5)

is an approximate T dependence of 1,-- + 1-eect. The ratio 3 is defined as

0 = b/a, (4.6)

and it expresses the importance of ionized impurity scattering relative to electron-

phonon scattering. The data points in Fig. 4-9(b) are fitted by the solid curves, and

a 3 ratio of 1.0 : 3.3 6.5 is found for Bi nanowires with Nd= 6.67 x 1017, 2.0 x 1018,

and 4.0 x l0l cm- 3, respectively, indicating that p-1 is approximately proportional

to Nd. In addition, the dependence 3 oc Nd is essentially independent of 6, for small

variation of 6,.

Like Bi, Sb is a semimetal in the bulk form. The band overlap between electrons

and holes in Sb is about 180 meV at 4 K, which is about five times larger than that

in Bi (~ 38 meV). Therefore, the semimetal-semiconductor transition would occur

at a smaller wire diameter (~ 10 nm) in Sb nanowires compared to Bi nanowires

(~ 50nm). Figure 4-10(a) shows the temperature dependence of the resistance for

Sb nanowires prepared by vapor deposition [106]. One of the 10-nm nanowire arrays
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Figure 4-10: (a) Measured R(T)/R(300 K) of various Sb nanowires [106]. (b) Calcu-
lated R(T)/R(300 K) for 10-nm and 40-nm Sb nanowires [106].

has less temperature variation than the other, probably due to differences in impurity

content or wire diameter distribution within the anodic alumina templates. Fig. 4-

10(b) illustrates the modeled normalized resistance R(T)/R(300 K) curves for 10-

nm and 48-nm Sb nanowire arrays [106], which display trends that are qualitatively

consistent with the experimental results shown in Fig. 4-10(a).

The fact that the measured R(T) of Sb and Te-doped Bi nanowires can be

explained by the same transport model not only corroborates our theoretical calcula-

tions and predictions made for the general nanowire systems, but also suggests that

the different T dependences of the resistance between nanowires and bulk materials

arise from both quantum finite-size effects and classical finite-size effects. The classical

finite-size effect decreases the carrier mobility by limiting the carrier mean free path,

whereas the quantum confinement effect alters the band structure (especially for

semimetals) and significantly changes the carrier density and mobility. These two

factors determine the temperature-dependent transport properties in the nanowire

systems.
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Figure 4-11: Experimental set-up for Seebeck measurements of nanowire arrays.

4.3 Seebeck Coefficient Measurements

The Seebeck coefficient measurements are essential for evaluating the performance of

thermoelectric materials. However, due to the difficulties associated with the thinness

of nanowire arrays, there has been limited progress in the S measurements of nanowire

arrays until recently [1071.

The experimental set-up for the Seebeck coefficient measurement is shown in

Fig. 4-11. Two E-type thermocouple junctions (OMEGA Engineering, Inc.) are

placed on both sides of the nanowire arrays. The thermocouple used here is only

25 tm in diameter; it is the smallest thermocouple commercially available. Small

thermocouples are critical in Seebeck coefficient measurements in order to reduce the

heat capacity of the probe and to minimize the heat transfer through the thermo-

couple. The thermocouples and the nanowire arrays are attached to a heat sink,

and a resistor (- 100 Q) is placed on top of the nanowire array as a heater. In this

set-up, the connection points of the thermocouple with voltmeters should be kept at

a distance from the heater to avoid errors due to temperature fluctuations.

Figure 4-12 shows the measured Seebeck coefficient as a function of temperature

for nanowire arrays with different diameters and Sb contents [98]. The Seebeck coeffi-

cient for bulk Bi (taken from excess Bi pieces after the pressure injection and annealing

processes) was also measured using a similar experimental setup, and the results are

shown as the solid curve in Fig. 4-12 for comparison. The measured Seebeck coeffi-
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Figure 4-12: Measured Seebeck coefficient as a function of T for Bi (o, V) and
BiO.9 5 Sbo.0 5 (*, V) nanowires with different diameters [98]. The solid curve denotes

the Seebeck coefficient for bulk Bi.

cient of the bulk Bi sample is about -45 pV/K at room temperature, which is in good

agreement with values from the literature, as well as with its temperature dependence

DS/&T [89]. The measured Seebeck coefficients of 65-nm and 40-nm Bi nanowires at

300 K are -48 and -55 pV/K, respectively. It is expected that the Seebeck coeffi-

cient of 65-nm and 40-nm Bi nanowires would be close to the bulk value at 300 K,

since quantum confinement effects are not pronounced for d, > 40 nm at room tem-

perature. Although the measured Seebeck coefficients of nanowire arrays are usually

underestimated, these results on nanowire array measurements are encouraging and

important in validating the experimental techniques used.

In Fig. 4-12, the Seebeck coefficients of 40-nm nanowires are larger in magnitude

than that of 65-nm nanowires for both Bi and BiO.9 5 SbO.0 5 over the temperature range

measured, which may be due to sharper density of states features and a smaller band

overlap as the wire diameter decreases [79]. For 40-nm and 65-nm Bi nanowires

alloyed with 5 at% Sb, we note some increase in the Seebeck coefficient over that for

pure Bi nanowires, with the finer nanowires showing a more significant enhancement.
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Figure 4-13: (a) Theoretically predicted magnitude of the Seebeck coefficient as a

function of d,, at 100 K for Bi (-) and Bio.95Sbo.05 (- - -) nanowires of different dopant
concentrations. Also shown in the figure are measured JS of Bi (0) and of Bio.95Sbo.o5

(A) nanowires at 100 K. (b) Calculated ISI as a function of carrier concentration at

100 K for 65-nm Bi (-) and BiO.95Sbo.05 (- - -) nanowires.

These results indicate that Sb alloying and the confinement effects in Bi are both

effective at decreasing the band overlap and enhancing the thermopower, consistent

with the theoretical predictions.

From the measured Seebeck coefficients and theoretical model calculations, we

can extract valuable information, such as the Fermi energy and the carrier concentra-

tion. Based on the transport model for Bil-_,Sb,, nanowires, Fig. 4-13(a) shows the

calculated Seebeck coefficient as a function of wire diameter for Bi and BiO.95Sbo.95

nanowires at three different n-type dopant concentrations (I X 1016, 2 x 1016 and

4 x 1016 cm-3) at 100 K [981. Also shown in Fig. 4-13(a) are the measured Seebeck co-

efficients of Bi (e) and BiO.95SbO.05 (A) nanowires at 100 K. Good agreement between

the experimental results and the theoretical model is obtained, and the correspond-

ing dopant carrier concentrations (~ I X 1016 to 4 x 1016 cm-3) also agree with the

uncontrolled impurity carrier concentrations derived in previous sections. Fig. 4-

13(b) shows the calculated JS as a function of carrier concentration n for 65-nm Bi

and Bio.95Sbo.05 nanowires, illustrating the difference in the dependence of JS on n

between semimetallic and semiconducting nanowires [98]. We note that ISI is much
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more sensitive to n in semiconducting nanowires (i.e. Bio.9 sSbo.o5 ) than in semimetal-

lic nanowires (i.e. Bi nanowires with d, > 50 nm), as reflected by the larger increase

in |SI as the carrier concentration n increases for Bio.95 Sb, nanowires in Fig. 4-13(b).

This is because the Fermi level has a stronger dependence on n for semiconducting

wires. This observation results in two important implications that may be useful for

characterizing nanowires. First, from the change in Seebeck coefficient as a function

of carrier concentration, we may be able to distinguish semiconducting nanowires

from semimetallic wires if the carrier concentration can be controlled. In addition,

the strong dependence of the Seebeck coefficient on the carrier concentration for semi-

conducting nanowires renders the S measurement a promising probe to determine the

carrier concentration in nanowires. From Fig. 4-13, it is also expected that a higher

Seebeck coefficient can be achieved at higher carrier concentrations (n > 1017 cm- 3 )

by intentionally doping the nanowires with electron donors (e.g. Te). Assuming a

doping efficiency 6, ~ 0.1 for Te dopants in Bi nanowires (see Section 4.2.4), Te

dopant concentrations of ~ 0.04 at% and - 0.02 at% should be used in preparing

65-nm Bi and Bio. 95Sb. 05 nanowires, respectively, in order to achieve the maximum

thermopower.

Recently, Heremans et al. have observed a substantial increase in the thermopower

of Bi nanowires as the wire diameter further decreases, as shown in Fig. 4-14(a) for

15-nm Bi/silica and 9-nm Bi/alumina nanocomposites [58]. The enhancement is due

to the sharp density of states near the Fermi energy in a ID system. Although the

samples in Fig. 4-14(a) also possess very high electrical resistance (- GQ), the results

for the 9-nm Bi/alumina samples show that the Seebeck coefficient can be enhanced

by ~ 1000 times relative to bulk Bi. However, for Bi nanowires with very small

diameters (~ 4 nm), the localization effect becomes dominant, which compromises

the thermopower enhancement. Therefore, the optimal wire diameter range for the

largest thermopower enhancement is expected to be between 4 nm and 15 nm [58] for

Bi nanowires.

The effect of diameter on the thermopower of nanowires has also been observed

in Zn nanowires [58]. Fig. 4-14(b) shows the Seebeck coefficients of 9-rim Zn/alumina
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Figure 4-14: (a) Absolute values of the Seebeck coefficient of two 15-nm Bi/silica

samples and two 9-nm Bi/alumina samples [58]. The solid straight line is a fit to a

T- 1 law [58]. (b) Measured Seebeck coefficient as a function of temperature for 9-nm

Zn/A120 3 and 4-nm Zn/Vycor glass samples in comparison to that of bulk Zn [58].

and 4-nm Zn/Vycor glass nanocomposites, which also exhibit enhanced thermopower

as the wire diameter decreases. It is interesting to compare the electronic band

structure of Zn to that of Bi, because like Bi, Zn also possesses electrons and holes

simultaneously due to band overlap effects. Zn is a group IIB element, which has 2

nearly free electrons per atom, and therefore should have a fully filled Brillouin zone.

The band overlap in Zn causes the electrons to spill over to the next Brillouin zone,

thus creating holes in the first Brillouin zone. However, unlike Bi, Zn is considered

to be a metal because of its much larger Fermi surfaces. It is found that while 9-nm

Zn nanowires still exhibit metallic behavior, the thermopower of 4-nm Zn nanowires

is very large, and shows a different temperature dependence that is not linear in T

with a saturation effect above 250 K. These unusual temperature-dependent effects

may be due to the 1D localization effect, although further investigation is required

for a definitive identification of the conduction mechanism in such small nanowires.

In summary, the Seebeck coefficient of nanowires exhibits a different temperature

dependence from that of their bulk counterparts, as well as an enhanced thermopower
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under certain conditions. The different temperature dependence of the thermopower

for nanowires and for bulk materials results from the fact that the thermopower of

nanowires is determined by the relative magnitude of the thermal energy kBT, which

increases with increasing temperature, and by the subband energy separation due to

quantum confinement effects, which usually possesses a weaker temperature depen-

dence. Generally speaking, nanowires possess a larger Seebeck coefficient than their

bulk counterparts because of the sharp density of states features that are unique

to ID systems. In the case of Bi nanowires, the semimetal-semiconductor transi-

tion further enhances their thermopower by eliminating the cancellation between

the contributions to S from electrons and holes. However, for nanowires with very

small diameters (< 5 nm), the scattering mechanism and the energy dependence

of the scattering time may be significantly affected by ID localization effects, and,

depending on the materials, the thermopower may be reduced (e.g. Bi) or enhanced

(e.g. Zn).

