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Department of Electrophysics
National Chiao Tung University

Abstract

There are experiments revealing changes of physical properties in
low dimensional materials likely due to size reduction. In quasi one
dimension nanowires, the quantum confinement and surface effect may
affect their magnetism, transport, and thermodynamic properties. To
evaluate these one-dimensional properties a bottom-up method was used
to fabricate iron and Bi,Te; nanowires in an AAQO template using
chemical electrodeposition.  The average diameters of two highly
ordered iron nanowires are about 60 and 200 nm, respectively, and that of
Bi,Te; nanowires is 60 nm. Magnetization measurements show a larger
anisotropic magnetization in both 60-nm nanowires. It is illustrated by
the formation of magnetic easy axis and preferred crystal orientation of
[110] along the longitudinal axes of nanowires. The quadratic magnetic
field dependence of normalized magnetoresistance (MR) at low field is
attributed to the additional effect of demagnetization in low dimensional
systems.

A top-down fabrication method was employed to create single nickel

il



nanowires for the direct study of transport and thermodynamic properties
in one wire. Optic, e-beam lithography, thermal evaporation, and
etching techniques were applied to construct individual and sagging
nickel nanowires on a silicon wafer. The thermal conductivity of the
sagging nickel nanowire was measured between 15 and 300 K. The
room temperature and 0.5 K electrical resistivity are about 36 pQ2-cm and

17 uQ-cm respectively, giving a low residual resistivity ratio (RRR) of
only 2. As compared to the bulk Ni - this result indicates that the

conductive electrons are strongly scattered by defects and impurities. The
temperature dependence of thermal conductivity and Lorenz number also
significantly differ from that of the bulk. Transport measurement data
on the nickel nanowire show that at 75- 300 K, it follows the
Wiedemann-Franz law, whereas the agreement break down below 75 K
indicating that the thermal current 1s more suppressed than the electrical

current in the one dimension system.
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Chapter 1

Introduction

Metal and semiconductor nanowires (NW) exhibit much different behaviors
from those of the bulk, because of quantum confinement and surface effects,
distribution of electron energy states, diameter dependence of band gap, enhanced
surface scattering of electrons and phonons, large surface to volume ratio and large
aspect ratio. Some of their unique mechanical, electrical, magnetic and thermal
properties make them become fundamental building blocks for both nano-science and
nano-technology in electronic and magnctic materials, as well as biologic sensor and
recording media. Consequently, nanowires become an important one-dimensional
system in research.

Ferromagnetic NW arrays have attracted special attention owing to their great
potential applications in high density magnetic storage media, high sensitivity
magnetic sensor and biologic technology [1-4]. For example, perpendicular
magnetic recording (PMR) of nanowire arrays could overcome the thermal instability
limit of superparamagnetism. Modern magnetic storage devices made by these
materials can have bit densities in excess of 100 Gbit/in® [5-7]. Indeed, extensive
research has been focused on magnetic nanowires in recent years [8-15] for their great
importance on the production of magnetic devices. In this required,
better understanding of their magnetism, electrical transport and fundamental
low-dimensional properties is a pressing issue.

Also relevant to this work is the development of thermoelectric materials, which



convert the heat energy to electric power. The energy conversion efficiency of

thermoelectric materials is judged by a figure-of-merit,

2
ZT:S_GT
KL-|-Ke
2 , (1.1)
N
(—)+L,T
nep

where n, S, Lo, e, k1, k. and ¢ are the carrier density, seebeck coefficient, Lorenz
number, electronic charge, lattice thermal conductivity, electronic thermal
conductivity and electrical conductivity, respectively. Clearly, the transports
properties of nanowires are critically important to enhance dominate the efficiency of
thermoelectric materials.

The characteristic transport properties of nano-crystalline materials are sensitive
to the number of interfaces, random atomiic arrangements, impurities, and defects. In
consequence, the effective number of conduction electrons are limited to those, which
pass or tunnel through all the boundaries along the mean free path (mfp), resulting in
additional resistivities [16-18].  The grain size and transverse dimensions in
nanowires are comparable to mfp leading to the enhanced contribution of normal
(N-processes) electron-phonon and electron-electron scattering at low temperatures
[19], because in this case each scattering is followed by a collision with the surface.
There is also a considerable s-d scattering in ferromagnets, particularly in Ni [20, 21],
which, for its turn, increases the number of N-processes, leading to redistribution of
energy between hot and cold electrons. Thus, in nanowires the behavior of charge
current may differ from the behavior of heat current, even if the heat carriers are also
charged particles, giving rise to the violation of Wiedemann-Franz law (WF).
Recently, the behavior of the Lorenz number (L) in disordered systems has become

the topic of several theoretical treatments, which suggest the deviation from the WF



law in nonmagnetic granular metals [22, 23], and the correction AL of Lorenz number
have to be positive. In addition, there are theoretical supports that a decreasing
diameter will also cause changes of electron band structure, then the thermopower
(Figure 1.1a).

Since, from the microscopic view, understanding of the electron and phonon
transport mechanisms in an individual nanowire is important for the study of
low-dimensional thermoelectric materials, the size reduction may be a new factor to
improve the thermoelectric properties, such as seebeck coefficient (S), electrical
conductivity (o) and thermal conductivity (k). One experimental result showed that
bismuth nanowires experience a semimetal-to-semiconductor transition. Figure 1.1b
shows a temperature dependent resistance with varies size of bismuth-nanowire [24].
Moreover, there is a further prediction that the segment nanowires may deeply reduce
phonon transport in nanowires. To achicve these object there are two efforts
required. The first one is the preparation of one-dimensional materials. The other
one is the construction of a transport property measurement system.

For sample preparation, the porous anodic aluminum oxide (AAQO) is considered
to be a template for growing nanowire because of its high-density and uniformity of
pores. This kind of bottom-up method is to fill thermoelectric materials such as
bismuth and Bi,Tes; into AAO template by chemical electrodeposition, as already
demonstrated by several groups. Such a combination of AAO and electrodeposition
technique provides a high quality and low cost approach in synthesizing low
dimensional materials for both scientific research and applications [25, 26].

Although fabrications of nanowire arrays and their magnetic properties have
been widely studied [27-31], magneto transport properties have been seldom reported.
Especially, most of transport studies on nanowires focused on electrical resistivity,

whereas the knowledge of heat transport suffers from the lack of information. As

3



the goal to study conductive nanowires, we built a system for thermodynamic and
transport properties measurements, based on a so-called “self-heating 3w method”.
By using this method, we measured the electrical resistivity, thermal conductivity and

specific heat of a single sagging nickel nanowire at the same time.

TITOTTTT r— rrr —
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Figure 1.1 (a) Below a certain wire diameter, a semimetal-to-semiconductor transition
occurs in Bi-nanowire. (b) Measured temperature dependence of the resistance ratio
R(T)/R(300) of Bi-nanowire of various diameter.



Chapter 2

Theorem

Introduction

This chapter descripts properties for transports behavior, magnetism, and
thermoelectricity. Section 2.1 focuses on transport properties of electrons and
phonons, which include (A) Kinetic theory of ideal particles and (B) Thermal
conductivity of metals. [32-34|

Section 2.2 gives a common description to magnetism about magnetic materials.
Section 2.3 will introduce the thermoelectricity for thermoelectric materials, which
include bulk and low-dimensional materials. Mainly, this section will talk about the
two important effect, they are Seebeck, and Peltier effect and the definition of favor

thermaoelectric parameter: figure-of-merit Z7.



2.1 Thermal conduction

Thermal energy can be transmitted through materials via electrical carriers
(electrons or holes), phonons (lattice waves), electromagnetic waves, spin waves, or
other excitations. Normally, the total thermal conductivity is the summation of

carriers, phonons, and the other components representing various excitations:
KZK6+Kph+ZKa, (2.1)
where o denotes other excitations. The thermal conductivities of solids vary
dramatically in different materials. This is caused by differences of lattice structure,
defects or dislocations of lattice, anharmonic of the lattice vibration, grain sizes for
polycrystalline samples and carrier concentrations.  All of these differences will take
effects to interactions between the carriers. and the phonons and etch other,
interactions between magnetic ions and the lattice waves, etc. These effects make
the thermal conductivity an interesting area of study both experimentally and
theoretically. In metals, the major thermal energy carriers are electrical carriers
(electrons and holes), while in insulators lattice waves are the dominant heat

transporter.



2.1.1 Kinetic theory of ideal particles

To consider a general case, in a thermal nonequilibrium system with ideal
particles, the thermal conductivity coefficient x of gas is defined with respect to the

steady-state flow of heat with a temperature gradient:
O=-«x-VT, (2.2)

where x, @, and T are thermal conductivity, heat flow rate, and absolute temperature
respectively.
A particle moves in the presented temperature gradient with velocity v, we

assume that the heat capacity of this particle is ¢, its energy must change at a rate of

OE

~

ot

=—cp-VT. (2.3)

The average distance of particles collect with one another is oz, where 7 is the
relaxation time. The average total heat flow rate per unit area summing over all

particles is therefore

@ ==nec <D -D>?T = —;ncwsz. (2.4)

The brackets in Eq. (2.4) represent an average over all particles. To Combine Eq.

(2.2) and (2.4), we have
1 , 1
Kk =—nctv” =—Cvl, (2.5)
3 3

where C=nc is the total heat capacity and /=vt is the particle mean free path (mfp).
In solids the same derivation can be made for various excitations (electrons, phonons,
etc.). In general, the thermal conductivity is the contributions from all components,

the total x can be

o=l (Col,+Cu,l, +> Cu,l,), (2.6)

_5 a“a‘a

where the summation is over all excitations, denoted by a. Equation (2.6) gives a



good phenomenological description of the thermal conductivity, and it is practically
very useful for order of magnitude estimates.

Like most of the nonequilibrium transport parameters, thermal conductivity
cannot be solved exactly. Calculations are usually based on a combination of
perturbation theory and the Boltzmann equation, which are the bases for analyzing the

microscopic processes that govern the heat conduction by carriers and lattice waves.

2.1.2  Thermal conductivity of metals

Most metals are solids with crystal structure where the ions occupy translational
equivalent positions to form 3-dimensional lattice structuie in the crystal. Thermal
energy could be transported via lattice vibration in crystal structure when a
temperature gradient is imposed on the structure. ~ In metals, the heat conduction
associated with the vibrations of the lattice called phonon thermal conductivity, k.
Meanwhile, the periodic arrays of ions construct a condition, in which the free
electrons could transport freely in the lattice structure. These electrons are
responsible not just for the transport of charge but also for the transport of heat. Their
contribution to the thermal conductivity is referred to as the electronic thermal
conductivity .. In discussions of the heat transport in metals, one makes an implicit
and essential assumption that the electrons and phonons are independent entities.
They are described by their respective unperturbed wave functions, and any kind of
interaction between the charge carriers and lattice vibrations enters the theory
subsequently in the form of transitions between the unperturbed states. This suggests

that one can express the overall thermal conductivity of metals as consisting of two
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independent terms, the phonon contribution and the electronic contribution:
K=K,+K,. (2.24)

These two electrons and phonons are certainly the main heat carrying entities.

In fact, in metals such as gold, silver, copper, and aluminum, the heat current
associated with the flow of electrons by far exceeds a small contribution due to the
flow of phonons. Thus, for practical purposes, the thermal conductivity can be taken
as that due to the charge carriers. For high impurity metals the electronic term is less
dominant, and one has to take into account the phonon contribution in order to
properly assess the heat conducting potential of such materials. It is known that
there are some other possible excitations in the structure of metals, such as spin waves,
that may, under certain circumstances, contribute a small additional term to the
thermal conductivity. For simplification, we shall not consider these small and often
conjectured contributions. In the following selections, the transport of electrons and
phonons would be discussed, respectively. — Table 2.1 presents thermal and electrical
conductivities of familiar metals together with their Lorenz ratio, all referring to a

temperature of 273 K.



TABLE 2.1 Thermal conductivities of pure metals at 273 K. [34]

Metal # (Wim-K) o (1078 (im) L (107% VHKY) Ref.
Ag 436 147 234 11
Al 237 243 2.10 12
Au 318 203 2.39 13
Ba 233 9.8 2.55 14
Be 230 28 2.36 15
Ca 186 308 2.13 16
Cd 100 6.80 2.49 15
Ce 11.2 (291 K) 0.0 w35 17
Co 99 (300 K) 599 1.98 (300 K) 18
Cr 95.7 (280 K) 11.8 411 19
Cs 37 (295 K) 18.0 2.5 (295 K) 20
Cu 402 (200 K) 173 (300 K) 2,31 (300 K) 21
Dy 10.4 (291 K) 93 375 (291 K) 22
Er 13.8 (291 K) 79 375 (291 K) 22
Fe 80.2 (280 K) 8.64 2.57 (2R0 K) 23
Ga (|| ) 16.0 50.3 295 19
(| a 41.0 16.1 241 19
(|| by 48.6 75 243 24
Gd 9.1 (291 K) 128 42 (291 K) 22
Hf 22.4 (93 K) 31.0 (293 K) 245 (293 K) 25
Hg (|[) 34.1 (197 K) 14.6 (197 K) 253 (197 K) 26
(L) 25.9 (197 K) 19.3 (197 K) 2.55 (197 K) 26
Ho L1E (200 K) TR0 (300 K) 3 27
In 8.25 (2800 K) 28
Ir 470 29
K 6.20 30
La 59 22
Li 8.5 31
Lu 16.2 (291 K) 250 22
Mg 153 (301 K) 45 (301 K) 32
Mn (o) 7.8 (3] K) 137 40 (291 K) 22
Mo 143 4.85% 2.56 33
Na 142 429 34
Nb 51.8 (280 K) 133 (280 K ) 35
Nd 16.5 (291 K) SR 3.7 (M1LK) 22
Ni 93 (280:K) 6.24 2.19 (280 K) 36
Os 323 8.3 27 (322 K) 29
Pb 5.5 19.2 2.50 37
Pd 71.7 0.74 257 38
Pr 128 63 2.1 (280 K) 39
Pt 71.9 (280 K 9,82 2.59 (280 K) 23
Pu 52 (298 K 130 248 (208 K) 40
Rb 55.8 11.3 2.30 4]
Re 49 16.9 3.05 42
Rh 153 (280 K) 435 2.46 (280 K) 43
Ru 110 (280 K) 6.7 2.72 (280 K) 43
Se 21.8 44 43 44
Sm 13.4 (291 K) a0 43 (291 K) 22
Sn 64 10.6 248 15
Sr 51.9 11.0 2.18 14
Ta 57.7 (280 K) 12.1 2.56 (280 K) 45
Th 10.4 (291 K) 110 425 (291 K) 22
Te 51 (300 K) 16.7 ~ 34 (300 K) 46
Th 49.3 139 2.56 47
Ti 22.3 40 3.25 48
Tl 50.6 15 2.8 49
U 28 (278 K) 24 2.8 (278 K) 50
A 35 (260 K) 189 2.4 (260 K) 51
W 183 (280 K) 485 3.27 (280 K) 23
Y 15.9 (291 K) ~ 52 2.9 (291 K) 22
Zn 114.5 (283 K) 55 2.31 (2R3 K) 52
Zr 20.5 (323 K) 39 3.4 (323 K) 53
As (pe) 27 (298 K} 31.7 (298 K) 2.87 (298 K) 54
(L c-axis) 51.0 (300 K) 284 (300 K) 483 (300 K) 55
(|| c-axis) 29.0 (300 K) 38.6 (300 K) 3.73 (300 K) 55
Bi (pc) 7.8 (298 K) 148 (298 K) 3.87 (2908 K) 56
(L c-axis) 9.8 (300 K) 112 (300 K) 3.65 (300 K) 57
(|| c-axis) 6.0 (300 K) 135 (300 K) 2.69 (300 K) 57
Sh 18.2 43 2.87 58
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Electronic thermal conduction

For the free electron theory in solids, we consider each electron as an ideal
particle. These particles move in a periodic potential produced by the ions and other
electrons without interaction, and then regards the deviation from the periodicity due
to the vibrations of the lattice as a perturbation. The values of the electron wave

vector k depend on the periodicity and the size of the crystal. The electron energy

E,. depends on the form of the potential and is a continuous function of k in a

Brillouin zone, but it is discontinuous at the zone boundaries. According to

Fermi-Dirac distribution, the equilibrium distribution function f/;O of electrons in the

state k 1is given by
A—_Ei @)
ke (EA _EF) 1 > .
exp(—-—)+
AT

B

where Er and kp are the Fermi energy and Boltzmann’s constant, respectively. For
Boltzmann’s equation, in the presence of an electrical ficld E and a temperature
gradient VT, the steady statc that represents a balance between the effects of the
scattering processes, the external field and temperature gradient. The expressions
for the current density J and the heat%?{! [}L]ii :\L_%«%g o Q are
J = eb, f.dk (2.8)

and

0= [(E,—E, ), fdk. (2.9)
Here we define an integral function K, as

of;
OE.

k

K, =-[0kir(k)\(E; — E,) <= dk . (2.10)
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Thus Eqgs (2.8) and (2.9) can be written as [34]

J=K,E, —%KﬁT (2.11)

and
O=eK|E, —%KﬁT, (2.12)

respectively. As J =0, the electronic thermal conductivity can be simplified as

A 2
i L[KK_] 2.13)
vri., T K,

And from Eq. (2.11), the electrical conductivity ¢ can be derived as

o=¢ekK,. (2.14)
Since of, 1;0 /OE is approximately a delta function at the Fermi surface with width pT,

K, can be evaluated by expansion. Therefore we observe

) T 2
KzzzkngO'(EF)+O(lj;J : (2.15)
€ F
and
K A
Lol 5| (2.16)
KO EF

Thus Egs. 2.13 can be derived into the Wiedemann-Franz law with the standard

Lorentz number L, as

272
K, _7ky

e

T3 =2.45x10°*W.Q/K*. (2.17)
O e

0
From this free electron gas model, the Lorenz number is totally a calculation of
physics constants. This implied that pure metals should have the same electronic
thermal conductivity to electrical conductivity ratio, and this ratio is proportional to
the absolute temperature. Furthermore, for strong degenerate electron gases, Eq.

(2.17) 1s independent of the scattering mechanism and the band structure for the
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electrons as long as the scatterings are elastic. The Wiedemann-Franz law is
generally well obeyed at high-temperatures. However, the law fails at low- and
intermediate-temperature due to the enhanced inelastic scattering of the charge
carriers. Over a wide temperature range, scattering of electrons by phonons is a
major factor for determining the electrical and electronic thermal conductivities.
The resistance due to this type of scattering is called the ideal resistance. The ideal
electrical and electronic thermal resistances can be approximately written as

1 (1Y (6,
pi=— —A(GD] JS(TJ (2.18)

1

and

R o O
Tk LT\6,) " Tl w2\ gy )\ T ). 27° J,(6,/T)

H Op/T x_ne,\
/[T’)jz fr——ctr, (2.20)

0 (e“"—l)u

6 1\2
P i i @ 2.21)
4¢° (m ) n_k,0,k.0;

Op 1s the Debye temperature for phonons, kr is the electron wave number at the Fermi
surface, gp is the phonon Debye wave number, G’ is the constant representing the
strength of the electron-phonon interaction, n. is the number of unit cells per unit
volume, and v is the electron velocity at the Fermi surface. By combining Egs.
(2.18) and (2.21), at high temperature (T>>6p), as the electron-phonon interaction

under consideration, the electronic thermal conductivity is

AT

-4 2.22
40, @22)

Pi

and thermal resistivity is
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A P,
W = = 2.23
"460,L, L, T (223)

At low temperature (T<<6)p), the electronic thermal conductivity is

5
T
p,=124.44 (9—} , (2.24)

D

and thermal resistivity is

3 2
w=1244-1] L % ke | (2.25)
LT\6,) 77\ q,

In addition to the electron-phonon interaction, the electron-defect interaction
contributes to the electrical resistivity and electronic thermal resistivity. According

to Matthiessen’s rule, the resistivity p and the electronic thermal resistivity W, is
|
P FI=2 0% (2.26)
o
and

e

1
W.o=—=W,+IV, (2.27)
K

e

where py and W) are the residual electrical resistivity and electronic thermal resistivity,
respectively, due to the clectrons scattered by impuritics and defects. At very low

temperature, the electronic thermal conductivity

1 LT

K,~—=

W, Py

. (2.28)

is linear dependence of temperature. The Wiedemann-Franz law hold at very high
and very low temperature as shows in Figure 2.1. In alloys or metals with a high
concentration of defects, electron-defect and electron-phonon interaction only become
comparable at high-temperatures. In this case, there is no maximum in the «,, versus,
T curve, and x, will approach the high-temperature constant monotonically as T
increases. Both cases are illustrated in Figure 2.2, which shows the low temperature

thermal conductivity of silver [34].
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Figure 2.1 Temperature dependence
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Figure 2.2 Thermal conductivity of very low and high residual resistivity silver,

showing the influence of the residual resistivity on the low-temperature thermal

conductivity.
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Lattice thermal conduction

Lattice thermal conduction is the dominant thermal conduction mechanism in
nonmetals, if not the only one. In solids, lattice vibrations are an essential feature of
all crystalline material, atoms vibrate about their equilibrium positions. Even in
some semiconductors and alloys, it dominates a wide temperature range. The
vibrations of atoms are not independent of each other, but are rather strongly coupled
with neighboring atoms. The crystal lattice vibration can be characterized by the
normal modes, or standing waves. The quanta of the crystal vibration field are
referred to as “phonons”, a kind of ideal particle. Phonon dispersion curves for
solids normally consist of acoustic and optical branches. Schematic phonon

dispersion curves for monatomic and diatomic lattices are shown in Figure 2.3.