4.4 Determination of the Carrier Concentration

The carrier density and the Fermi energy in nanowires are important fundamental

parameters in determining their transport properties and in optimizing their ther-

moelectric performance. Conventional techniques used to obtain the Fermi energy

or carrier concentration in bulk crystalline materials include the Hall measurements,

Shubnikov-de Haas effects in a magnetic field, and plasma frequency from optical

measurements. However, due to the quasi-1D nature and the small size of nanowires,

these techniques may not be directly applicable to nanowires, and some indirect

means is usually required to determine the Fermi energy and carrier concentration

experimentally in nanowires.

Due to the limited experimental methods available to study nanowires, theoret-

ical modeling plays an important role in deriving the Fermi energy from available

transport measurements. For Te-doped Bi nanowires, the carrier concentration Nd
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contributed by the Te donor atoms, which may deviate significantly from the nominal

Te concentration in the alloy melt, can be obtained by comparing the temperature

dependence of the experimentally-derived carrier mobility with that of the calculated

carrier mobility in accordance with Matthiessen's rule. The doping efficiency 6e,

defined as the ratio between the actual Te donor concentration in nanowires and the

nominal Te concentration, may also be dependent on the nominal Te concentration.

As discussed in Section 4.2.4, a model for the temperature-dependent carrier mobility

of Te-doped Bi nanowires is given by Eq. (4.4), and the parameter /, defined in

Eq. (4.6), represents the importance of the ionized impurity scattering relative to the

electron-phonon scattering processes. For a measured R(T) curve and a given Nd,

/ can be obtained by fitting Eq. (4.4) with the carrier mobility peff derived experi-

mentally using o(T) = cn(T)Peff(T), where n(T) is the total carrier concentration.

Based on the measured R(T) for Te-doped Bi nanowire arrays in Fig. 4-9(a), Fig. 4-15

shows the calculated / values as a function of Nd for three Te-doped Bi nanowires

with nominal Te concentrations of 0.025 at%, 0.075 at%, and 0.150 at%. The

various data points of each nanowire sample denote the calculated / values, assuming

different doping efficiencies (6e = 0.1, 0.2, 0.3, ...). Although these data points form

all possible combinations of /-Nd pairs for each nanowire sample, only the pair that

has the actual donor concentration reflects the real nanowires we measured and is

physically meaningful. We note that for large 6, values, there are no satisfactory

fitting between the measured mobility and Eq. (4.4), and the upper limits of 6, are

found to be 0.6, 0.3, and 0.2 for 0.025 at%, 0.075 at%, and 0.150 at% Te-doped Bi

nanowires, respectively. In order to determine the /-Nd pairs that correspond to

the actual samples, the following correlation between / and Nd should be further

considered. Since the ionized impurity scattering strength is proportional to the

charged impurity density Nd, the parameter / is expected to increase linearly with

Nd. An empirical relation between / and Nd, which satisfies the above constraint

and passes through certain /-Nd pairs of all three Te-doped Bi nanowire samples,

is given by / = 2.48 x 10- 8 Nd, where Nd is in units of cm- 3 (see the dashed

line in Fig. 4-15). According to this empirical relation, the doping efficiency 6, is
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Figure 4-15: Calculated 8 values as a function of donor carrier concentration Nd for
three Te-doped Bi nanowires with nominal Te concentrations of 0.025 at% (o), 0.075
at% (0), and 0.150 at% (o). The various data points of each nanowire sample denote
the calculated 3 values assuming different doping efficiencies (6e = 0.1, 0.2, 0.3, ... ).

The dashed line shows the empirical relation derived for 3 and Nd.

found to be ~ 0.10 for 0.075 at% and 0.150 at% Te-doped Bi nanowires, and it is

slightly higher (6, - 0.15) for 0.025 at% Te-doped Bi nanowires, indicating that in

nanowires, 6, increases somewhat with decreasing nominal Te dopant concentration.

We note that this empirical relation is of great significance since it provides a univer-

sal calibration curve to determine the Te donor concentration in Bi nanowires using

temperature-dependent resistance measurements. With the donor concentrations Nd

in the nanowires thus obtained, the Fermi energies at 77 K are calculated to be - 62,

78, and 97meV for 0.025 at%, 0.075 at%, and 0.150 at% Te-doped Bi nanowires,

respectively, where the zero in energy refers to the L-point conduction band edge in

bulk Bi. Fig. 4-16 shows the calculated density of states as a function of energy for

40-nm Bi nanowires (oriented in the [01i2] direction) at 77K, and the Fermi energies

of the three Te-doped Bi nanowires are indicated by the arrows. Since the optimal

Fermi energy for thermoelectric applications is predicted to be ~ 87 meV with a

donor concentration Nd of - 2.73 x 1018 cm- 3 [79] for 40-nm Bi nanowires oriented

in the [0112] direction, 0.100 at% Te-doped Bi alloy should be used when preparing
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Figure 4-16: Calculated density of states as a function of energy for 40-nm Bi

nanowires (oriented in the [0112] direction) at 77K. The zero in energy refers to

the L-point conduction band edge in bulk Bi. The arrows indicate the Fermi energies

of 0.025 at%, 0.075 at%, and 0.150 at% Te-doped Bi nanowires at EF~ 62, 78, and

97 meV, respectively.

nanowires by pressure injection, assuming a doping efficiency of - 0.1, in order to

achieve this optimal carrier concentration for thermoelectric applications.

Based on the same model and similar analysis techniques, the carrier concentration

due to uncontrolled impurities was estimated to be on the order of 1016 cm-- for

undoped nanowire samples (see Sections 4.2.1 and 4.2.2). Although the estimated

carrier density yields self-consistent results for these Bi-based nanowires, it should also

be noted that, due to the lack of detailed information, which results from the nanowire

distributions in an array, these estimated values should be carefully examined and

checked by other measurements, such as the Seebeck coefficient measurements.

The Seebeck coefficient measurements of nanowire arrays offer a potentially promis-

ing tool to provide information related to the Fermi energy and carrier concentration,

because of the sensitive dependence of the Seebeck coefficient on the Fermi energy (see

Fig. 4-13). In addition, since the Seebeck coefficient measurements are intrinsically

independent of the number of nanowires contributing to the signal, such measure-

90

I I i i |



ments on nanowire arrays of uniform wire diameter are, in principle, as informa-

tive as single-wire measurements. Based on the Seebeck coefficient measurements on

Bii-,Sb, nanowire arrays, the carrier concentrations due to uncontrolled impurities in

undoped nanowires were estimated to be - 1 x 1016 to 4 x 1016 cm-3 (see Section 4.3),

in agreement with the values derived from the resistance measurements. Heremans

et al. have utilized the Shubnikov-de Haas oscillations in magnetoresistance measure-

ments of Bi nanowires [107], along with their Seebeck coefficient measurements, to

calculate the carrier concentration, and they have reported higher carrier concentra-

tions of ~ 1017 cm 3 due to uncontrolled impurities for Bi nanowires synthesized by

vapor deposition.

The plasma frequency in optical measurements, which is a powerful technique

often employed to determine the carrier concentration in metals, may also provide

valuable information related to the Fermi energy in nanowires. However, the interpre-

tation of the optical measurements on nanowires should be carefully made, because

the wire diameter is generally smaller than the wavelength of the incident light, and

the results may also depend on the light polarization relative to the wire axis [14,80].

We note that although none of the approaches described above is capable of obtaining

the Fermi energy or carrier concentration of nanowires in a direct fashion without in-

volving modeling, a good estimation of these important parameters could be achieved

by comparing the results from two or more of these measurements.

4.5 Magnetoresistance Measurements

Magnetoresistance (MR) measurements provide a valuable technique for character-

izing nanowires because they yield a great deal of information about the electron

scattering at wire boundaries, the effects of doping and annealing on scattering, and

the localization effects in nanowires [96].

Magneto-transport properties of nanowires have been extensively studied [22, 33,

96, 101, 108-110], mostly on Bi nanowires, because of their potential for applica-
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tions based on giant magnetoresistance effects. The magnetoresistance of sub-10-nm

Zn/SiO2 nanocomposites measured by Heremans et al. showed interesting localiza-

tion effects in ID systems [111], and the results are in good agreement with the ID

localization model developed by Beutler and Giordano [112]. Fig. 4-17(a) shows the

longitudinal MR of 40-nm BiO.85 Sbo.15 nanowires as a function of magnetic field B at

different temperatures [103]. Other 40-nm Bi 1 ,Sb, nanowire samples with smaller

x values were also measured, and they exhibited MR(B) trends similar to Fig. 4-

17(a). For T > 4K, the MR at low B can be described by a parabolic relation

MR -- (R(B) - R(B = 0))/R(B) = AoB 2 , where A0 is the magnetoresistance coef-

ficient. In Fig. 4-17(a), Ao increases with decreasing T, consistent with a decrease

in electron-phonon scattering as T decreases. For all samples, as T decreases below

4 K, the MR exhibits a behavior rather distinct from that at higher T, as indicated

by the arrow in Fig. 4-17(a). This abnormal feature is seen in the first derivative of

each of the MR curves (see inset of Fig. 4-17(a)). This feature, observed previously in

Bi nanowires [96], is attributed to transitional iD-3D localization effects associated

with having the magnetic length LH = (h/eB)1 / 2 equal to the wire diameter d", and

having a long phase-breaking length (Lo > d,). The characteristic length LH is the

spatial extent of the wavefunction of electrons in the lowest Landau level, and LH is

independent of the carrier effective masses. Setting LH(Bp) equal to the diameter d,

of the nanowire defines a critical magnetic field strength Bp, below which the wave-

function is confined by the nanowire boundary (the ID regime), and above which

the wavefunction is confined by the magnetic field (the 3D regime). The physical

basis for this phenomenon is associated with confinement of a single magnetic flux

quantum within the nanowire cross-section [96]. The peak of the dR/dB curve at

2K in Fig. 4-17(a) occurs at Bp ~ 0.3 T, corresponding to LH ~ 47 nm, very close

to the nominal nanowire diameter of 40 nm. This phenomenon, though independent

of temperature, is observed for T < 5 K, since the phase-breaking length has to be

larger than the wire diameter.

It should be noted that the phenomenon associated with the iD-3D localization is

also observed in Sb nanowires [106] and Bi-,Sb, nanowires with different Sb contents
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Figure 4-17: (a) Longitudinal MR of 40-nm BiO.85 SbO. 15 nanowires as a function of

magnetic field at (o) 2 K, (El) 4 K, (A) 10 K, and (o) 30 K. The inset shows the first
derivative with respect to the magnetic field (dR/dB) of the longitudinal MR. (b)
Longitudinal MR as a function of B for 65-nm Bii_,Sb, nanowires at 2 K (-) and
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with a good agreement between the measured Bp and the calculated values, suggest-

ing that the 1D-3D localization phenomenon is a universal effect in nanowires. Fur-

thermore, the transverse magnetoresistance measurements of these nanowire arrays,

where the magnetic field is perpendicular to the wire axis, also exhibit the unusual

feature as a function of magnetic field, and the measured critical field strength BP is

independent of the field orientation, as expected by the theory.