(a) i -+

1 o A opl l l] 1

i ! L
acoustic = acouslic
’ “”
/4 7
r

0 g —— ma, © g T/ag

Figure 2.3 Schematic phonon dispersion curves for a given direction of g of (a)

monatomic lattice and (b) diatomic lattice. The lattice parameter is denoted ay.

The low-frequency acoustic branches correspond to atoms in a unit cell moving in
same phase, whereas the high-frequency optical branches represent atoms in a unit
cell moving in opposite phases. In the presence of a temperature gradient, the
thermal energy is considered as propagating by means of wave packets consisting of
various normal modes, or phonons. So, from this point of view, we could treat
transport of lattice vibration as interaction of particles, collision of phonons. There

are two collision-process, they are the Normal and Umklapp processes. As the N
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process (K;+K,=K3) occur, where the K;, K>, and K; are the momentum of three
collision phonons, the phonon flux is unchanged in momentum on collision.
Therefore there is no thermal resistance in this kind of elastic collision. The other one
is U process, the important three-phonon processes that cause thermal resistivity are
of the form K;,+K,=K;+G, where G is a reciprocal lattice vector. As temperature
higher than Debye temperature (6p), all phonon collisions will then be U processes,
with the attendant high momentum change in the collision. In this regime we can
estimate the thermal resistivity without particular distinction between N and U
processes. At high temperature the lattice thermal resistivity is linear dependence of

temperature. [32]
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2.2 Magnetism

Paramagnetism

The orientations of magnetic moments in paramagnetic materials are random and
they are independent to each other. We could consider the total magnetic moment of
a paramagnetic material as an atom or ion in free space. The magnetization should
proportion to the external applied field, and obey the Curie law [1, 2].
Paramagnets do not retain any magnetization in the absence of an externally applied
magnetic field, because thermal motion causes the spins to become randomly oriented.
Thus the total magnetization will drop to zero when the applied field is removed.
Even in the presence of the field there is only a small induced magnetization because
only a small fraction of the spins will be oriented by the field. Paramagnetic
materials possess a quite small positive magnetic susceptibility (y), which is less than

107, normally.

Ferromagnetism

It is well known that ferromagnets expose to a magnetic field they retain the
magnetization even the field is removed. Ferromagnet was used for any material
that could exhibit spontaneous magnetization: a net magnetic moment in the absence
of an external magnetic field. In particular, a material is "ferromagnetic" in this
narrower sense only if all of its magnetic ions add a positive contribution to the net
magnetization. If some of the magnetic ions subtract from the net magnetization, then

the material is "ferrimagnetic". If the ions anti-align completely so as to have zero
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net magnetization, despite the magnetic ordering, then it is an antiferromagnet. All
of these alignment effects only occur at temperatures below a certain critical
temperature, called the Curie temperature for ferromagnets and ferrimagnets or the
Néel temperaturefor antiferromagnets. The most common way to represent the
magnetic properties of a ferromagnetic material is by a plot of magnetization M

against H, as shows in Figure 2.4 [32].

Magnetic induction (CGS)
B =H +47M

Magnetic fic

Figure 2.4 A typical hysteresis loop of a ferromagnetic material.
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2.3 Thermoelectricity

In the three decades from 1821 to 1851, the basic effects were discovered and
understood macroscopically, and their applicability to thermometry, power generation,
and refrigeration was recognized. The sole lasting contribution in the next 80 years
was Altenkirch's derivation of thermoelectric efficiency in 1911. Then in the late
1930s, there began 20 years of progress (figure 2.6) that lead to a microscopic
understanding of thermoelectricity and the development of today's materials [35].

The topic of thermal-electric energy conversion phenomena were studied over
two century. The thermoelectric effect provides a means by which thermal energy
can be converted into electricity can be used for heat pumping or Power generation.
Especially, the solid state cooling and power generation devices which based on
thermoelectric effects have been investigated since the Seebeck and Peltier effect

were discovered [36, 37].

! (Bi,Sb), Te, &
Bi,(Te, Se),

3F optimized alloys
"-‘S 2t Bi)Te, (n & p)
N

u pBiTe, & Bi

Bi alloys
0 1 1 1 1

1956 1960 1970 1980 1990 2000

Figure 2.5 Progress in the figure of merit of thermoelectric materials at room

temperature.
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Seebeck effect

The Seebeck effect was first presented by Thomas Johann Seebeck in 1821.
This phenomenon related with the generation of a voltage along a conductor when it
is subjected to a temperature gradient. Chemical potential cause carriers (electrons
or holes) diffuse from the hot side to the cold side, creating an internal electric field
that opposes further diffusion. The Seebeck coefficient is defined as the voltage

generated per degree of temperature difference between two ends (figure 2.7a).

s=_9" (2.30)
ST

Peltier effect

The Peltier effect is the reverse of the Secbeck effect and observed in 1834 by
Jean Peltier. The Peltier effect describes a phenomenon that carriers carry heat when
they flow through a conductor. The heat current Ig is proportional to the current I

and the proportionality constant [T is called the Peltier coefficient (figure 2.7b).

I

,=Tlel, (2.31)

@ A )

Tw B Tc ' B

Figure 2.6 Definition of the thermaoelectric effects. The conductors A and B are
joined at junctions 1 and 2. (a) If these junctions are at different temperature, a
Seebeck voltage appears across an opening in one of the conductor. (b) If a current

is passed, there is Peltier cooling at one junction and Peltier heating at the other.
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A thermoelectric EMF is created in the presence of a temperature difference
between two different materials. This usually causes a continuous current to flow in
the conductors. The voltage is on the order of hundred and several microvolts per
degree in semiconductor and metal, respectively. As two materials are joined
together, there will be an excess or deficiency in the energy at the junction. The
energy difference make the junction either absorb or emit heat, causing heating or
cooling. The Seebeck and the Peltier coefficients are related through the Kelvin
relation I1=ST, where T is the absolute temperature. A commercial thermoelectric
device is shown in Figure 2.8a, which made of many pairs of p—n legs. P-type and
n-type semiconductor elements are welded in the top and bottom sides, such that a
current flows through all the elements in series, while the energy they carry leaves the
cold or hot side in parallel. = The thermoelectric power generator and cooler work in
reverse, which shown in Figure 2.8b and 2.8c, respectively. For example, in a power
generator the hot side has a higher temperature, electrons and holes are driven to the

cold side through diffusion and flow through an external load to do useful work.

| |
N1

(b) TI111 © —EEEEEE
| —
Loading

Figure 2.7 (a) The actual commercial thermaoelectric device. (b) and (c) are the

cooler and power generator, respectively.
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The heat energy to electrical power conversion efficiency for a given
thermocouple varies with the resistance of the load. Ioffe (1957) showed that the

highest efficiency is given by

(I,-T,) (Q+zD)*
T, T./T,+01+2Z7)"’

n (2.32)

where T is taken to be equal to (Ty+T¢)/2, and the quantity Z, which is known as the
figure of merit of the thermocouple. The performance of thermoelectric device

depends on the figure of merit (ZT) of the material, given by

_SZO'

K

ZT T, (2.33)

where S, T, o and « are the Seebeck coefficient, absolute temperature, electrical
conductivity and thermal conductivity, respectively.  From an intuitional view, the
reason that the electrical conductivity ¢ enters Z is due to Joule heating. The thermal
conductivity x appears in the denominator of Z because, in thermoelectric coolers or
power generators, the thermoelectric elements also act as the thermal insulation
between the hot and the cold sides. The main research issue in thermoelectric
materials is to increase power factor (mutilation of So) and decrease thermal
conductivity (k) to cause a large figure of merit.

In the recent two decades, environment-protection concepts lead to renewed
activity in the science and technology of alternative energy. The directly usage of
solar energy is an important issue. There are two accepted proposes for develop the
solid-state energy converter, they are photonic-electric and thermal-electric effects.

The thermal-electric effect related phenomena were observed and studied for a
long time. Closely related cooling and power generation mechanisms,
thermomagnetic effects and themionic emission, are less well established but may

soon have their day.
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In bulk materials, the quantities S, ¢ and « are inter-related, so that the figure of
merit, ZT, is difficult to increase in conventional 3D crystalline systems. For a long
time, materials with ZT ~1 were accepted limit of ZT. But the new variable of size
gives rise to differences in the density of electronic states, allowing new opportunities
to vary S, o and «x independently. The common picture of dimensional-dependent
band structure is shown in figure 2.5. As the dimension decreases from 3D
crystalline solids to 2D (quantum wells) to 1D (quantum wires) and finally to OD
(quantum dots), new physical phenomena are introduced and new opportunities to

vary S, ¢ and « independently.

L] v 7] 7]
(o] o (=} o
[a] al a a
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3D 2D 1D (o]
Bulk Semiconductor Ouantum Well Ouantum Wire Ouantuin Dot

Figure 2.8 Electronic density of states for (a) bulk 3D crystal, (b) 2D quantum well, (c)

1D nanowire and (d) OD quantum dot.

There are three generic approaches have been proposed to date for
low-dimensional materials, which described in ref.4. (1) quantum-confinement effects
[38]: to enhance density of states near the Fermi energy. Using such effects, a ZT of
0.9 at 300 K and 2.0 at 550 K, using estimated thermal-conductivity values, has been
reported [39] in  PbSeposTep/ PbTe  quantum-dot  structures. (2)
phonon-blocking-electron-transmitting superlattices:  These structures utilize the
acoustic mismatch between the superlattice components to reduce x; [40-42], thereby
potentially eliminating alloy scattering of carriers. (3) thermionic effects in
heterostructures. [43] Furthermore, they also report a ZT at 300 K of ~2.4 in p-type

Bi,Tes/Sb,Te; superlattices and a ZT ~1.4 in n-type BiyTes/BiyTess35¢€0.17
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superlattices.

The low-dimensional materials seem owing a lot of different behavior from bulk
materials.  This gives us the motivation to investigate on electronic and
thermodynamic behavior for understanding the fundamentals in nano-physics. In the
recent two decades, environment-protection concepts lead to renewed activity in the
science and technology of alternative energy. The directly usage of solar energy is
an important issue. There are two accepted proposes for develop the solid-state
energy converter, they are photonic-electric and thermal-electric effects.

The thermal-electric effect related phenomena were observed and studied for a
long time. Closely related cooling and power generation mechanisms,
thermomagnetic effects and themionic emission, are less well established but may

soon have their day.
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Chapter 3

Experimental facilities and measurement methods

Introduction

This chapter introduce equipments for study the samples. Section A of 3.1
gives a bright description of X-ray diffraction (XRD) technique for characterizing the
lattice structure of nanowires by the x-ray powder diffraction method. Section B of
3.1 gives the description of Scanning electron microscope (SEM) for determining and
observing the geometry dimensions and morphology of samples, respectively.
Section C of 3.1 talks about the sample temperature control system.

The last decays have seen significant developments in thin-film thermal
conductivity measurement techniques. However, the characterization of the thermal
conductivity of a nanowire remains a challenging task.  Usually, thermal
conductivity measurements are difficult to make with relatively high accuracy,
certainly better than within 5%. Sections of 3.2 descript the methods for us to study
the electronic and thermal conductivity. Section A of 3.2 introduces the four-probe
method for resistivity measurement. Section B and C of 3.2 gives the detail
description for Self-heating 3® method and Construction of measurement system &

sample holder, respectively.
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3.1 Introduction to experimental equipments

3.1.1 X-ray diffraction (XRD)

X-ray diffraction (XRD) is a non-destructive technique that reveals detailed
information about the crystallographic structure of natural and manufactured materials.
It’s now a common technique for the study of crystal structures and atomic spacing.
When a monochromatic X-ray beam with wavelength A is projected onto a crystalline
material at an angle 6, diffraction occurs only when the distance traveled by the rays
reflected from planes differs by a complete number n of wavelengths when conditions
satisfy Bragg's Law (nA=2d sin 0). This law relates the wavelength of electromagnetic
radiation to the diffraction angle and the lattice spacing in a crystalline sample.
Conversion of the diffraction peaks to d-spacing allows identification of materials. By
varying the angle, the Bragg's Law conditions are satisfied by different d-spacings in
polycrystalline materials. Based on the principle of X-ray diffraction, a wealth of
structural, physical and chemical information about the material investigated can be
obtained. A host of application techniques for various material classes is available,
each revealing its own specific details of the sample studied.

The specific wavelengths are characteristic of the target material (Cu, Fe, Mo,
Cr). The geometry of an X-ray diffractometer is such that the sample rotates in the
path of the collimated X-ray beam at an angle 0 while the X-ray detector is mounted
on an arm to collect the diffracted X-rays and rotates at an angle of 20. The instrument
used to maintain the angle and rotate the sample is termed a goniometer. X-ray
powder diffraction is the method used for the identification of unknown crystalline
materials. In our results, the XRD is performed by the PANalytical X'Pert PRO

analysis system.
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3.1.2  Scanning electron microscope (SEM)

The scanning electron microscope (SEM) is a type of electron microscope that
images the sample surface by scanning it with a high-energy beam of electrons in a
raster scan pattern. The electrons interact with the atoms that make up the sample
producing signals that contain information about the sample's surface topography,
composition and other properties such as electrical conductivity.

The types of signals produced by an SEM include secondary electrons,
characteristic x-rays, specimen current and transmitted electrons. These types of
signal all require specialized detectors for their detection that are not usually all
present on a single machine. The signals result from interactions of the electron beam
with atoms at or near the surface of the sample. In the most common or standard
detection mode, secondary electron imaging or SEI, the SEM can produce very
high-resolution images of a sample surface, revealing details about 1 to 5 nm in size.
Due to the way these images are created, SEM micrographs have a very large depth of
field yielding a characteristic three-dimensional appearance useful for understanding
the surface structure of a sample. This is exemplified by the micrograph of pollen
shown to the right. A wide range of magnifications is possible, from about x 25 (about
equivalent to that of a powerful hand-lens) to about x 250,000, about 250 times the
magnification limit of the best light microscopes. Characteristic X-rays are emitted
when the electron beam removes an inner shell electron from the sample, causing a
higher energy electron to fill the shell and release energy. These characteristic x-rays
are used to identify the composition and measure the abundance of elements in the
sample. The morphology and geometry dimensions of our samples are determined
with models Hitachi S-4200 FESEM and Horeba EX-220 energy dispersion

spectroscopy.
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3.1.3 Magnetic Property Measurement System (MPMS)

The Quantum Design MPMS provides solutions for a unique class of sensitive
magnetic measurements in key areas such as high-temperature superconductivity,
biochemistry, and magnetic recording media. The modular MPMS design integrates
a Superconducting Quantum Interference Device (SQUID) detection system, a
precision temperature control unit residing in the bore of a high-field superconducting
magnet, and a sophisticated computer operating system. Powerful software controls

measurements, making data collection and analysis quick and easy.

3.1.4  Physical Property Measurement System (PPMS)

The Quantum Design PPMS represents a unique concept in laboratory equipment:
an open architecture, variable temperature-field system, designed to perform a variety
of automated measurements. = Use the PPMS with options designed for it or easily
adapt it to your own experiments. Sample environment controls include fields up to
+ 5 Tesla and temperature range of 1.8 - 400 K. Its advanced expandable design
combines many features in one instrument to make the PPMS the most versatile

system of its kind.
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3.1.5 Cryostat system

The construction for temperature control system include three main parts, the
OXFORD Heliox series “He refrigerator, sample holder, and control device. The
figure below represents a schematic of the. The *He refrigerator insert can be treated
like any sample rod for a variable temperature insert. Once loaded, the insert is
cooled from 300K down around 70K using exchange gas. The *He gas contained in
a small dump sitting on top of the insert is then condensed at around 1.5K. Once the
*He pot has reached a stable temperature and condensation is completed, the
adsorption pump will start to cool the *He pot and experimental set-up to below 300
mK. The condensation and the cool down time typically require less than 1 hour.
Meanwhile, a homemade sample holder (Figure 3.1) was mounted together with the
commercial heater on the "He pot. ~ The minimum temperature of this construction is
0.4 K, and in our expericnce, the temperature of sample can keep at this temperature
over 4 hours. Furthermore, the whole temperature control instruments were

monitored by a computer through the interface GPIB.

Radiation

Shielding ——_

Sample chip

|
|
|
|
~
~ |
~
Sample mounting bas

— Copper base

Figure 3.1 The sketch of the homemade sample holder with copper base and two
layer shields.
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3.2 Electronic property measurement methods

3.2.1 Four-probe method

If you wanted to determine the high precise of a resistance, you would probably
connect its two leads up to an Ohmmeter and read off the value. This could be a
problem, if the resistance you are trying to measure is very small. A voltage source
may damage your sample due to the high passing current. Do you know how much
current should we use to measure resistance? For this reason, one often determines
the resistance of a sample by passing through it a known current I, measuring the
resulting voltage drop AV, and performing the division to get R = AV/I.  This might
be a direct current, or it might be an alternating current. The constant-current circuit
allows us to determine the sample resistance with a very small current eliminating the
possibility of damage to the sample, especially for an ultra fine wire.

We now turn to the other issue, the problem of lead resistance. The sample
resistance might be so low that the resistance of the leads running to the sample might
be significant by comparison. A related problem is that of contact resistance.
Somehow we must connect leads between our sample and the external circuit, and this
involves making "contact" to the sample. Contacts are notorious sources of
resistance. The situation is illustrated as Figure 3.2a. Let the two contacts to the
sample be represented by equivalent resistances R¢; and R¢,. The measured voltage
drop V=1 (Rci + Rs + Rez). How do we know what fraction of the voltage drop V
is due to R and how much is due to the contacts? Fact is we have no way of
knowing, because we measure their series combination. This is especially a problem
if Rg is much smaller than R¢; and Rep.  Consequently, the resistance of the leads

will be in series with the resistance you are trying to measure, so will of course
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include to the reading.

The four-probe method is the most common way to separate out the resistivity of
conducting materials. This can be seen by looking at the equivalent circuit, shown in
the Figure 3.2b. Two of the probes are used for applied current source and the other
two probes are used to measure voltage. By separating the current contacts from the
voltage contacts we are able to distinguish the sample resistance from that of the
contacts and connecting wires. If the voltmeter has an infinite input impedance, no
current will flow through the voltage contacts, and the measured voltage drop V is
across the portion of the sample that is between the two voltage contacts. Even if R

is much smaller than R¢; and R, the measured voltage drop is still V=1 R.

Figure 3.2 The sketch for the conditions of leads connection from sample to
instruments and the effective circuits. Inset (a) is the 2-probe method. Inset (b) is
the 4-probe method.
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Using a Lock-in to Measure Resistance

The voltage drop AV is measured with an oscilloscope, high sensitive voltmeter,
or better yet, with a lock-in amplifier. If you are trying to measure voltages on the
order of microvolt, you should consider using a lock-in amplifier. Lock-in
amplifiers are ideal for making low-frequency resistance measurements. The basic
idea is to replace the direct current source with an oscillator Ipsinwt, and to replace the
voltmeter with a phase-sensitive-detector. Most lock-in amplifiers combine both of
these. The oscillator frequency o is set to some low value, say 13 Hz. The lock-in
is set to use its own internal oscillator as the reference for the PSD. The lock-in is
calibrated to read AV in RMS-voltage so that the sample resistance
R=AV/I=(AV/Erms)XRr, where Erys and Ry is the RMS-voltage of the lock-in’s
oscillator and a series resistor, respectively. In the circuit above there is an
oscilloscope connected to the signal monitor output of the lock-in. It is very
important to "look" at what it is that you are measuring; never trust the reading
without first viewing the signal. The BNC cable connections are "blown up" on the
sample box to show the internal wiring of the box. To be sure, all BNC connectors

are connected to the BNC cables as expected.
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3.2.2  Self-heating 3®» method

Knowledge of the thermal conductivity of thin films, multilayer thin-film, and
wires structures is critical for a wide range of applications in microelectronics,
photonics, microelectromechanical systems, and thermoelectric materials [44-47].
Some methods developed for the determination or measurement of thermal
conductivity of materials, such as the steady-state technique, the 3w technique, and
the thermal diffusivity measurement. [48] Each of these techniques has its own
advantages as well as its inherent limitations, with some techniques more appropriate
to specific sample geometry, such as the 3o technique for individual nanowires. For
steady-state method, the thermal conductivity of solids is usually determined by
measuring the temperature gradient produced by a steady heat flow in a
one-dimensional geometry. Direct measurements of the thermal conductivity, for
example, typically require the determination of the heat flux and the temperature drop
between two points of the sample. Figure 3.3 shows a typical sample configuration
of a bulk system. Unfortunately, these techniques often require large, precisely
shaped samples and extreme care to be used successfully.  From a practical view, it’s
impossible to achieve this setup for thin-film and nanowire system. In order to study
thin-film and nanowire system, a technique was developed to measure thermal
properties. One important technique is the 3@ method, which take 3™ harmonic
signal to measure the thermal and electrical conductivity along longitudinal direction.
The 3w technique and methods for the measurement of thermal conductivity of
nanowires is discussed in detail as follow.

In this method, if the sample is electrically conductive and with a
temperature-dependent electric resistance, the specimen itself could serve as a heater

as well as a temperature sensor. Feeding an ac electric current of the form Ipsinwt
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into the specimen creates a temperature fluctuation on it at the frequency 2w, and
accordingly a resistance fluctuation at 2. This further leads to a voltage fluctuation
at 3w across the specimen. Systematic investigations of the 3v method were carried
out mainly during the 1960°s [49-51] and in the last ten years, [52-57] which made the
method practical. However, in the previous studies the heat conduction equation
was solved under the approximations either only for the high frequency limit, [49, 50,
57] or only for the low frequency limit. [52, 54, 55] With those approximations one
lost either the information on the thermal conductivity or the information on the
specific heat of the specimen. By comparison with other methods, the 3w method
yields more information. This method can measure electrical conductivity (o),
thermal conductivity (k) and specific heat (C;) at the same time. In following
sessions the explicit solution for the 1D heat-conduction equation, which was reported

by L. Lu in [58] would discuss.