Figure 4-17(b) shows the measured MR as a function of magnetic field for Bi1 ,Sb,

nanowires of a larger diameter (dw = 65 nm). The iD-3D transitional localization

effect, although weaker than in the 40-nm wires, is observed at a lower B, consistent

with theoretical expectations [96]. Other interesting features are the non-monotonic

MR(B) behavior and the maximum observed in the longitudinal MR (e.g., at B ~ 4 T

for x > 0.05), which is attributed to wire boundary scattering effects [110]. In the

presence of a magnetic field, the trajectory of the mobile carriers is deflected, increas-

ing the probability of wire boundary scattering at low B. However, as B increases

beyond a critical field BM, such that the cyclotron orbits of the carriers lie within

the wires, the probability of wire boundary scattering will be reduced, resulting in a

decrease in the MR. In Fig. 4-17(b), the field BM for the maximum MR increases with

increasing x due to the relative strengths of wire boundary scattering and impurity

scattering for electrons. Since neutral impurity scattering makes a greater contribu-

tion to the transport in the alloy nanowires than in pure Bi nanowires, a greater field

is needed to reduce the wire boundary scattering and observe a decreased MR. Our

results show that the addition of Sb does not destroy the ballistic transport in pure

Bi nanowires [110], and also confirms the long carrier mean free paths and the high

crystalline quality in our Bi>-Sbx nanowires.

The magnetoresistance studies of Bi nanowires synthesized by electrochemical

deposition have also been reported by several groups [33,101,108,109]. Although

these studies all showed an increasing magnetoresistance for Bi nanowires with in-

creasing field strength, which is in qualitative agreement with our findings, the

unusual iD-3D localization effects and the boundary scattering effects mentioned

above, however, were not reported in these other studies. Since the temperatures
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employed in these studies are usually higher than 30 K [33], it is expected that a

much lower temperature (< 5 K) will be required to observe the iD-3D localization

effect in nanowires. The absence of the MR maximum in these nanowires, a char-

acteristic signature of boundary scattering effects, is believed to be due to a shorter

carrier mean free path than the wire diameter, resulting from the small crystalline

grain sizes for nanowires synthesized by the electrochemical deposition.
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Chapter 5

Thermoelectric Properties of

Superlattice Nanowires

5.1 Introduction

Studies on low-dimensional systems, such as ID quantum wires and 2D superlattices,

have attracted considerable attention for improved performance in various applica-

tions, such as optics [12, 13], microelectronics [113], thermoelectrics [11, 98, 114], and

magnetics [17]. Due to the large surface-to-volume ratio for enhanced surface effects

and quantum confinement effects, these nanostructured materials are expected to

exhibit dramatically different behavior from their bulk counterparts.

Theoretical calculations and experimental investigation of thermoelectric proper-

ties of ID and 2D systems have been studied extensively for various materials [79, 114,

115]. Since the enhancement in thermoelectric properties is anticipated to be more

pronounced as dimensionality decreases, OD structures hold even greater promise than

ID and 2D systems. However, unlike ID or 2D systems, where at least one of the

directions is not quantum-confined and thus can provide for electrical conduction, OD

structures, such as quantum dots, are confined in all directions and this may present

difficulties for some applications.

To utilize the unique properties of quantum dots for situations where electron

conduction is required, it is necessary to devise some means for carrier transport
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Figure 5-1: (a) Schematic diagram of a superlattice nanowire consisting of interlaced
nanodots A and B. (b) Schematic potential profile of one conduction subband in a
superlattice nanowire.

(e.g., tunneling or hopping) between individual dots. For this purpose, several novel

structures based on quantum dots that capture the essence of OD structures and

enhance electronic transport have been proposed and synthesized, such as quantum

dot array superlattices [11] and superlattice nanowires [28]. These new structures

have shown great promise in the context of thermoelectricity, and Harman et al.

have measured an impressive thermoelectric performance of ZT - 2 at 300 K for

PbTeSe-based quantum dot superlattices [11], compared to a highest ZT of ~1 for

conventional bulk materials. A possible mechanism for this enhanced thermoelectric

performance has been proposed to be due to the mini-band formation in coupled 3D

quantum dot array structures [116]. Other nanostructures based on quantum dots

that are of great interest for thermoelectricity are superlattice nanowires (SLNWs)

(see Fig. 5-1(a)), which consist of a series of interlaced nanodots of two different

materials (denoted by A and B). In the superlattice nanowire (SLNW) structure, the

electronic transport along the wire axis is made possible by the tunneling between

adjacent quantum dots, whereas the uniqueness of each quantum dot and its OD char-

acteristics are maintained by the energy difference of the conduction or valence bands

between different materials (see Fig. 5-1(b)). The band offset not only provides some

amount of quantum confinement, but also creates a periodic potential for carriers

moving along the wire axis, which may result in a sharper density of electronic states
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than is present in ordinary ID systems. This new structure is especially attrac-

tive for thermoelectric applications because the heterogeneous interfaces between the

nanodots can reduce the lattice thermal conductivity by blocking the phonon conduc-

tion along the wire axis [117], while electrical conduction may be sustained and benefit

from the unusual electronic band structures due to the periodic potential perturba-

tion. These ID heterogeneous structures also hold great promise in other applications,

such as nano-barcodes [118], nanolasers [119], ID waveguides, and resonant tunneling

diodes [120].

Various approaches have been developed to synthesize superlattice nanowire struc-

tures with different materials. Co/Cu superlattice nanowires were first fabricated in

nanoporous templates using electrochemical deposition [28], and more recently, re-

searchers have synthesized highly crystalline semiconductor superlattice nanowires

(e.g., Si/SiGe [118], InP/InAs [119], and GaAs/GaP [121]) by the Vapor-Liquid-Solid

growth mechanism. Due to the structural complexity and compositional diversity in

these quantum dot-based systems, it is essential to develop a model to understand

the behavior and to predict properties of interest for these novel structures, especially

for practical applications and device optimization.

In this chapter, we present a general theoretical model for the electronic struc-

ture and transport properties of superlattice nanowires, which explicitly takes into

account the cylindrical wire boundary conditions, the diameter-dependent band offsets

for the periodic potential along the wire axis, and the multiple anisotropic carriers.

The density of electronic states and the dispersion relations for each quantum sub-

band in superlattice nanowires are presented in Section 5.2 using the Kronig-Penney

model. With the electronic band structures thus obtained, a transport model based

on the ID Boltzmann transport equations is then developed. The effect of the super-

lattice structure on the phonon thermal conductivity, which is an important factor

determining the thermoelectric performance, is also discussed. In Section 5.3, the

established transport model is utilized to study the thermoelectric properties of su-

perlattice nanowires made of various lead salts (e.g. PbS, PbSe, and PbTe) at 77 K,

which is a temperature of interest for cryogenic cooling. The lead salts are chosen
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for our model studies of superlattice nanowires because they are conventionally good

thermoelectric materials with well-established transport properties. The thermoelec-

tric properties of these lead salt superlattice nanowires, particularly PbS/PbSe, are

investigated to elucidate their performance dependence on the segment length, wire

diameter, crystal orientation along the wire axis, and the length ratio of the con-

stituent nanodots.

5.2 Theoretical Model of Superlattice Nanowires

5.2.1 Electronic Band Structure

In superlattice nanowires, their transport and other electronic properties are deter-

mined by the electronic band structure, which exhibits dramatically different fea-

tures from that of a simple ID nanowire or bulk materials. To model the electronic

band structure of superlattice nanowires, we assume that each segment has a circular

cross-section with a uniform wire diameter d, (see Fig. 5-1(a)), and the carriers in

each cylindrical nanodot are confined by an infinite potential at the wire boundary

(the cylindrical sidewall), which is a good approximation for nanowires embedded in

a wide bandgap insulating matrix and for free-standing nanowires. We also assume

that each nanodot consists of a sufficient number of atoms so that the effective mass

theorem is valid to derive the local electronic properties of a nanodot from the band

structure parameters of the bulk material.

For the following discussions, the z axis is chosen to be along the wire axis, and

we first consider the electronic structure in one nanodot (material A for example).

Due to the quantum confinement normal to the wire axis, quantized subbands are

formed in the nanodot. The confined electrons are described by the wavefunction,

A t(X, Y, Z) = he (x, y) exp(ik z), (5.1)

where the superscript A denotes the material type, #nm (X, Y) is the quantized wave-
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function normal to the wire axis that is classified by the quantum numbers (n, m),

and k represents the electron wavevector along the wire axis (z axis). In Eq. (5.1),

the wavefunction exp(ikz) emphasizes the unrestricted motion for electrons in the z

direction within the nanodot. The energy corresponding to the electronic states of

Eq. (5.1) is given by:
E _A A A h2 k 2

Enm(k) - E + Enm + 2mA (5.2)

where EC is the energy of the conduction band edge for bulk material A, enm is the

quantization energy of the (n, m) subband, and mz is the transport effective mass

along the wire axis. We note that the quantization energy Cnm and the correspond-

ing wavefunction #nm(x, y) both depend on the geometry of the wire cross-section,

the wire diameter, and the carrier effective masses. For cylindrical ID wires with

anisotropic carrier mass tensors, the approach to calculate the wavefunction wn and

the quantized energy En. has been described in Section 3.2.1.

By arranging the two types of nanodots (A and B) into a superlattice nanowire

(see Fig. 5-1(a)), the electrons in the (n, m) subband will experience a periodic square-

well potential U(z) with an energy barrier height,

AEnm = (EB + Em) - (EA + Em), (5.3)

when traveling along the wire axis (see Fig. 5-1(b)). Although independent quantum

dots possess discrete energy levels like those of atoms, superlattice nanowires exhibit

iD-like dispersion relations along the wire axis due to the wavefunction leakage across

the finite barrier height AEnm between quantum dots. The (sub)band offset energies

AEnm are usually different from that of bulk materials (EB - EA) due to the different

quantum confinement energy Cnm for each type of quantum dot. AEnm may also

depend on the subband index (n, m) and the wire diameter d,.

According to the Bloch theorem 122], the wavefunction rq(z) for electrons in a su-

perlattice structure with a periodic potential U(z) takes a different form from exp(ikz)
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and must satisfy the boundary condition,

rj(z + L) = exp(iKz)r/(z), (5.4)

where t; is the 1D wavevector of electrons moving along the superlattice nanowire,

and L = LA - LB is the periodic length of the superlattice nanowire. It should be

pointed out that , in Eq. (5.4) describes the energy-momentum relation of the entire

superlattice nanowire, while k in Eq. (5.1) is a property related to one nanodot only.

We note that while the electronic wavefunction in each nanodot is described by

linear combinations of Eq. (5.1), the overall envelope wavefunction of electrons in the

superlattice nanowire should be expressed as

4'nm(-, y, z) = #nm(T, y)rl(z). (5.5)

The energy of electrons described by Eq. (5.5), which can be solved as a function of K

using the Kronig-Penney model, constitutes the important dispersion relation Enm()

of the (n, m) subband in the superlattice nanowire. For electrons with energies above

the potential barrier (E > EB + 62m), the corresponding wavevector K is solved by

cos(KL) =cos(kALA) cos(kBLB) - + z sin(k ALA) sin(kBLB). (5.6)
2 m~kB M~A

For electrons with energies below the potential barrier (E nm < E <E + m)

the wavevector K is determined by

1 /rnBk A MARI
cos(KL) cos(kA LA) cosh(qB LB) - BAi( A LA) sinh(qB LB ),

2 mAq mkA
(5.7)

where
kA= 2m (E -EA-CA^)/h

= 2mB(E - E - EB)/h (5.8)

Teeiyf( o B(n + B - Elh.