Heat sink

Figure 3.3 The typical arrangement for thermal conductance measurement.
Usually, the large bulk sample is fixed on a high thermal conductive heat sink. The
heater is placed on top of sample to provide a steady heat flow by a power P,
which generate a stable temperature gradient cross the sample. The temperature
different AT then is measured with a set of thermometry, since the thermal

conductivity x can be calculate with the simple formula x=P/AT.
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We consider a uniform filament-like specimen in a four-probe configuration as
for electrical resistance measurement. A complete construction for this model is
shown in Figure 3.4. The two outside probes are used for feeding an electric current,
and the two inside ones for measuring the voltage across the specimen. The
specimen between the two voltage probes is suspended to allow temperature
fluctuation. All probes have to be highly thermal conductive, to heat link the
specimen at these points to the substrate. The specimen has to be maintained in a
high vacuum and the whole setup is heat shielded to the substrate temperature to
minimize the radial heat loss through convection and radiation. In such a
configuration and with an ac electrical current of the form Iysin(wt) passing through
the specimen, the heat generation and diffusion along the specimen can be described

by a partial differential equation, which the details will descript in next session.

Figure 3.4 the sketch for sagging structure and the temperature distribution of a
wire. As shows in the right figure, a sagging wire presents a temperature gradient
by injecting a current into wire. For an appropriate applied current, the temperature
of end points of the wire contacting with heat sink is keeping the same with heat

sink.
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3" harmonic signal:

In a one-dimensional configuration and with a sinusoid electrical current passing
through the specimen, the heat generation and diffusion along the specimen can be
described by the following partial differential equation and the initial and boundary

conditions:

2

0 0 17 sin’ ot
C —T(x,t)-xk—T(x,t)=—">"——
PC (x,1) P (x,1)

(R+R(T(x,0)-T,), (3.1)

where k, C,, R, p, L, and S are the thermal conductivity, specific heat, electric
resistance, mass density, length, and cross-section of the specimen at the substrate
temperature Ty , respectively. Let A(x, 7) denote the temperature variation from Ty,

i.e., A(x,/)=T(x,£)-To Egs. 3.1 then becomes

)
%A(x,l)—a g

- A(x,8)+esin® wreA(x, 1) = bsin® ot , (3.2)

ox1
where a=x/pCp is the thermal diffusivity, and b = I, R/pCrLS , ¢ = IR /pCpLS.

They obtain the temperature distribution along the specimen:

< (1 (=1)" ! -
T(x,t)—ToonZ[ ( )J><sinWm[l~sm(2wt+¢")], (3.3)

20’ L J1+cot’ @,

where cotg,=2wy/n’, and A=2yb/x = 2I;7RL/7xS is the maximum dc temperature

n=l

accumulation at the center of the specimen. 4y is only x dependent. The information
of Cp is included in the fluctuation amplitude of the temperature around the dc
accumulation.

By solving the partial differential equation, the resistance fluctuation can be

expressed as

, w[l_(_l)n}z sin (2at +¢,)
§R=RA0; Py {1—\/@ . (3.4)

The production of the total resistance R+JR and the current /) sinwt, the voltage

across the specimen contains a 3o component V3,(¢). Only taking the n=1 term at
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low frequency range, the 30 component can be express as
2ILRR'

7' xS\1+ 20y’

The root-mean-square value of voltage across the specimen contains a 3w

v, () ~— sin (3wt —¢). (3.5)

component V3,(t), we have

3 i
v ~_ 4ULRR (3.6)

o *kSy1+ 2wy)’ ’

where the k and y are thermal conductivity and thermal time constant, respectively.

By fitting the experimental data to this result, we can get the thermal conductivity and
thermal time constant of the specimen. The specific heat can then be calculated as

C p:nzyK/pLZ.
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3.2.3 Electronics and sample chip

The measurement system for four-probe and self-heating method includes three
main parts; sample temperature control and electronic measurement system.

For the sample temperature control, a sample holder from THERMODYNAMIC
INSTRUMENTS CORP. with low magnetic field NiCr-heater was mounted onto the
commercial cryostat (OXFORD He’ refrigerator), which provide a cooling power to
cool sample to low temperature. The heating power was controlled by the
temperature controller LakeShore-340 of Lake Shore Cryotronics, Inc., which control
the temperature of sample in the range form 0.3 to 350 K. In the holder, there were
three resistance-temperature-detector (RTD) used to detect the temperature of sample.
They are PT100 and Cernox from Lake Shore Cryotronics, Inc., and SA-1400 from
THERMODYNAMIC INSTRUMENTS CORP.  PT100 perform an accuracy
temperature sensing in the calibrated range from 30 to 550 K, however, Cernox and
SA-1400 give the accuracy temperature from 0.3 to 100 K.  Especially, the calibrated
SA-1400 temperature sensor is a high sensitivity and low magnetic influence sensor,
which provide a double checking to prevent the missing working of Cernox.
Furthermore, this whole set was installed to a He' dewar, which includes a
superconductor magnetic with maximum field up to 9 Tesla.

The electronic instruments for resistance measuring include an alternating
current source, preamp and lock-in amplifier, and power transformer. The model of
current source was KEITHLEY 6221, which provide sine wave current from 1 nA to
100 mA and frequency range from 1 mHz to 100 kHz. The voltage signal were
amplified by pre-amplifier 5113 and pick up with lock-in amplifier AMetek model
7265. All instruments operating were performed by a computer with GPIB and

LABVIEW program.  Meanwhile, all data were collected and transfer to computer
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for recording and calculating by GPIB interface. The characterization and operating
detail of cryostat probe was described in session 3.1-D. The detail schema of the

temperature control devices and electronic instruments show in figure 3.5.

g AC current source

\ l Trigger

[)

' I
] 72 4- probe electrodes
= %%

[ - 4 High thermal
:- H eat s 1nk I conductive substrate

Figure 3.5 The schematic sketch of measurement setup and settling of specimen.
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Chapter 4

Nanowires fabrication

Introduction

First of all, the fabrication of nano-scale materials is a challenge and much
important to research of low-dimensional systems. This chapter introduces the
experimental tools and techniques involved in fabricating nanowires. In order to
synthesis nano-materials, several methods were reported to form nanostructure.
Some of them, the methods are used usually for some special materials. This chapter
introduces two methods to fabricate nanowires. The first part is a Bottom-up method,
which the nanostructure formed self-assembly (Self-assembly method, SAM). Section
4.1 describes the detail procedures to fabricate nano-porous template and how to form
nanowires within these anodic aluminum oxide (AAO) templates. The second part is
a Top-down method, which need a lot of patterning and etching processes. Sections
4.2 will give the description to the lithographic (Optical Lithography, OL and Electron

Beam Lithography, EBL), film deposition and etching techniques.
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4.1 Bottom-up method

In this method, we combined two techniques to form nanowires. First, we use
the anodization process to form porous template, it’s so called anodic aluminum
oxidation technique. This technique is a self-assembly reaction, the acid solution
will oxidize aluminum (Al) foil under a specific applied electric field to form
amorphous alumina (Al,Os3) with high aspect ratio and uniform nano-pores. Second,
a deposition procedure is used to grow materials into these nanopores in templates by

so called electrodeposition.

4.1.1 Fabrication of nano-scale porous template

In recent years, there has been increasing interest in the fabrication of
nanometer-sized fine structures because of their potential utilization in electronic,
optical, and micromechanical devices. Although, Several techniques have been
proposed to synthesis high-density and regular nano-pore arrays, such as e-beam and
x-ray lithography, proton beam writing (PBW) and AAQO [59-65]. The AAO is one
approach to the fabrication of nanometer-sized structures, and the AAO has been
considered as a naturally occurring structure as a host for the fabrication [64-71].
This approach is promising, especially for the preparation of large-area,
nanometer-sized structures with high aspect ratios, which are difficult to form by a
conventional lithographic process. Over all techniques, AAO is the better choice by
most material researchers, because of its simple and rapid fabrication and cost
effectiveness. The technique of porous formed in electrolytes under anodic bias has
been studied and reported in 1953. [72] In 1970s, O’Sullivan and Wood [73]

presented a model based on the electric field distribution to explain why pores grow at
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all and why their size distribution is quite narrow. The further refined models [74-76]
can give microscopic explanations for the dependence of, e.g., pore diameters and
pore distances on applied voltage or electrolyte composition. In recent decade, the
attractive issue about low-dimensional science is giving rise to a lot of research on
growing porous anodic aluminum oxide (AAO) [77-85]. Anodic porous alumina,
which is prepared by the anodic oxidation of aluminum in an acidic electrolyte, is one
of the typical self-organized fine structures with a nanopore array [86, 87]. Anodic
porous alumina has a packed array of columnar hexagonal cells with central,
cylindrical, uniformly sized holes ranging from 7 to 400 nm in diameter. Such
nanopore arrays of alumina (Al,O5) are known to exhibit hexagonally ordered pores
and considerable structural sfrength on the nanoscale. Many types of
nano-composites have been fabricated with anodic porous alumina used as a host
material; when used for the preparation of magnetic recording media [88, 89], optical
devices [90], functional electrodes [91. 92| and -electrochromic [93] and
electroluminescence display devices [94], the holes in these materials are filled with
metals or semiconductors.

Self-organized formation of hexagonal pore arrays in anodic alumina provides a
conventional tool to fabricate the low-dimension materials. Porous oxide growth on
aluminum under anodic bias in various electrolytes has been studied for several
decades [86]. But highly regular polycrystalline pore structures occur only for a
quite small processing window. Recently reported self-organized pore growth,
leading to a densely packed hexagonal pore structure for certain sets of parameters.
Especially, within an oxalic acid, the pore size is a linear relationship to anodic
voltage [95]. Figure 4.1 shows this published result revealing this dependence.
According to these parameters and follow the process, it is easy to select the

parameter for getting suitable size of pores.
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Figure 4.1 Relationship between pore diameter and growth rate of anodic alumina

membrane and anodic voltage.

Experiment

The chemical reactions of aluminum oxidation are [96]
Anodic reaction: 2A1 > 2AP +6¢
Oxide-electrolyte interface: 2 AI’* + 3H,0 — ALO; + 6 H'
Cathodic reaction: 6H +6¢ — 3H,
Overall reaction: 2 Al+3 H,O0 — ALO; +3 H,
This reaction occurs spontaneously until the compact barrier layer is formed.

Chemical reactions in aqueous are always complex, so that the diameter of pores in
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AAO template well depend on temperature, electrolyte composition, and electrical
potential. In order to obtain the high regular, uniform pore diameter, and thick
alumina foil, a low temperature experimental set-up is designed to provide all
components at low temperature. Figure 4.2 shows the experimental set-up.
Temperature of the electrolyte and components are maintained at low temperature
around 0 °C using a commercial refrigerator. A resistance temperature detector
(RTD) was used for the temperature sensing, and a 400 mL beaker was used to

contain the electrolyte.

Aluminum foil

Refrigerator

Figure 4.2 The setup scheme for the fabrication of nano-porous template. sThe
materials of anode and cathode electrode are copper and platinum, respectively.
This whole set were placing on a temperature and stirrer controller in a

refrigerator.
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A pure Aluminum foil (purity ~ 99.9999%) is degreased by ultrasonic cleaner
with acetone and ethanol in sequence. The pure and cleaned aluminum foil was
mounted on a copper plate which was served as the anode electrode, and subjected to
electro-polishing in a H3PO4: H,SO4: H,O solution with weight ratio 4:4:2 for
obtaining smooth surface. The applied potential is about 20 Volt to flatten the
surface of foil. Then, a two-step anodic oxidization process is performed to fabricate
AAO template. The flattened foil is anodized in an acid aqueous at a suggested
applied voltage about 0 ~ 3 °C. Pretreated foil then goes through the second
anodizing with the same condition of first step. To this step, sample formed three
layers, they are pore-layer, barrier-layer, and aluminum-layer. The barrier-layer is a
thin alumina layer, which is covering and stoking nanochannels to stop the passing of
electrolyte. For the goal to remove the barrier layer, CuCl, and 2 wt% NaOH are
used to etch the aluminum and barrier layer in sequence. Figure 4.3 shows some
SEM images of AAO templates by the above condition.  This detail processes will

show in Figure 4.4.
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Figure 4.3 Three top-views and one side-view of anodic alumina membrane with pore

size ~60, 20, and 10 nm.
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Figure 4.4 The scheme of a whole procedure to deposit nanowires in AAO template.
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4.1.2 Fabricate nanowires by electodeposition

Metal Electrochemical deposition also called electrodeposition for short is the
branch of electrochemistry that deals with the chemical action of electricity and
production of electricity by chemical reaction. Electrodeposition is an important
processing technique for depositing thin films and nanostructures due to its low cost,
high yield, low energy requirements, and capability for generating complex and high
aspect ratio features. Electrodeposition has been widely used in the microelectronics
industry for interconnects, chip packaging, and magnetic storage. Especially, the
thin film deposition or growth is important in these fields. Thin film science and
technology play a crucial role in the high-tech industries all over the world today.
For the first half of the past century, interests in thin films were centered on optical
applications. Here, we will use this technique to grow iron and Bi,Te; nanowires.

The experiment setup were shown as Fig. 4.6

] reference counter
working electrode electrode
electrode (Hg/Hgs0,) Pt)

Figure 4.5 The scheme of experimental arrangement of electrodeposition setup.
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4.2 Top-down method

The typical Top-to-Down technique for fabricating devices or sample is
lithography. Roughly, there are two techniques used to make devices and samples,
one is the Optical lithography, the other one is so called Electron-beam lithography.

The following sections will introduce these two technique and related techniques.

4.2.1 Lithography

Introduction to patterning

Optical lithography also called  Photolithography is a process used in
microfabrication to selectively remove parts of a thin film. Usually, it uses
ultraviolet light to transfer a pattern from a photomask to a light-sensitive photoresist
(or say resist) on the substrate. = The exposed sample will go through a series of
chemical treatments then cut the exposure parts into the material underneath the
photoresist.

Photolithography shares some fundamental principles with photography, in that
the pattern in the etching resist is created by exposing it to light, either using a
projected image or an optical mask. This step is like an ultra high precision version
of the method used to make photography. Subsequent stages in the process have
more in common with etching than to lithographic printing. It is used because it
affords exact control over the shape and size of the objects it creates, and because it
can create patterns over an entire surface simultaneously.

The steps involved in the photolithographic process are wafer cleaning;

photoresist application; soft baking; mask alignment; exposure and development; and
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hard-baking. The typical sequences of process steps are given in Figure 4.6 is
typical for most silicon substrate fabrication steps. The cleaned substrate is covered
with a homogeneous metal layer, which is subsequently coated with suitable
photoresist. Illumination and development of the resist through a mask exposes
some areas of the metal layer, while others are protected by the resist. The
illumination is usually carried out with ultraviolet light or with electrons. An etch
step follows, which selectively removes the free metal surfaces. Here, the resist acts
as an etch mask. Finally, the resist gets removed, and a patterned metal layer on the
substrate results. However, the much nonmetal material is not performed by this
processing, since essentially all snitable metal etchants attack those materials as well.
Therefore, fabrication scheme Figure 4.7 is typically used. Here, the substrate is
first covered by resist, which gets illuminated and developed. Now, the metal is
evaporated on the substrate, with the patterned resist acting as evaporation mask. The
lift-off step follows. i.e., the resist is removed with the metal film on top. The final
result is identical to that one of scheme Figure 4.6. For selective etching of the
substrate Figure 4.8, steps | to 3 are identical to Figure 4.7. Then, the patterned resist
is used as an etch mask for the substrate. We now discuss these fabrication steps in

following sections.
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Resist spin coating

UV light or e-beam Metal mask

VLT ke

UV light exposure

Development

Etching and resist remove

Figure 4.6 The typical sequences of process steps are given as above. It is typical

for most silicon substrate fabrication steps.



Resist spin coating

UV light or e-beam Metal mask
UV light exposure
Development

Thin film deposition

Resist remove

Figure 4.7 The much nonmetal material is not performed by procedure as figure
4.6, since essentially all suitable metal etchants attack those materials as well.

Therefore, fabrication scheme above is typically used.
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UV light or e-beam Metal mask
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Figure 4.8 For that of high temperature deposition process, the substrate etching

procedure usually choosing to solve the difficulty.



Defining patterns in resists

Optic lithography

By this we mean illumination of a photoresist by visible or ultravioletlight. The
sample is coated with a thin and homogeneous photosensitive resist. This is done by
dropping some resist solution onto the sample, which is then rotated for about one
minute at high speed, typically a few thousand rpm. The spinning speed and the
viscosity of the solution determine the thickness of the resist layer, which is of the
order of 1 um. After baking the resist the sample is mounted into a mask aligner, a
device designed for adjusting the sample with respect to a mask that contains the
structure to be illuminated. The mask aligner is equipped with a strong light source
that illuminates the resist film through the mask see Figure 4.9a. The pattern sizes
are Doppler limited, which means that the smallest feature sizes are about half the
wavelength (~ 150 nrn), divided by the index of refraction of the resist (~ 1.5), which
limits the resolution to roughly 100 nm. The mask can be a quartz plate Coated With
a thin chromium film, which contains the pattern to be illuminated. In the contact
illumination scheme, the Cr film is in mechanical contact with the resist and blocks
the light, such that the resist underneath the Cr remains unexposed. During contact
illumination the mask suffers contaminations due to dust particles on top of the resist,
as well as by resist adhesion. This can be avoided by projection illumination, where
the mask pattern is transferred into the resist via lenses. This technique is widely used
in industry, but somewhat unusual in research labs. The photoresists can be classified
as positive and negative. The solubility of the exposed areas increases for a positive
resist, while it decreases in negative resist; see Figure 4.9a. Immersing the sample

into a suitable developer removes the corresponding sections of the resist film. Both
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types of resists have in common that their solubility as a function of the illumination
dosage is a step-like function. This ensures high resolution and sharp edge profiles.
It may seem irrelevant at first what kind of resist is used in a particular process.
There may, however be some process specific requirements which favor one type or
the other. Most importantly negative resist predominantly produces an undercut
profile which means that after development, the resist area in contact with the sample
is smaller than the area at the resist surface, Figure 4.9b. This is a consequence of the
approximately exponentially decreasing intensity of the illuminating light as it
penetrates into the resist. An undercut profile is highly, desirable for subsequent
metallization steps, in which the resist itself serves as mask.  After the metallization
the resist including the metal film on top usually has to be removed in a lift-off step,
which is bound to fail for resists with an overeat profile since the metal on the sample
and that one on top of the resist are connected. An undercut profile avoids this
problem, provided the thicknesses of metal layer and resist are properly selected.

In principle, the resolution can be increased by using shorter wavelengths. In
X-ray lithography resists, are illuminated with wavelengths in the 10 nm regime.
While significant progress, has been achieved over the past decade severe
technological obstacles have to be overcome before this, version of optical
lithography can he widely used. Photoelectrons limit the resolution to several 10 nm,
and optical components as well as masks are difficult to fabricate since, metals get
transparent in the UV. The ultimate limit of such lithographic techniques is set by the
resolution of the resists, which contain organic polymers. The cross linking of the
polymers is enhanced or reduced by the light, which modifies their solubility
accordingly. Thus, the resolution cannot become better than the size of the
corresponding monomers, which is of the order of 0.5 nm. For feature sizes below ~

150 nm, electron beam lithography is- the current technique of choice.
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(a) UV light or e-beam Metal mask
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Figure 4.9 The selected resists and exposure devices may change the pattern
resolution of by the typical sequences of process steps. Inset (a) is the resist cross
section of positive and negative resist. The solubility of the exposed areas increases
for a positive resist, while it decreases in negative resist. Inset (b) is the resist

profile of different resist.
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Electron beam lithography (EBL)

Instead of light electrons may be used as well for illuminating resists, which are
in this case polymers like PMMA (poly-methyl metacrylate) with a well-defined
molecular weight. In a positive resist, the electron beam breaks the bonds between
the monomers, and an increased solubility results. In negative resists, on the other
hand, the electron beam generates inter-chain cross linking, which deceases the
solubility in that respect electrons have a very similar effect as U.V. light on the resist.
A focused electron beam is scanned in a predefined pattern across the, sample using
deflection coils in the electron optics. In contrast to optical lithography, this is a
serial and therefore a slow process. However structure sizes of 50 nm and even
below can be fabricated. Many research groups use electron beam lithography in the
lab for all feature sizes below 2 pm, because the technique gives very good and
reproducible results.  One type of electron beam lithography wuses a high
energy-beam of electrons (about 30 keV or larger), which produce extremely small
spot sizes of about 1 nm only. However the illumination resolution is worse than
this, since the spatial distribution of secondary electrons backscattered from the
substrate actually illuminate the resist. Since the intensity of those electrons drops
from the substrate towards the surface of the resist, an undercut profile is intrinsic to
this process. The undercut is often enhanced by a two-layer electron beam resist

with different dosages.