The density of states Dnm,(E) of the (n, m) subband is related to the energy dispersion
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relation by -1

Dnm(E) = -(a m . (5.9)
2 0 r

We note that, due to the periodic potential perturbation, the density of states Dnm(E)

in a superlattice nanowire may possess a very different energy dependence from that

of a simple nanowire (see Eq. (5.2)). The electronic band structure (Enm(h) and

Dnm(E)) of one subband is highly dependent on the segment length (LA or LB),

potential barrier height (V), and transport effective masses (mA and mi).

Figure 5-2 shows the density of states function D(E) and the number of states

(N(E) = f D(E)dE) calculated for a subband with various segment lengths (LA -

LB = 1, 5, 20, and 60 nm), assuming a potential barrier height of V = 50 meV

and an effective mass of mA = mB = 0.5 mo, where mo is the free electron mass.

The zero in energy is chosen to be at the top of the potential barrier. It is found

in Fig. 5-2(a) that for very short superlattice periods (LA = Inm), the electronic

band structure approaches that of an alloy system (alloy limit) with a density of

states similar to that of a simple ID system (see Fig. 5-2(a)). In this limit, the

onset of the density of states corresponds to an effective band edge in the middle

of the potential well, and this effective band edge is equal to the average of the

periodic potential (see Fig. 5-2(a)). As the segment length increases, the density of

states (or the number of states) begins to develop mini-bands and mini-band gaps

in the subband structure (see Figs. 5-2(b) and (c)), exhibiting features unique to

the superlattice nanowires. The widths of these mini-bands are usually very narrow

(~ 1 meV for the first mini-band in Fig. 5-2(b)) for energies in the potential well (E <

0), yielding a 6 function-like density of states similar to that of the discrete states of

quantum dots, as approximated by vertical lines in Figs. 5-2(b) and (c). As the energy

increases, the widths of these mini-bands usually become larger and the mini-band

gaps become narrower. We also note that the number of these narrow mini-bands in

the potential well increases with increasing segment length (see Fig. 5-2(c)); and for

long segment lengths (LA > 60 nm), these mini-bands become so close to each other

in energy that they may be approximated by a continuum, if the mini-band gaps are
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Figure 5-2: Calculated density of states (- - -) and the number of states (-) of a ID

subband in a periodic potential with segment lengths LA = LB of (a) 1 nm, (b) 5 nm,
(c) 20 nm, and (d) 60 nm, assuming a potential barrier height of 50 meV and effective

masses of 0.5 mo. The zero in energy is chosen to be at the top of the potential

barrier.
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much smaller than the thermal energy (see Fig. 5-2(d)). In this long segment length

limit, the density of states of the superlattice nanowire is approximately equivalent

to the averaged density of states of the two constituent materials (classical limit). In

the following, we define the alloy and classical limits for superlattice nanowires that

have very short and very long periods with the electronic subband structures shown

in Figs. 5-2(a) and (d), respectively. It is also worth noting that in Fig. 5-2(c), while

the mini-bands are well-separated in energy for states with energies in the potential

well (E < 0), the band structure approximates the continuum of the classical limit

for electrons with energies above the potential barrier (E > 0).

These dramatically different electronic band structures of superlattice nanowires

shown in Figs. 5-2 can be qualitatively categorized based on different length and

energy scales: the electron de Broglie wavelength (Ae), the segment length (LA or

LB), the mini-band gap energy (Eg), and the thermal energy (kBT). In the poten-

tial well region (e.g., in the nanodot made of material A in Fig. 5-1(b)), the energy

separation between two mini-bands is on the order of c9 ~ (7h/L) /Vb/2m^, and

the wavelength of electrons with energy near the potential barrier is approximately

Ae ~ 27h/ 2m^Vb . When the segment length is much shorter than the de Broglie

wavelength Ae, a full electronic wavelength would cover many superlattice periods (see

Fig. 5-3(a)), so the electrons only experience an averaged potential without noticing

the detailed potential structure as they travel along the nanowire (alloy limit). On

the other hand, if the thermal energy kBT is much larger than the mini-band gaps

Cg (see Fig. 5-3(b)), the mini-bands can be treated as continuous states due to the

thermal smearing (classical limit). We define two dimensionless quantities,

L/2 LV/2mzV
Ae 4h (5.10)

and
( ,7h V

kBT kBTL 2mZ'

for the determination of subband structure. The criteria for the alloy limit is then

given by L < Ae (see Fig. 5-3(a)), or ( < 1, while the condition for the classical limit
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Schematic diagrams illustrating the conditions for superlattice nanowires
alloy limit and (b) classical limit. In the alloy limit, the period L is

much shorter than the de Broglie wavelength Ae, and a full electronic wavelength

would cover many superlattice periods. In the classical limit, the thermal energy

kBT is much larger than the mini-band gaps Eg, and the mini-bands can be treated
as continuous states due to the thermal smearing.

Table 5.1: Calculated ( and q for various segment lengths at 77K, assuming a poten-

tial barrier of 50 meV and an effective mass of 0.5mo.

Segment length 1 nm 5 nm 20 nm 60 nm
(L/2) (alloy limit) (classical limit)

_ _0.13 0.64 2.57 7.73

T1 9.69 1.93 0.47 0.16

is Eg < kBT (see Fig. 5-3(b)), or Tj < 1. Table 5.1 lists the calculated values of ( and

Tj corresponding to the parameters used in Fig. 5-2 at T = 77 K. We note that ( is

calculated to be 0.13 for LA = 1 nm (Fig. 5-2(a)), and q is 0.16 for a segment length

of 60 nm (Fig. 5-2(d)), indicating that ( < 0.1 and q < 0.1 are satisfactory criteria

for identifying the alloy and classical limits, respectively, for the subband structures

of superlattice nanowires. For superlattice nanowires with unequal segment lengths,

it is found that these conditions for ( and q for determining the alloy and classical

limits still hold for 0.1 < LA/LB < 10.
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5.2.2 Electrical Transport Properties

With the dispersion relation Enm(K) of each subband thus obtained, important

transport properties can be derived based on the Boltzmann transport equations for

ID systems [79]. For simplicity, we use the constant relaxation time approximation

to calculate the following fundamental integrals for the conduction band

KeC = 4,(- Fa _d')dE (5.12)
, 2 /h2 d 2 S D m(E) d EW ri,m

where a = 0, 1 or 2, T, is the relaxation time for electrons, EF is the Fermi energy,

f(E) is the Fermi-Dirac distribution function, and the summation is over all subbands

for all electron pockets. A similar expression for holes is given by

K wh=dT zJ - E %\ =_ d E. (5.13)' 12/i2d2 E Dnn( E ) dE

The electrical conductivity -, Seebeck coefficient S, and electrical contribution to

the thermal conductivity Ae are then obtained from K, by

O- = e2(Ke,o + Kh,o) (5.14)

S = K',Kh,1 (5.15)
cT Ke,O + Kh,o

1 ( Ke' 1 - Kh' 1) 2
Ae = Ke 2 + Kh,2 - ' - . (5.16)

T ' Ke,o + Kh,O

Since there is no general analytical expression for the density of states D(E) of su-

perlattice nanowires, the calculation of the integrals in Eqs. (5.12) and (5.13) usually

requires considerable amount of computing resource. However, for subbands in the

alloy or classical limit, the computational task can be greatly simplified by adopting

analytical expressions for D(E) for these two limiting conditions.
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5.2.3 Lattice Thermal Conductivity

The phonon transport in superlattice nanowires is influenced by additional phonon

scattering at the wire boundary and at the interfaces between the quantum dots. It is

expected that the lattice thermal conductivity should be significantly reduced as the

wire diameter or the segment length becomes smaller than the bulk phonon mean free

path. The lattice thermal conductivity for superlattice nanowires has been modeled,

based on the phonon Boltzmann transport equations with diffuse mismatch interface

conditions [117]. Assuming a diffuse nanowire boundary for phonons, which is a good

approximation for nanowires with rough or imperfect surfaces, the phonon thermal

conductivity ASL of superlattice nanowires is given by [117,123]

L LA LB I I ( AB -LBA-+ = -4 + 1-
ASL AA AB CAVAtAB CBVBtBA /

+3 (CA + B (5.17)
dw CAVAaA CBVBOZB

where A, C, and v are the lattice thermal conductivity, heat capacity per unit volume,

and sound velocity of the bulk material (A or B), respectively. tAB (or tBA) is the

phonon transmissivity from nanodot A to nanodot B (or B to A), which is defined

as the probability of phonon energy transfer through the A-B (or B-A) interface.

aA (or aB) is a geometric factor that only depends on the aspect ratio LA/dw (or

LB/dw) of the nanodots, varying between 0.75 and 1 for cylindrical wires [117]. Fig. 5-

4 shows the calculated aA (or aB) as a function of LA/dw (or LB/dw), showing that

for LA < dw, this geometric factor aA approximates 0.75, whereas for LA> d, aA

rapidly converges to 1.

In Eq. (5.17), the contributions of the segment interface and the wire boundary

scattering processes to the lattice thermal resistivity are contained in the third and

fourth terms, respectively, and the first two terms in Eq. (5.17) account for intrin-

sic phonon scattering events present in bulk materials. Using the diffuse mismatch
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Figure 5-4: Calculated geometric factor aA (or cB) as a function of LA/d, (or LB/dW),
showing that for LA < dw, the geometric factor GA approximates 0.75, whereas for
LA > dw, aA rapidly converges to 1.

model [123,124] approximation for segment interfaces, tAB is given by

tAB CBVB
CAVA + CBVB

(5.18)

and tBA 1 -- tAB. Eq. (5.17) can then be rearranged as

L LA 4AA
=_ - 1+

ASL AA 3 LA
+ AA

andw

LB

AB

4AB
3 LB

AB

aBdw
(5.19)

where AA and AB are the phonon mean free paths of bulk materials A and B, respec-

tively, which are derived from kinetic theory

1
A = -CvA.

3
(5.20)

It is convenient to define an effective phonon mean free path Aeff for one segment (A

for example) in the superlattice nanowire by

Af~A~ 1 4 L 1A-' = A-' + 4L-1 + - d-,
A~ff A 3 A G

(5.21)
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and the corresponding effective thermal conductivity Aeff in each segment by

AA,eff (AA,eff/AA)AA, (5.22)

which implies effective phonon scattering lengths of 3LA/4 and aAd, for interface

and wire boundary scattering, respectively. The lattice thermal conductivity ASL can

then be concisely expressed in terms of a series of two nanodots (A and B) with

effective thermal conductivities AA,eff and ABeff by

L - LA .LB (5.23)
ASL AA,eff AB,eff

It should be noted that the derivation of Eq. (5.17) assumes a linear phonon

dispersion relation with a constant sound velocity, which is only valid for temper-

atures much lower than the Debye temperature. A more accurate description for the

lattice thermal conductivity of superlattice nanowires that takes into account a non-

linear phonon dispersion relation at higher phonon frequencies can be obtained by

replacing the product of the heat capacity and the sound velocity Cv in Eqs. (5.17)-

(5.20) with the integration of C(w)v(w) with respect to the phonon frequency w,

f C(w)v(w)dw [117]. To further improve the model for the thermal conductivity of

superlattice nanowires, the interface condition for the phonon transport should also

be considered, as discussed in Refs. [117,125].

5.3 Lead Salt Superlattice Nanowires

In this section, we apply the electronic band model and transport equations developed

in Section 5.2 to investigate the thermoelectric properties of superlattice nanowires

composed of lead salts (PbTe, PbSe, and PbS). Lead salts and their alloys are narrow-

gap semiconductors that have been widely studied. They have well-established elec-

tronic properties because of their potential for tunable photoelectronic devices in the

infrared and visible range [126]. Lead salts have been found to be promising ther-
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moelectric materials, going back to the early stage in thermoelectrics research, and

PbS and PbTe were used in the first thermoelectric generators and cooling units,

respectively [4]. Recently, a thermoelectric performance twice as high as the best

conventional thermoelectric material has been demonstrated by lead salt quantum

dot arrays [11], suggesting that superlattice nanowires consisting of lead salt quan-

tum dots may also be promising thermoelectric materials.

5.3.1 Electronic Band Structure

The lead chalcogenide family (PbTe, PbSe, and PbS) constitutes an attractive model

system to study the effect of the superlattice structure on the transport properties

of nanowires because of its simple crystal and electronic structures with well-known

properties over a wide temperature range. The lead salts all possess the same NaCl-

like face-centered cubic structure with lattice constants ao = 5.94 A, 6.12 A, and

6.46 A for PbS, PbSe, and PbTe, respectively [127], and they all have similar direct-

gap semiconductor band structures. The constant energy surfaces for the conduction

and valence bands of these lead salts are prolate ellipsoids of revolution centered at

the four equivalent L points in the Brillouin zone, and the major axes of these ellip-

soids are in the [111] directions [127], as shown in Fig. 5-5. On the other hand, there is

a considerable band offset when combining two dissimilar lead salts together, and this

band offset provides carrier confinement between quantum dots. The band structure

of lead salts in the bulk form have been studied extensively, and some of the im-

portant temperature-dependent parameters related to their transport properties are

listed in Table 5.2. To minimize the lattice mismatch at the heterogeneous interfaces,

we choose to study PbS/PbSe and PbSe/PbTe superlattice nanowires, with partic-

ular emphasis on the PbS/PbSe system. We note that the lattice mismatch may

not be as significant an issue in superlattice nanowires as in superlattice thin films,

since researchers have found that in superlattice nanowires, the lattice strain can be

laterally relaxed to avoid defects at the interface [121].

Based on the band structure parameters in Table 5.2, we first calculate the quan-
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Figure 5-5: The Brillouin zone of lead salts, showing the constant energy surfaces of
the four L-point carrier pockets.

Table 5.2: The direct bandgap E. (in units of meV) and the effective mass components
of the L-point electron and hole pockets for bulk PbS, PbSe, and PbTe, and their
temperature dependence [126].

PbS PbSe PbTe
263+ 125+ 171.5+

Eg(T) 400-+ 0.256T 2  v400 + 0.256T 2  y(12.8)2 + 0.19(T + 20) 2

g (0) E90 .29mei/mo 10.6 E9()+ 1 9 20.7 + 4.3 30.58 + 14.29
EF3 9(T) Eg (T) Eg (T)

melI /mo (5.8 + 3.7 11.4 Eg ( + 2.9 (2.98.E9( + 2.42

mh/mo 10.6 + 2.7 20.7E 9() + 8.7 30.58 E9() + 10.0

mhIj/mo 5.8 E9y + 3.7 11.4E +3.3 (2.98 E9(0)+ 1.25)
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tized subband energy cnm related to the confinement of the wire boundary in the x-y

directions and the transport effective masses m, along the wire axis. Since the carrier

pockets of these lead salts are highly anisotropic, 6 nm and m, are dependent on the

crystallographic direction of the wire axis. For wires oriented along the [001] direc-

tion, the four L pockets are all degenerate and are denoted as L). For wires oriented

along the [111] direction, this four-fold degeneracy is lifted, resulting in two inequiv-

alent groups of carrier pockets: a single pocket with its major axis along the wire axis

(denoted as L(l)), and the other three pockets that are still degenerate (denoted as

L(')). The subband energy c,, which is inversely proportional to d', is calculated

for the three lead salts at 77K for two wire orientations ([001] and [111]), and the

results are listed in Tables 5.3 and 5.4 for the first five subbands for the electrons

and holes, respectively. The transport effective masses along the wire axis for the

various lead salts and orientations are given in Table 5.5. We note that since the LM

carriers of these lead salts usually have their largest mass component along the wire

axis and their smallest mass components in the quantum confined directions, they

possess a larger subband energy and a heavier transport effective mass along the wire

axis compared to the other pockets.

The subband energy and the transport effective masses in each segment are the

fundamental parameters in determining the subband offset (see Eq. (5.3)) and the

subband dispersion relation Em (i-) of the superlattice nanowires. Assuming an equal

bulk band offset for the conduction and valence bands in a heterogeneous structure

constructed from two lead salts and choosing the zero energy to be at the middle of

the bulk bandgap, the (n, m) subband edge energy of a segment made of material X

(PbS, PbSe, or PbTe) is given by

E~x X
Ex = + Xnm (5.24)nm 2 d2

for electrons (+) and holes (-), where Xnm = Enm d is a diameter-independent

parameter as those given in Tables 5.3 and 5.4.

It should be noted that the potential barrier and well regions of a bulk hetero-
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The first five subband energies (Xnm Emmd2) normalized to the wire
diameter dw and given in units of eV.nm 2

lead salts and wire orientations at 77K.
for each distinct electron pocket in various

material orientation pocket order: 1 2 3 4 5
[001] L(4) 9.52 23.17 25.14 42.49 43.48

PbS [111] Le 10.30 26.12 26.12 46.92 46.92
[111] Le) 9.26 22.19 24.80 40.69 42.19

[001] L 16.70 38.85 45.85 70.90 75.99
PbSe [111] Le 19.47 49.40 49.40 88.72 88.72

[111] L3) 15.77 25.31 44.63 63.70 71.65

[001] Le) 25.32 50.79 77.38 87.37 114.35
PbTe [111] 1) 35.98 91.27 91.27 163.94 163.94

[111] L3 21.61 36.85 57.79 72.11 84.65

Table 5.4: The first five subband energies (Xn_ c md) normalized to the wire
diameter d,, and given in units of eV-nm 2 for each distinct hole pocket in various lead
salts and wire orientations at 77K.

material orientation pocket order: 1 2 3 4 5
[001] L 9.99 24.07 26.62 44.14 45.51

PbS [111] L 11.00 27.91 27.91 50.13 50.13
[111] L(3 ) 9.65 22.78 26.19 41.70 43.95

[001] L 19.39 44.18 54.16 80.17 88.19
PbSe [111] L(1) 23.35 59.24 59.24 106.40 106.40

[111] L 18.06 39.12 52.41 69.69 81.95

[001] L 22.46 44.71 68.97 76.61 101.39
PbTe [111] L(1) 32.19 81.68 81.68 146.70 146.70

[111] L7) 19.06 31.94 49.54 64.11 72.03
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Table 5.5: Calculated transport effective masses along the wire axis for each car-
rier pocket in various lead salts with different wire orientations. All effective mass
coefficients are normalized to the free electron mass.

Material [100] direction [111] direction

meZ mh z me'z me,z mh mh

PbS 0.0939 0.0903 0.1105 0.0884 0.1105 0.0835
PbSe 0.0564 0.0506 0.0788 0.0490 0.0764 0.0421
PbTe 0.0829 0.1051 0.2000 0.0440 0.2607 0.0533

geneous structure may be inverted in a superlattice nanowire due to this diameter-

dependent subband energy cm. For example, Fig. 5-6 shows the first subband edge

energies of PbS, PbSe, and PbTe nanodots oriented in the [001] direction as a function

of wire diameter at 77K. In the bulk form, the bandgap (E_) relation of the three

lead salts is PbSe < PbTe < PbS, and hence PbSe constitutes the potential well

region for electrons in the PbSe/PbS or PbSe/PbTe heterostructures, as depicted by

the upper-right inset in Fig. 5-6. However, as the wire diameter decreases, the sub-

band edge energy of PbS nanodots increases at a slower rate than that of PbSe or

PbTe nanodots because of the heavier carrier effective masses in PbS, and the first

subband energy of PbS nanodots crosses that of PbTe and PbSe at d" - 18 nm and

10 nm, respectively. The insets in Fig. 5-6 sketch the relative energy levels of the

first subband edge of these lead salts in three different diameter ranges, showing that

for small-diameter superlattice nanowires (e.g., PbSe/PbS), some of the subbands in

the nanowire may undergo a potential barrier-well inversion when the subband edge

energies of PbS nanodots become lower than those of the corresponding PbSe sub-

bands. Due to the carrier anisotropy of these lead salts, the critical wire diameter for

the potential barrier-well inversion is also dependent on the crystallographic direc-

tion, and for the [111] orientation, the lowest lying L(3 ) conduction subband of PbS

nanodots crosses those of PbSe and PbTe at d, ~ 16 nm and 10 nm, respectively.

This subband edge crossing and barrier-well inversion induced by quantum confine-

ment, which is absent in other systems, such as 2D superlattice thin films, are unique

properties of superlattice nanowires, and they hold important implications for carrier
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Figure 5-6: The subband energy of various lead salt nanodots oriented in the [001]

direction at 77 K, showing the first subband energy as a function of wire diameter.

The zero energy refers to the middle of the bulk band gap. As d, decreases, the

subbands moves up in energy, and the PbS subband (-) crosses those of PbTe (- -)

and PbSe ( ... ) at d, ~ 18nm and 10 nm, respectively. The three insets depict the

relation of subband edge energies of the three lead salts at different diameter ranges.

transport phenomena. We note that since the band offset vanishes at the crossing

of corresponding subbands of two materials, the carriers in that subband may travel

along the wire like free carriers without the potential barrier, which may be desirable

for certain transport-related applications. Since the theoretical formalism developed

for superlattice nanowires in Section 5.2 treats the potential well A and barrier B sym-

metrically, the effect of this potential barrier-well inversion can be readily addressed

in the following model calculations for lead salt superlattice nanowires. It is also

interesting to compare this potential-well inversion in superlattice nanowires to the

semimetal-semiconductor transition observed in Bi nanowires [79], which results from

the subband crossing due to a diameter-dependent phase diagram.