4.2.2  Thin film deposition system

The vacuum thermal evaporation deposition technique consists in heating until
evaporation of the material to be deposited. The material vapor finally condenses in

form of thin film on the cold substrate surface and on the vacuum chamber walls.
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Usually low pressures are used, about 10 or 10” Torr, to avoid reaction between the
vapor and atmosphere. At these low pressures, the mean free path of vapor atoms is
the same order as the vacuum chamber dimensions, so these particles travel in straight
lines from the evaporation source towards the substrate. This originates “shadowing”
phenomena with 3D objects, especially in those regions not directly accessible from
the evaporation source (crucible). Besides, in thermal evaporation techniques the
average energy of vapor atoms reaching the substrate surface is generally low (order
of kT, i.e. tenths of eV). This affects seriously the morphology of the films, often

resulting in a porous and little adherent material.

4.2.3 Etching

An important techllique for transferring the resist pattern into the sample is
etching. Patterned resists can be used as etch masks, provided the etchant is

sufficiently selective. We distinguish between dry etching and wet chemical etching.

Dry etching

The setup for dry etching techniques consists of a vacuum chamber with two
electrodes at the top and the bottom. The sample is placed at the bottom which may
be the anode or the cathode, depending on the process. A gas discharge is ignite, and
the ions of the etch gas hit the sample (Figure 4.10). One speaks of plasma etching
if the reaction is purely chemical. Oxygen plasma etching is often used to remove
resist layers. The low energy ions avoid damage of the semiconductor and metal
components of the sample. A purely physical technique, on the other hand is ion
etching. Here, suitably selected ions are generated and strongly accelerated towards

the sample. The physical impact removes sample atoms. Here, resists may serve
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as masks for a limited time. Radiation, damages in the sample, combined with the
requited high vacuum and the large rate of material deposition at the walls, make this
a rather unusual technique. Widely used, however, is reactive' ion etching. Here,
both the physical and the chemical aspects of the ionic, exposure are important. A
very convenient side produces in this kind of etching a polymer formation at the
etched walls, which prevent lateral removal of material. As a consequence very

steep and deep grooves can be etched.

Figure 4.10 The sketch of a reactive ion etching (RIE) device, which performed a

high selectivity and uniformity for etching process.

Anisotropic wet chemical etching

This is the simplest etching technology. The rates depend on the etch
composition as well as on the crystal direction. The resulting edge profile can thus
be tuned accurately. All it requires is a container with a liquid solution that will

dissolve the material in question. Unfortunately, there are complications since
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usually a mask is desired to selectively etch the material. One must find a mask that
will not dissolve or at least etches much slower than the material to be patterned.

Some single crystal materials, such as silicon, exhibit anisotropic etching in
certain chemicals. Anisotropic etching in contrast to isotropic etching means the
different etch rates in different directions in the material. The classic example of this
is the <111> crystal plane sidewalls that appear when etching a hole in a <100>
silicon wafer in a chemical such as potassium hydroxide (KOH). The result is a
pyramid shaped hole instead of a hole with rounded sidewalls with an isotropic
etchant. The principle of anisotropic and isotropic wet etching is illustrated in the
figure below.

Silicon anisotropic wet chemiical etching using KOH, EDP or TMAH solutions,
as one of the key manufacture techniques in MEMS fabrication, plays a critical role in
the development of most MEMS devices. The anisotropic etching process can be
greatly improved and optimized if efficient and accurate simulation tools are used to

predict performance of anisotropic etching process.
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Chapter 5

Results and Discussion

Introduction

In this chapter we present results of fabrications for AAO template, iron
nanowire, and sagging Ni-NW, and the characterization of those samples. Section
5.1 shows the results and SEM images of various pore size AAO templates.
Meanwhile, section 5.2 shows the electrical and magnetic characterization of iron
nanowire, which grow in the AAO template with chemical electrodeposition.
Section 5.3 gives a simple example of 10 pm platinum wire how the 3w method
applies for studying the filament like sample. At the last section of this chapter, we
discuss the fabricating result, electronic and thermal transport, and thermodynamic

properties of Ni-NW.
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5.1 AAO template fabrication

In this work, a commercially available aluminum foil (purity~99.9995%) with a
thickness of 130 um was used as the initial material to prepare AAO, and remain
about 70 ~ 100 um. There are two diameters of pores were fabricated, one is 60 nm
template and the other one is 25 nm template. The 60 and 25 nm templates are

performed with different procedures, which descript as follow.

For 60 nm

The first anodizing, flattened foil is anodized in a 0.3 M oxalic (H2C,04) acid
aqueous at applied voltage 40 V at 0 °C for 2 hours. Before second step, the formed
alumina layer was removed by 5 wt% NaOH as a pretreated sample. Pretreated foil
then goes through the second anodizing with the same condition of first step for 20

hours. Figure 5.1 shows the SEM images of the 60 nm template.

For 20 nm

There is only one anodizing step performed in fabricating of 20 nm template.
The flattened foil is anodized in a 12 wt% sulfuric acid (H,SO4) aqueous at applied
voltage 18 V at 0 °C for 8 hours. Fig. 5.2 shows the SEM images of the 20 nm

template.
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Figure 5.1 The SEM images for the 60 nm template. The (a) and (b) are the top
and back side view, respectively. It shows that the average pore size is about 60
nm. The (¢) and (d) shows a cross section view in different magnification, which
shows that the thickness of template is about 70 um.
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Figure 5.2 The SEM images tfor the 20 nm template. The (a) and (b) are the top
view in different magnification. It shows that the average pore size is about 20
nm. The (c) is back side view. The (d) shows a cross section view, which shows

that the thickness of template could be over 100 um.
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5.2 Imbedded iron nanowires

5.2.1 Synthesis of nanowire arrays

In order to study the size dependent behaviors, two anodized alumina membranes
were used for growing Fe NWs. One is the available commercial AAO template
from the Whatman International Ltd. with pores diameter ~200 nm and thickness ~60
um. The other one is homemade, according to procedure described in section 4-1
with diameter ~60 nm and thickness ~80 um. In order to perform chemical
electro-deposition, a gold layer was deposited on the bottom side of AAO by means of
thermal evaporation to serve as the cathode electrode. Iron was electrodeposited into a
porous membrane using dc electrolysis in solution of FeSO,4:7H,0 (0.43 M) and boric
acid (0.72 M) with pH~3 at room temperature. Deposition was carried out with
constant potential at -1.2 V, with platinum counter electrodes [97, 98] until the iron
could be seen on the surface of AAO by eyes. A mechanical polishing process was
carry on to remove the over grown thick iron layer on the upper surface of AAO.
The shinny iron surface on the top of template indicates that the oxidation of iron was
negligible. Figure 5.3 shows the optical microscopic (OM) images for iron-filled
commercial AAO templates.

The morphology, diameter and length of pores in the AAO were determined with
scanning electron microscope (SEM, Hitachi S-4200) by the plane and cross section
images of SEM, respectively; meanwhile the iron filling was confirmed by EDX and
shows in Figure 5.6. Images in figure 5.4 and 5.5 show SEM images of 60-nm and
200-nm FeNWs template, respectively.

Finally, a gold electrode was deposited on that of the template to form a thin
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layer on the surface of iron nanowire (FeNW) array. The gold layer plays two roles;
it protects the surface of FeNWs from oxidation, and serves as the contact layer for
the resistance measurements. After the magnetization measurement, the x-ray
diffraction (XRD) pattern of FeNWs-array was taken immediately, no noticeable

oxidation of iron was revealed on the XRD profile.

Figure 5.3 OM images of the iron-filled AAO templates. Images are (a) and (b)
the as grow sample without mechanical polish of 60 nm template, (c) the as grow
sample without mechanical polish of 200 nm template, and (d) the sample
performed with polishing. The silver parts indicate the filling of iron.
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Figure 5.4 SEM images of the iron-filled AAOtemplates with pore diameter about
200 nm. Images are (a) and (b) the top view by different magnification after
mechanical polish of 200 nm template, (c) the top view without mechanical polish,

and (d) the side view. The white spots and color indicate the filling of iron.
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Figure 5.5 SEM images of the iron-filled AAO templates with pore diameter about
60 nm. Images are (a) the top view of as grow one, (b) the top view after
mechanical polish, and (c) the side view. The white spots and color indicate the
filling of iron.
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Figure 5.6 The EDS of imbedded iron nanowires. Inset (a) and are the electrons

spotting on top and side of AAO respectively.
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5.2.2 XRD of Imbedded FeNWs in AAO

The x-ray diffraction was carried out to examine the composition and texture of
the NWs (Figure 5.7). For 200 nm Fe NWs the diffraction peaks were identified to
be the (110), (200) and (211) planes of a-Fe, the result indicates 200 nm Fe NW are
poly-crystal material, whereas 60 nm Fe NW shows a strong diffraction peak
corresponding to the [110], indicating a preferred orientation along the longitudinal

axis [99].

Intensity(a.u)

20(Degree)

Figure 5.7 X-ray diffraction patterns of film, 200-nm, and 60-nm NWs. Insets (a)
and (b) are the Crosse section view of 200 and 60 nm NW arrays respectively.
The white spots represent the nano-pores filled with a-Fe. Inset (¢) is the side view

of home-made empty AAO template.
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5.2.3 Electronic transport properties

For the study of the electrical transport properties of the NW arrays, four
platinum wires were connected to both sides of AAO with silver paste. The
arrangement of those four wires is going to form a four-probe method connection,

which shows in figure 5.8.

Figure 5.8 Arrangement of electrodes. (a) 1s the sketch of 4-probe method for the

imbedded iron nanowires, while the (b) is the real image of this sample.

The electrical transport properties were investigated with above quasi four-probe
setup. The Figure 5.8(a) shows a sketch measurement design, in which the 200nm
thick gold layers at both top and bottom work as the electrodes. The thickness ratio
between electrode and AAM is around 0.01 to 0.001, so that the contribution of
electrode resistance can be neglected. The resistivity p ~0.01 Q « cm of 200-nm
FeNWs array is about 1000 times that of bulk Fe. A temperature dependence

resistance result was shown in Figure 5.9.
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Figure 5.9 The resistance of 60-nm and 200-nm nanowires measured with

quasi-four probe.

The magneto-transport properties were investigated by the Quantum Design
Physical Property Measurement System (PPMS) with the sketch of connection
condition in the inset (a) of Figure 5.10.  The measurement of magneto-resistance is
performed with the applied magnetic field perpendicular to the long axis. In the
arrangement, electric current is perpendicular to the applied magnetic field. The
calculation of magnetoresistance (MR) is performed with formula

_R(H)-R,

MR x100%, (5.1)

0

where R(H) and R, represent the resistance with and without magnetic field,
respectively. The obtained MR curves are mainly attributed to the anisotropic
magnetoresistance (AMR) in low-dimensional systems. The AMR is caused by an
anisotropic scattering of electrons with strong dependence on the orientation of the
external magnetic field relative to the current direction. This consequence
originates from the spin-orbit interaction.