Figure 5-7 shows the calculated density of states of the conduction band for [001]

PbSe/PbS superlattice nanowires as a function of energy at 77 K with a wire diame-

ter of d, = 10 nm and equal segment lengths LPbse = Lpbs = 5 nm. The density of

states of PbSO.5 Seo.5 nanowires with the same diameter and orientation is also plot-
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Figure 5-7: Calculated density of states for [001] PbSe/PbS superlattice nanowires
(-) with wire diameter d, = 10 nm and segment lengths LPbSe = Lpbs 5 nm at

77 K. The arrows indicate the mini-band gaps resulting from the periodic potential
in the superlattice nanowires. Due to the superposition of multiple subbands, the
mini-band gap indicated by the second arrow at E ~ 490 meV has a non-vanishing
density of states. The calculated density of states for PbSO.5 SeO.5 nanowires (- - -)
with the same wire diameter and orientation is also shown for comparison.

ted in Fig. 5-7 for comparison. We note that for alloy nanowires, the singularities

in the electronic density of states correspond to individual ID subband edges Enm,

and for each subband the density of states varies as (E - Cnm)~1/ 2 . In contrast, the

density of states for superlattice nanowires usually exhibits a more complicated en-

ergy dependence with additional singularities resulting from the mini-band gaps, as

indicated by the arrows in Fig. 5-7. The superposition of multiple subbands further

enriches the behavior of the density of states in superlattice nanowires, as shown at

E ~ 450 meV. It should also be pointed out that the density of states profile of these

lead salt superlattice nanowires is highly sensitive to the crystal orientation because of

their multiple anisotropic carrier pockets. These interesting features in the dispersion

relation along the transport direction, which are absent in both simple nanowires and

2D superlattice systems, are unique to superlattice nanowires. They are responsible

for unusual transport properties predicted in the superlattice nanowires, as will be

discussed in the next section.
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5.3.2 Transport and Thermoelectric Properties

In this section, we calculate transport properties of superlattice nanowires composed

of various lead salts, and we investigate their potential for thermoelectric applications,

based on the electronic band structure model and the transport equations developed

in previous sections.

Figure 5-8 shows the calculated Seebeck coefficient and electrical conductivity as a

function of Fermi energy for [001] PbSe/PbS superlattice nanowires with a diameter

dw = 10 nm and segment lengths LPbs = LPbse = 5nm at 77K, as well as the

calculated results for PbSO.5 SeO.5 nanowires with the same diameter and crystal orien-

tation. The relaxation times T of electrons and holes, required for calculating various

transport-related integrals (Eqs. (5.12) and (5.13)), are derived from the carrier mobil-

ity of bulk materials [128] using the relation j = Cr/m*, as listed in Table 5.6 for var-

ious lead salts at 77 K. However, we note that the carrier mobility of low-dimensional

systems may possess different values from those of their bulk counterparts. It is ex-

pected that pu may be lowered in nanostructures due to the extra scattering at the

wire boundary and the heterogeneous interfaces, whereas the reduction in available

final states for scattering events in low-dimensional systems may increase 1i. There-

fore, careful experimental studies are required to obtain a more accurate estimate for

yi and to further improve model calculations.

As shown in Fig. 5-8, the electrical conductivity of a homogeneous (alloy) nanowire

increases monotonically with increasing Fermi energy (or electron density), while that

for the superlattice nanowires exhibits non-monotonic variations with local minima

corresponding to the mini-band gaps in the density of states (see Fig. 5-7). In Fig. 5-8,

the Seebeck coefficient of superlattice nanowires also shows unusual behaviors due to

the existence of the mini-band gaps. We note that for alloy nanowires, the Seebeck

coefficient is always negative and the magnitude diminishes rapidly with increasing

Fermi energy, except for some small fluctuations near the subband edges. Interest-

ingly, for superlattice nanowires, the Seebeck coefficient not only shows strong oscil-

lations near the mini-band gaps, but also becomes positive at certain energy ranges.
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Figure 5-8: Calculated Seebeck coefficient and electrical conductivity as a function

of Fermi energy for [001] PbSe(5nm)/PbS(5nm) superlattice nanowires (--) and
PbSO.SeO.) nanowires ( at 77K. The wire diameters are d0 = 10nm for both

types of nanowires.

This sign change in the Seebeck coefficient as the Fermi energy varies has important

implications, indicating that the superlattice nanowires may be tailored to exhibit

n- or p-type properties, using the same dopants (e.g., electron donors) by carefully

controlling the Fermi energy or the dopant concentration. More importantly, we also

note that the Seebeck coefficient extrema of superlattice nanowires have substantially

larger magnitudes for Fermi energies near the mini-band gaps, while the correspond-

ing electrical conductivity is only slightly reduced compared to the alloy nanowires

(see Fig. 5-8). This phenomenon is a direct consequence of the unique potential profile

for superlattice nanowires in the transport direction. A similar behavior of enhanced

Seebeck coefficient due to mini-band formation has also been predicted by Balandin

and coworkers for 3D quantum dot array structures [116], illustrating the impact

of the periodic potential perturbation on transport properties. These observations

are significant because they not only illustrate one of the advantages of superlattice

nanowires for thermoelectric applications, but also account for the enhanced Seebeck

coefficient and power factor (S'a) measured in quantum dot array systems and re-

ported by Harman et al. [11] since their systems have a similar periodic potential

profile in the direction of carrier transport.
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Table 5.6: Mobility of electrons and holes for various lead salts at 77K [128]. The
carrier relaxation time is derived using the relation T = m/C.

Property PbS PbSe PbTe

Ile (cm 2 V-Is') 11000 16500 31600

I'h (cm2 V-s'-1) 15000 13700 21600

Te (s) 5.83 x 10-13 5.11 X 10-13 8.86 x 10-13

Th (S) 7, 62 x 10-13 3.73 x 10-13 7.13 x 10-13

Table 5.7: Selected thermal properties of bulk lead salts. The temperature depen-
dence of the thermal resistivity is linearly interpolated from values in Ref. [129] below
300 K, and the phonon mean free path (m.f.p.) is calculated using Eq. (5.20).

Property PbS PbSe PbTe
Debye Temperature 220 K 160 K 130 K
OD [129
Thermal Resistivity 17.9T (< 180 K) 24.2T (< 160 K)
1/A (W-imK) 13.4T (> 240 K) 19.5T (> 200 K) 16.42T

Phonon m.f.p. (A). 14.5nm 13.2nm 25nm
at 77K

In order to obtain the thermoelectric figure of merit for the superlattice nanowires,

Eqs. (5.17)-(5.23) are employed to calculate the lattice thermal conductivity. The

heat capacity and the sound velocity of the lead salts, which are essential parame-

ters in determining the phonon mean free path in bulk materials, are inferred from

the Debye temperature (OD) using the Debye model for the phonon dispersion re-

lations. Table 5.7 lists the Debye temperature, lattice thermal resistivities (1/A),

and calculated phonon mean free paths A for various bulk lead salts at 77 K. Since

the Debye temperatures of these lead salts are much higher than the temperature

of interest here (77K), a linear phonon dispersion relation is assumed for acoustic

phonons, and the constant sound velocity is derived based on the Debye cut-off

frequency.

With the lattice thermal conductivities thus obtained, Fig. 5-9 shows the calcu-
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Figure 5-9: Calculated ZT as a function of Fermi energy for [001]

PbSe(5 nm)/PbS(5 nm) superlattice nanowires, as well as PbSe, PbS, and PbSO.5 Seo.5
nanowires at 77K. The wire diameters are 10 nm in all cases.

lated ZT as a function of Fermi energy for [001] PbSe(5 nm)/PbS(5 nm) superlattice

nanowires and for the corresponding PbSe, PbS, and PbSO.5 SeO.5 nanowires with diam-

eters d, = 10 nm at 77 K, showing an enhancement in ZT for superlattice nanowires

over pure or alloy lead salt nanowires. At the appropriate placement of Fermi energy,

optimal ZT values of 0.65, 0.46, 0.36, and 0.22 are obtained for PbSe/PbS super-

lattice nanowires, PbSO.5SeO. 5 , PbSe, and PbS nanowires, respectively. Compared to

homogeneous nanowires, there are more than one pronounced ZT extrema as a func-

tion of Fermi energy for the superlattice nanowires (see Fig. 5-9) due to the unusual

Seebeck coefficient features in superlattice nanowires discussed earlier (see Fig. 5-8).

It is interesting to note that in Fig. 5-9, the second ZT maximum for superlattice

nanowires corresponds to a positive Seebeck coefficient, whereas the first and the

third ZT peaks correspond to negative Seebeck coefficients. Since the sign of the

Seebeck coefficient is critical in determining the direction of heat and current flows

for thermoelectric devices, this sign should be carefully identified in determining the

optimal ZT for the superlattice nanowires. The placement of Fermi energy is also

important in order to realize desirable thermoelectric properties related to the sign
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Figure 5-10: Calculated ZT as a function of segment length for n-type 10 nm-diameter

PbSe/PbS superlattice nanowires oriented along the [001] (-) and [111] (- -) direc-

tions at 77 K. Inset: calculated ZT for PbSO.5 SeO.5 nanowires oriented along the [001]

(-) and [111] (- - -) directions as a function of wire diameter at 77K.

of S.

Figure 5-10 shows the optimal ZT for n-type 10 nm-diameter PbSe/PbS super-

lattice nanowires as a function of segment length (LPbse = LPbs) for two crystal

orientations ([001] and [111]) at 77K. For comparison, the inset of Fig. 5-10 shows

the optimal ZT for PbSo.5 Seo.5 nanowires calculated as a function of wire diameter

at 77K. At a diameter of 10nm, the ZT values are 0.46 and 0.39 for [001] and

[111] PbSO.5 SeO.5 nanowires, respectively. We note that for both the PbSe/PbS su-

perlattice and PbS 5 Seo.5 nanowires, the nanowires oriented along the [001] direction

possess a slightly higher ZT than those oriented along the [111] direction, possibly

due to a higher density of states and smaller transport effective masses for [001] wires,

which result from the four degenerate pockets. As indicated in Fig. 5-10, the ther-

moelectric performance of the 10-nm superlattice nanowires increases rapidly as the

segment length decreases, with ZT values higher than those of the corresponding

alloy nanowires for segment lengths < 7nm. However, it is also noted that for longer

segment lengths (LpbSe - Lpbs > 7nm), the superlattice nanowires exhibit a lower
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Figure 5-11: Calculated ZT of n-type 5 nm-diameter PbSe/PbS superlattice

nanowires as a function of segment length (LPbSe = Lpbs) for [001] (-) and [111]

(- -) orientations at 77K. Inset: electronic density of states of [001] PbSe/PbS su-
perlattice nanowires with a wire diameter of 5 nm and LPbse - LPbs = 10 nm at 77 K.

The arrow indicates the Fermi energy (~ 782 meV) where the optimal ZT occurs.

ZT than the alloy nanowires, which may be due to a lower lattice thermal conductiv-

ity in the alloy nanowires. It is interesting to note how the thermoelectric performance

of the superlattice and alloy nanowires, which contain the same number of Pb, S, and

Se atoms, can be tailored by controlling the spatial arrangement (periodic segments

vs. alloy) of the constituent species.

Figure 5-11 displays the ZT for n-type 5 nm-diameter PbSe/PbS superlattice

nanowires as a function of segment length (LPbse - LPbs) at 77K, showing an oscil-

latory behavior as the segment length varies. For comparison, the ZT values for 5

nm-diameter PbSO. 5 Seo.5 nanowires are calculated as 1.68 and 1.41 for the [001] and

[111] orientations, respectively (inset of Fig. 5-10). In Fig. 5-11, the optimal segment

length for 5 nm-diameter PbSe/PbS superlattice nanowires is - 3 nm for both [001]

and [111] orientations, with optimal ZT values of 4.4 and 3.7, respectively, which

are much higher than the optimal ZT of 10 nm-diameter superlattice nanowires

of a similar segment length. The ZT oscillation as a function of segment length

shown in Fig. 5-11, which is absent or insignificant in the larger diameter superlattice
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Figure 5-12: Calculated Fermi energy EF(opt) for n-type 5 nm-diameter PbSe/PbS
superlattice nanowires as a function of segment length (LPbSe - Lpbs) for [001] (-)
and [111] (- - -) orientations at 77K.

nanowires (see Fig. 5-10), is due to the larger subband separation as the wire diameter

decreases. The inset of Fig. 5-11 depicts the density of states for a 5 nm-diameter

PbSe(10 nm)/PbS(10 nm) superlattice nanowire oriented along the [001] direction,

showing that only one subband contributes to the transport properties in the energy

range of importance, since the onset of the second subband does not appear until

E > 1000 meV. The arrow in the inset of Fig. 5-11 indicates the optimal Fermi energy

for the maximum ZT, which usually occurs near the band edge of the mini-bands.

For small-diameter superlattice nanowires, the transport properties are mainly de-

termined by the band width of the mini-bands and the mini-band gaps (which are

highly dependent on the segment length), instead of the diameter-dependent subband

energies. As shown in Fig. 5-2, the band structure of one subband evolves from that

of the alloy limit to the classical limit as the segment length increases, resulting in an

oscillatory optimal ZT due to the variation in the widths and gaps of the mini-bands.

This oscillatory behavior is also reflected in the Fermi energy EF(Opt) where the op-

timal ZT occurs, as shown in Fig. 5-12 for the calculated EF(opt) of 5 nm-diameter

PbSe/PbS superlattice nanowires, which exhibits fluctuation as a function of segment

length corresponding to the ZT oscillation in Fig. 5-11. In contrast to 5 nm-diameter
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Figure 5-13: Calculated optimal ZT of p-type PbSe/PbS superlattice nanowires as a

function of segment length (LPbSe - LPbs) for two different wire diameters oriented

along [001] (-) and [111] (- - -) directions at 77K.

nanowires, the density of states of 10 nm-diameter PbSe/PbS superlattice nanowires

(see Fig.5-7) exhibits a much more complicated energy dependence due to the su-

perposition of multiple subbands in the energy range of the optimal ZT. Hence, for

large-diameter superlattice nanowires, this ZT oscillation as a function of segment

length becomes smeared out due to the averaging effect of the contributions from

multiple subbands.

It should be pointed out that in the calculation of lead salt superlattice nanowires,

we only consider contributions from the L-point carriers. However, for small-diameter

nanowires with large subband separations, other high energy bands in the electronic

structure may become important in determining transport properties. For the lead

salts studied here, the second band extrema occur at the E or A points in the Brillouin

zone, and the energies of these band extrema are all - 1 eV for the three lead salts

in the bulk form [130]. Since the Fermi energy for ZT maximum is usually below

0.8 eV for superlattice nanowires studied here (see Fig. 5-12), it is valid to neglect the

contributions from these high energy bands in our model calculations.
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Figure 5-14: Calculated ZT of n-type PSe/PbTe superlattice nanowires as a function

of segment length (LPbSe LPbTe) for two different wire diameters (5 and 10 nm)

oriented along the [001] (-) and [111] (- - -) directions at 77K.

Since the lead salts have valence band structures similar to their conduction bands,

p-type lead salt superlattice nanowires are expected to exhibit similar thermoelectric

performance to their n-type counterparts. Figure 5-13 illustrates the calculated ZT

of p-type PbSe/PbS superlattice nanowires as a function of segment length (LpbSe =

Lpbs) for two different wire diameters and crystal orientations, showing comparable

ZT values and a similar dependence on the segment length to that for the n-type

PbSe/PbS superlattice nanowires. The optimal ZT values for 5 nm-diameter p-type

PbSe/PbS superlattice nanowires are calculated as 6.25 and 4.45 with segment lengths

S2 nm and 3 nm for [001] and [111] orientations, respectively. We note that p-type

PbSe/PbS superlattice nanowires have optimal ZT values slightly higher than the

n-type PbSe/PbS superlattice nanowires, which may be due to the smaller effective

masses for holes than for electrons in PbSe and PbS (see Table 5.5).

The thermoelectric performance of superlattice nanowires consisting of PbTe and

PbSe segments is also calculated. Fig. 5-14 shows the ZT of n-type PbSe/PbTe su-

perlattice nanowires as a function of segment length (LPbSe - LPbTe) for two different

diameters (5 nm and 10 nm) and crystal orientations ([001] and [111]) at 77 K. The cor-
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Figure 5-15: Calculated ZT of p-type PSe/PbTe superlattice nanowires as a function
of segment length (LPbSe - LPbTe) for two different wire diameters (5 and 10 nm)
oriented along the [001] (-) and [111] (- - -) directions at 77K.

responding results for p-type PbSe/PbTe superlattice nanowires are shown in Fig. 5-

15. As indicated by Fig. 5-6, PbTe nanodots always constitute the potential barrier

region in PbTe/PbSe superlattice nanowires, regardless of the wire diameter. We note

that in addition to the 5 nm-diameter nanowires, the 10 nm-diameter PbSe/PbTe su-

perlattice nanowires also exhibit an oscillatory ZT behavior because of the smaller

effective masses and larger subband separations for PbTe. The optimal segment

lengths for 5 nm-diameter PbTe/PbSe superlattice nanowires are 2 nm for both

[001] and [111] orientations, with optimal ZT values higher than 6. Compared to

PbSe/PbS superlattice nanowires in Fig. 5-10, the PbSe/PbTe superlattice nanowires

usually possess better thermoelectric performance, which may be due to the better

thermoelectric properties for PbTe than for PbS in the bulk forms. In addition,

the higher carrier anisotropy and smaller effective masses in PbTe than in PbS (see

Tables 5.2 and 5.5), which provide a larger density of states and lighter transport effec-

tive masses in nanowires, may also account for the higher ZT observed in PbTe/PbSe

superlattice nanowires. Table 5.8 summarizes the optimal ZT and the corresponding
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Table 5.8: Optimal ZT and segment lengths of 5 nm-diameter n- and p-type lead salt
superlattice nanowires at 77 K.

Material PbSe/PbS PbSe/PbTe
Orientation [001] [111] [001] [111]

n-type Optimal ZT 4.40 3.70 6.37 8.07
Segment Length 3 nm 3nm 2 nm 2 nm

p-type Optimal ZT 6.25 4.45 6.02 7.58
Segment Length 2 nm 2 nm 2 nm 2 nm

segment lengths for TI- and p-type PbSe/PbS and PbSe/PbTe superlattice nanowires

at 77 K. We notice that p-type PbSe/PbTe superlattice nanowires possess a lower

ZT than their n-type counterparts, in contrast to the p-type PbSe/PbS superlattice

nanowires. This may be due to the larger effective masses and lower mobilities for

holes than for electrons in PbTe (see Tables 5.5 and 5.6).

The calculations so far are made assuming an equal segment length for the two

constituent materials. However, for a given period length L = LA+LB for superlattice

nanowires, the thermoelectric performance may be further optimized by adjusting the

length ratio of the two materials. For example, Fig. 5-16 shows the calculated ZT for 5

nm-diameter n-type PbSe/PbS superlattice nanowires as a function of PbSe segment

length LPbse at a given period L = LpbSe + Lpbs= 10 nm. The optimal ZT values of 5

nm-diameter PbSe and PbS nanowires at 77 K are also shown in Fig. 5-16 for [001] and

[111] orientations. We see that a higher ZT can be achieved for PbSe/PbS superlattice

nanowires with unequal segment lengths for the PbSe and PbS nanodots. For the

[001] orientation, PbSe(2nm)/PbS(8 nm) superlattice nanowires has the highest ZT

of 3.31, while PbSe(3 nm)/PbS(7 nm) superlattice nanowires are optimal for the [111]

orientation with ZT ~ 1.8. As a comparison, for LPbse - LPbs = 5nm, the optimal

ZT values corresponding to [001] and [111] superlattice nanowires are calculated as

2.98 and 1.68, respectively.

For PbSe/PbTe superlattice nanowires, a similar enhancement in ZT is also ob-

served by choosing asymmetric segment lengths. Fig. 5-17 shows the ZT of 5 nm-

diameter n-type PbSe/PbTe superlattice nanowires at 77K calculated as a function

127



PbSePbS
4 r-

3

n
0 2 4 6

Segment Length LPbSe (nm)
8 10

Figure 5-16: Calculated ZT for 5 nm-diameter n-type PbSe/PbS superlattice
nanowires with [001] (-) and 111] (- - -) orientations as a function of PbSe seg-
ment length LPbse at 77 K. The segment length of PbS is chosen such that the period
L = LPbse + Lpbs is constant and equal to 10 nm. The optimal ZT for 5 nm-diameter
PbS and PbSe nanowires are shown as (*) and (0) for [001] and [111] orientations,
respectively.
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Figure 5-17: Calculated ZT for 5 nm-diameter n-type PbSe/PbTe superlattice
nanowires oriented in the [111] direction as a function of PbSe segment length LPbse
at 77K. The segment length of PbTe is chosen such that the period L = LpbSe+LPbTe
is constant and equal to 10 nm. The optimal ZT for 5 nm-diameter PbTe and PbSe
nanowires are shown as (0).
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of PbSe segment length LPbSe at a given period L = LPbSe + LpbTe = 10 rnm. The op-

timal segment length of PbSe is found to be 6 nm with ZT ~ 3.8 for [111] PbSe/PbTe

superlattice nanowires, whereas the the optimal ZT value of PbSe(5 nm)/PbTe(5 nm)

superlattice nanowires is only ~ 2.6 (see Fig. 5-17). We note that since the electronic

band structure and the lattice thermal conductivity of superlattice nanowires are

highly dependent on the wire diameter, segment lengths, and the transport properties

of their constituent materials, the optimal length ratio for the two components is not

universal and may vary for different period lengths and wire diameters. Superlattice

nanowires with unequal segment lengths may possess better thermoelectric proper-

ties than those with equal segment lengths because the thermal resistivity and/or

thermopower can be maximized by increasing the length of materials with desirable

attributes without losing the advantage of the superlattice structure.

According to Table 5.8, the optimal ZT is usually achieved for segment lengths

as short as 2 nm for lead salt superlattice nanowires at a diameter of 5 nm. However,

it is necessary to check these length scales for internal consistency with the model

assumption. First, since the lattice constants of these lead salts are about 5 A, there

are - 400 unit cells in a nanodot with a diameter of 5 nm and segment length of

2 nm, validating the application of the effective mass theorem and the band struc-

ture parameters used in the model calculation. In addition, the ( values defined in

Eq. (5.10) are calculated as ~ 0.4 and 0.5, respectively, for the first subband of 5

nm-diameter [001] PbSe(2 nm)/PbS(2 un) and PbSe(2 nm)/PbTe(2 nm) superlattice

nanowires. Based on the criterion (( < 0.1) for the alloy limit from previous discus-

sions, these superlattice nanowires are not in the alloy limit, and they do possess a

unique electronic band structure that is dramatically different from that for a simple

nanowire. This unique band structure partly accounts for the superior performance

of the superlattice nanowires in comparison to the corresponding alloy nanowires.

129



5.4 Conclusions

In this chapter, we present a model for calculating the electronic band structure and

transport properties of superlattice nanowires. The model considers the quantum con-

finement effects due to a cylindrical wire boundary and the formation of ID subbands

of anisotropic carriers. The dispersion relation of each subband in the superlattice

nanowire is derived using the Kronig-Penney potential model, and exhibits very dif-

ferent features depending on the segment length. It is found that the electronic band

structure of superlattice nanowires of very short and very long segment lengths can be

well-approximated by the superposition of simple ID band structures to substantially

reduce the computational complexity.

The thermoelectric properties of superlattice nanowires made of various lead salts

(PbS, PbSe, and PbTe) are investigated based on the electronic band structure model

derived and ID Boltzmann transport equations. Due to the electron mass differences

between different materials, the potential barrier-well inversion induced by quantum

confinement, which is a unique phenomenon in superlattice nanowires, is observed as

the wire diameter decreases. The thermoelectric figure of merit ZT of these superlat-

tice nanowires is found to be highly dependent on the segment length, wire diameter,

crystal orientation, selection of material constituents, Fermi energy, and the segment

length ratio. It is found that ZT generally increases with decreasing wire diameter

and decreasing segment length before the alloy limit is reached. For thermoelectric

applications, it is usually desirable to design superlattice nanowires composed of ma-

terials that have: (1) semiconducting band structures, (2) low inter-diffusion at the

interface for effective carrier confinement to occur, and (3) multiple carrier pockets

with high anisotropy to achieve a large density of states and small transport effective

masses simultaneously.

For PbSe/PbS superlattice nanowires, ZT values higher than those of PbSO.5 Seo.5

nanowires are possible for segment lengths LPbs - LPbSe < 7 nm. An optimal ZT

of > 4 is obtained for 5 nm-diameter PbSe/PbS superlattice nanowires. PbTe/PbSe

superlattice nanowires possess even better thermoelectric performance than the cor-
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responding PbSe/PbS superlattice nanowires, with an optimal ZT of > 6 because of

a larger carrier anisotropy and smaller effective masses in PbTe. The results indicate

that superlattice nanowires are promising systems for thermoelectric applications,

when properly doped and designed. For the lead salt superlattice nanowires studied

here, it is necessary to choose segment lengths smaller than the wire diameter in order

to have higher ZT values than the corresponding alloy nanowires. For a given super-

lattice period, model calculations show that the ZT value can be further improved

by adopting different segment lengths for the two constituent materials.

The model developed here not only determines the optimal parameters for super-

lattice nanowires (segment length, diameter, materials, and doping level) for thermo-

electric applications, but also can be extended to other superlattice systems, such as

3D quantum dot arrays. Furthermore, the theoretical foundation provides a general

framework to study superlattice nanowires for properties of interest to other appli-

cations. It should be noted that although the results derived from the theoretical

calculations are self-consistent with the model assumptions, transport measurements

on realistic superlattice nanowires (which are not currently available) would provide

valuable information to verify the important approximations and predictions (e.g.,

Kronig-Penney potential for subbands and the potential barrier-well inversion) and

to further improve the theoretical model.
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Chapter 6

Conclusions and Future Directions

6.1 Conclusions

This thesis presented an extensive experimental and theoretical study of the thermo-

electric-related transport properties of Bii_,Sb, nanowires, and developed a theoret-

ical framework for predicting the electrical properties of superlattice nanowires.

The Bi-related nanowires were synthesized by a template-assisted fabrication

scheme, whereby nanowires were formed by pressure injecting liquid metal alloys

into the cylindrical pores of anodic alumina. TEM and XRD studies showed that

these nanowires possessed a very high crystalline quality with a common crystallo-

graphic orientation along the wire axis, and this preferred growth direction was found

to be diameter-dependent. EDX verified that the Sb concentration in the Bi1 ,Sb,

nanowires was consistent with that of the bulk alloy used in pressure injection, and

confirmed that Sb was uniformly distributed throughout the entire wire. These char-

acterization results justified the important fundamental assumptions and provided

valuable information for modeling and understanding the transport properties of

Bii_,Sb, nanowires.

A theoretical model for predicting the electronic and transport properties of

nanowires was presented in Chapter 3, taking into consideration the effects of cylin-

drical wire boundary, multiple and anisotropic carrier pockets, and non-parabolic

dispersion relations. The application of the model to Bi1 ,Sb, nanowires revealed a

132



unique semimetal-semiconductor transition as the wire diameter decreases or as the

Sb concentration increases. In addition, an interesting physical phenomenon involv-

ing a very high hole density of states due to the coalescence of ten hole carrier pockets

was uncovered for Bii_,Sb, nanowires under certain conditions. This would be par-

ticularly useful for improving the thermoelectric performance of p-type materials.

Various transport measurements were carried out for Bi-related nanowires as

a function of temperature, wire diameter, Sb content, and magnetic field. Resis-

tance measurements showed distinct temperature dependences for semimetallic and

semiconducting nanowires, as predicted by the theory. Furthermore, with the help

of modeling, the condition for the semimetal-semiconductor transition of Bii_,Sb,

nanowires could be clearly identified. The resistance of 40-nm Bii_,Sb, nanowires,

which was predicted to be semiconducting at all x, exhibited a complex dependence

on the Sb content due to the presence of multiple types of carrier pockets and their

energy dependence on the Sb content. An enhanced Seebeck coefficient was observed

for BiixSbx nanowires as the diameter decreases or as the Sb content increases, indi-

cating that Sb alloying and the quantum confinement effects in Bi are both effective

at decreasing the band overlap and enhancing the thermopower. The theoretical

model was further extended to study transport properties of other nanowires, such as

Te-doped Bi nanowires and Sb nanowires, and good agreement between theoretical

predictions and experimental results was obtained, illustrating the applicability of

our nanowire model.

A model for superlattice nanowires was presented to evaluate their potential

for thermoelectric applications. Thermoelectric properties of superlattice nanowires

made of various lead salts (PbS, PbSe, and PbTe) were investigated. An interest-

ing inversion of the potential barrier and well induced by quantum confinement was

predicted in superlattice nanowires as the wire diameter decreases. The thermo-

electric figure of merit ZT of these superlattice nanowires was found to be highly

dependent on the segment length, wire diameter, crystal orientation, selection of

material constituents, Fermi energy, and segment length ratio. The results showed

that ZT generally increased with decreasing wire diameter and with decreasing
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segment length before the alloy limit was reached. For the lead salt superlattice

nanowires, it was necessary to choose segment lengths smaller than the wire diameter

in order to have higher ZT values than the corresponding alloy nanowires. For a

given superlattice period, the ZT value could be improved by adopting different

segment lengths for the two constituent materials. The model developed here not

only determined the optimal parameters (segment length, diameter, materials, and

doping level) for thermoelectric applications, but also could be expanded to other

superlattice systems, such as 3D quantum dot arrays. Furthermore, the theoretical

foundation given here provided a general framework to study properties of interest to

other applications of superlattice nanowires.

6.2 Suggestions for Future Studies

In this section, we summarize several research directions that are worthy of further

research.

In this thesis, we have performed extensive transport measurements on Bi 1 ,Sb,

nanowire arrays using a two-probe setup, and valuable information has been

extracted with the help of theoretical modeling. Further experimental studies on

single or free-standing nanowires are intriguing because single-wire measurements

minimize the uncertainties arising from the distribution of nanowire characteristics

(e.g. wire diameter, crystal quality, crystallographic orientation, Sb content, etc.)

in an array, so that a detailed quantitative comparison between model calculation

and experimental results would be possible. In addition, they would also provide vi-

tal information that cannot be obtained by the two-probe measurements, such as the

absolute conductivity that is critical in determining the thermoelectric figure of merit.

Recently, thermal conductivity [131] and electrical conductivity measurements [97,

113] of single nanowires have been demonstrated by patterning tiny electrodes and

heaters using novel lithographic techniques. While these single-wire measurement

techniques may be readily applied to Bi1lSb, nanowire systems, oxide problems and
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materials issues (e.g. compatibility with the lithography resist and chemicals used)

remain as major challenges that have to be overcome in order to study the transport

properties of single nanowires.

Another promising opportunity associated with single-wire measurements is the

possibility to control Fermi energy via a third gate electrode [113,132]. The gate

electrode is usually separated from the nanowire by a thin oxide layer, and the native

oxide that is formed on the surface of the free-standing nanowires could be useful in

this respect if the oxide thickness can be carefully controlled. Since the transport

properties and thermoelectric performance of nanowires are highly dependent on the

placement of the Fermi energy, the ability to control the Fermi energy and the carrier

concentration is critical in optimizing the thermoelectric figure of merit. Compared

with other means to vary the Fermi energy of nanowires by doping with impurity

atoms (e.g. Te), the use of a gate electrode has additional advantages that the Fermi

energy may be fine tuned by the external circuit without having to prepare numerous

samples with different doping levels, and the electron scattering due to the charged

impurities can be avoided. Gate electrodes can be fabricated on nanowires by electron

beam lithography [132] or by the crossing of a second nanowire on top of the target

nanowire, as demonstrated by Huang et al. in nanowire-based field-effect transistor

(FET) devices [113].

For practical thermoelectric applications based on nanowires, we need to

synthesize both p- and n-type thermoelectric components and assemble nanowires

to a macroscopic scale as required by real devices. One promising scheme proposed

by Rabin et al. is to pattern the templates and then grow nanowire arrays electro-

chemically [133]. In this approach, different types of nanowires can be selectively

grown at different locations of the template to provide the required functionality.

In addition, this technique also possesses the potential to synthesize nanowires with

smaller diameters (< 10 nm), and can be scaled up to produce large-area nanowire

arrays.

In Chapter 5 of the thesis, superlattice nanowires were investigated with

theoretical modeling. Transport measurements on realistic superlattice nanowires,
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Figure 6-1: Schematic diagram of a coaxially layered (core-shell) nanowire.

which are not currently available, would provide valuable information to verify the

important approximations and predictions (e.g., Kronig-Penny potential for subbands

and the potential barrier-well inversion), and to further improve the theoretical model.

It would also be interesting to study superlattice nanowires with non-perfect period-

icity. While Gomez et al. have pointed out that the electronic band structure may not

be significantly affected by the discrepancy from the perfect periodic potential [134],

the lattice thermal conductivity may be, however, further reduced due to random

interference of the phonon waves.

Besides the superlattice nanowires, another heterogeneous structure that is of

great interest for nanowires is a coaxially layered structure, as shown in Fig. 6-1.

These radially modulated nanowires can be synthesized by first growing a nanowire

by the VLS method, and then changing the synthesis conditions to deposit a different

material on the nanowire surface by CVD. Lattice dislocations due to lattice

mismatch at the heterogeneous interface may be avoided if the outer shell thickness

is kept small to facilitate epitaxial growth of the shell on the surface of the nanowire

core. This technique was demonstrated for the synthesis of Si/Ge and Ge/Si coaxial

(or core-shell) nanowires [135], and it was shown that by a thermal annealing process,

the outer shell can be formed epitaxially on the inner core. These coaxially layered

nanowires may be carefully designed to provide a unique ID system that has high
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mobility carriers and reduced lattice thermal conductivity. By choosing a narrow-

gap material for the core, and a potential barrier material as the shell of the coaxial

nanowire, the electron wavefunctions will be confined in the potential well of the core

region, thus minimizing the electron scattering at the wire boundary and enhancing

the carrier mobility. We note that since the surface conditions (e.g. roughness, passi-

vation layer, dangling bonds, etc.) of nanowires usually have significant impact on

the electrical properties of ordinary nanowires, this core-shell structure is desirable

to eliminate surface effects by confining the electrons within the core region. The

core-shell interface may also be beneficial for thermoelectric applications as increased

phonon scattering at the interface would reduce the lattice thermal conductivity.
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