The value of MR ratio of 60 nm NW arrays is about 5 times higher than that of
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the 200 nm one at 5 Tesla. This can be attributed to the existence of additional
scatterings related to various spin-diffusion mechanisms, which strongly depend on
disorder and grain-boundary conditions [100]. The field dependent resistance change
due to AMR in the transverse case can be described as [101]

M

R(H)=Ry=-AR=- 5 H (5.2)

where R, is the maximum resistance , 4R is the absolute resistance variation defined
as |[R(5T)-R(0)| , Mg is the saturation magnetic moment, and K is the shape anisotropy
energy constant. The normalized MR ratio (MR/4R) is shown in the inset (b) of
Figure 5.10. The data of 60 nm are better fitted to the equation (2), indicating that

the anisotropy constant in 60 nm is higher than that of 200 nm NWs.
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Figure 5.10 Magneto-resistance of NW arrays, with the current applied on
longitudinal axis of Fe NWs and perpendicular to applied magnetic field. Inset (a):
transport measurement setup. The 200 nm gold layers are deposited onto both top
and bottom sides of samples to serve as the electrodes. Inset (b): the normalized
MR/AR ratio of 60 and 200-nm NWs. The parabolic fitting based on Eq. (2) for
60-nm N'Ws is represented by the solid line.
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5.2.4 Magnetic properties

In order to study the magnetization without the influence of electrodes, both side
of AAO were polished to remove the gold film contacts. The size effects on
magnetism of Fe NWs were investigated by Quantum Design Magnetic Property
Measurement System (MPMS). The hysteresis loops for the Fe NW arrays at 300 K
are shown in Fig 5.11. The 60 nm Fe NWs array shows stronger hysteresis and
anisotropic behaviors, revealed by the larger difference between magnetization data of
field parallel and perpendicular to the axis as compared with that of 200 nm NWs.
These results arise from the fact of the magnetic easy axis and preferred crystal
orientation of [110] along the longitudinal direction of N'Ws, which originated from
the line shape anisotropy and the large aspect ratios in NWs. The aspect ratios are
calculated to be 300 and 1300 for 200 nm and 60 nm respectively.

As an external perpendicular magnetic field is applied to 60 and 200 nm NWs,
magnetization was saturated for 200 nm NWs as field up to 1 Tesla, but not for the 60
NWs. The explanation is that for large-diameter NWs, the square ratio and the
coercive force decrease appreciably due to the smaller anisotropy and the formation of
a multi-domain structure. Interaction between NWs in dense NW arrays should not
be disregarded also, because of possibility of appearing (as a result of the interaction)
of large demagnetization fields keeping the moments along the longitudinal axis. The
hysteresis loops shows that the coercive fields in easy axis (along the longitudinal
direction of NWs) are ~600 Oe and ~100 Oe for 60 nm and 200 nm NWs, respectively.
The ratios of remanence (M;) to saturation magnetization (Ms) are about 3% for 200
nm and 87 % for 60 nm NWs. The magnetization is thus concluded to be more

stable in the longitudinal direction of NWs.
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Figure 5.11 Hysteresis loops of the NW arrays with magnetic field parallel (//) and
perpendicular (L) to longitudinal axis of NWs: (a) 200-nm and (b) 60-nm NWs.
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5.3 A test for 3 method: 3" harmonic signal of Platinum wire

A commercially available platinum wire (purity~99.98%) with diameter D ~10
um is used for verifying the 30 method measurement. By fitting with the frequency
dependence V3,(?), the thermal conductivity was resulted by the calculation with
equation 3.6. Figure 5.12 shows a fitting result. Table 5.1 shows a calculation

result.
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Figure 5.12 The frequency dependence 3w-signal (T ~ 300 K) of platinum wire
was fitted with inserted equation. Thermal conductivity k and specific heat C, can

be calculated with two coefficients K and G.
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TABLE 5.1 The calculate results for thermal conductivity and specific heat from the

fitting parameters K and G in Figure 5.12.

T~300K K (W/m - K) Cp (V/Kg - K)
Article 71 130
present 69 129

54 Individual nickel nanowire

5.4.1 Sample preparation and sagging structure constructing

The standards and details of optic and e-beam lithography methods were
described in the section 4-2. Here shows the key steps of fabrication process in
Figure 5.14 for the sagging single nickel nanowire (NINW).

In order to measure thermal conductivity and specific heat with 3m-method of an
individual nanowire, there are some requisitions. Undoubtedly, middle part of the
sample should separate from all other components to minimize heat leakage to allow
the temperature fluctuation. For example, the heat could leak to substrate and
environments by direct heat-contact and radiation. Furthermore, the end points of
sample should highly thermal contact to substrate due to the requisition keeping the
temperature of end parts same with that of substrate. The fabricating process for
satisfying all measuring requisition will descript as follow to prepare the sagging
individual nickel nanowire.

The primary substrate is a silicon-nitride coated p-type silicon wafer (Si3N4/S1),
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which the out-plane orientation is silicon [1 0 0] plane. The 200 nm thick SizN4 film
is an insulating layer to separate silicon substrate and sample. Meanwhile, it’s a
resist layer to protect the silicon under silicon-nitride from the etching of KOH aqua.
On this substrate, there are sixteen Ni/Pt electrodes on this substrate and it would be
the primitive chip (Figure 5.13 a, b) for the following processes.

The pattern was defined with focused electron beam (E-Beam) on a clear and
polymethyl methacrylate (PMMA)-coated primitive chip. This pattern includes four
wires, which each one was design for four-probe method. The construction of each
one includes one nano-ditch, two thin leads for signal picking up and two large leads
for current injection. As shows in Figure 5.13c, the design-dimension of nano-ditch
is 35 um in length, and 150 nmin width. In order to prevent the influence of joule
heating at the interface and current injection leading wire, the width of leading wire is
about 50 times of nano-ditch to reduce the resistance of junctions and leading wires.
Furthermore, also the nano-ditch takes about 8um away from the junction to reduce
the temperature fluctuation at the end parts of nanowire.

The next step, nickel would deposit onto the exposed and developed chip by
thermal evaporator in the vacuum chamber with base pressure less than 1x107 torr at
room temerature. The followed lift-off process would take off the resist and the
nickel upon this resist, the remained nickel form a nickel nanowire with four
electrodes. This result was shown at Figure 5.13d. Before the next processes, this
sample was taken to measure the resistance by four-probe method for circuit condition
checking, and the observed resistance is about 750 Q. This pattern-defining process
will repeat to form an etching window around the nanowire as figure 5.14b, and CF4
would use to etch out the Si3Ny film in the windows area by RIE system. Finally, the
silicon in this window area would be etched and form a “V” shape groove, and the

nickel would sag on the groove. The sketch of detail steps for this sagging structure
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is showed in figure 5.15. The formed sagging nickel nanowire is about 35 um in
length, 180 nm in width, and 100 nm in thickness, which shows in Figure 5.16. This
junction-free connection of electrodes (the leads) prevents the undesirable heating of
contact areas on the nanowire during the measurements. Finally, although this
sample goes through all the processes, the resistance of this sample is kept around 750
Q. This result implies that this procedure never changes neither the geometry and

physical properties, nor the surface oxidation of NiNW.
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Gold pad

Figure 5.13 the diagram for primary chip and the patter design for NINW. They
are inset (a) and (b) the sketch for the primary chip, inset (c) the center image of
the primary chip, and (d) the four nano ditch pattern.
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CF4 Etching

15.8kV X48. 80K 738nNnm

Figure 5.14 the pattern defined and etching results. Inset (a) shows the sequence of
e-beam exposure, develop, deposition, and lift-off process. Inset (b) shows the
etching results with CF4 by RIE.
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Figure 5.15 The detail steps of lithography and etching processes for the sagging
nickel nanowire.
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Figure 5.16 The SEM image of sagging Ni-NW with dimensions 100 nm in
thickness, 180 nm in width, and 35 pum in length. Inset (a) and (b) are the top view
with different magnification. Inset (¢) is the image at the tile angle 45°.
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5.4.2  Electronic and thermal Transport Properties

The electrical conductivity and thermodynamic properties of the nanowire was
measured by four-probe and self-heating method, respectively. The sample holder
was arranged on a *He-refrigerator probe to form a measurement setup as showing in
Figure 3.2, which provides a variable and stable temperature control system with high

vacuum environment.

Electronic transport properties

The arrangement of measuring circuit shows as Figure 5.17, which the current
was injected through two outside electrode, and the gauge pick up voltage drop from
two inside electrodes. An applied current dependent voltage was shown in Figure
5.18 for illuminate. The voltage drop in the current range 1 ~ 50 pA shows a linear
dependence without any anomaly. = The measurement of electrical conductivity was
excited by a constant alternating current about 1 LA, where it is a sine wave lp=sin(wt)
profile with constant frequency f=15.3 Hz. Meanwhile, the corresponding in phase
voltage signal with same reference frequency was pickup by the lock-in amplifier.

The experimental data of resistivity p of the Ni-NW in the temperature region of
0.5 - 300 K are showed in Figure 5.19 and 5.20. The metallic temperature
dependence of resistivity is similar to the bulk but with a larger magnitude of
resistivity. The relative ratio of resistivity p(300 K)/p(4.2 K) = 2 is much smaller as
compared to the value of 47 for the bulk. Since the wire dimensions are much larger
than the mfp of Ni (~14nm) [102], the increase in resistivity is conjectured to be the
predominant effect of the grain—boundary scattering. The temperature coefficient of
resistivity (TCR) is positive in the whole temperature range (Figure 5.19), indicating

that the Ni-NW is weakly disordered. At low temperatures T < 10 K, the
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temperature dependence of resistivity can be formulated as p=p,+T", with the power n
~ 2 (inset in Figure 5.20). The consequence is similar to that of the bulk [26], except
the magnitude of residual resistivity pp=17.6 pQ-cm is much larger than that of bulk
Ni. The huge residual resistivity indicates an enhanced electronic scattering on

interfacial boundaries and defects.

pin #1 pin #2 pin #3 pin #4

L,
L;
Ls
L4

b\

Groove area; sagging part SRR |

.............................

Figure 5.17 The sketch of the measurement arrangement for both electrical and
thermodynamic properties. Ls and L is the nickel leading pad, which there is not
junction in each pad, although it is denoted in two different colors. L;, L,, L3 and
L, is the gold leading pad. There are two junctions presented. One locates at the

interface between L and Ls, and the other one between L¢ and L.
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Figure 5.18 The current dependence of 1° harmonic signal. Open circle is the data.

Solid line is the fitting result.
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Figure 5.19 The temperature coefficient of the NiNW (solid circle) is much small
than that of bulk, meanwhile the trend them are totally different.

87



17.655}
35} E
| &
—~ e
E 30F°
.
% 25}
N
Q
20}

Bulk Ni data of White et al (ref 19 O
5 ( o) o 0 O o O
0 co 00,9 ~ v | .

0 50 100 150 200 250 300
T(K)

Figure 5.20 The resistivity p(7) of the Ni-N'W (solid circles) and the bulk (open
circles) from White et al. The solid line is the fitting results by Bloch-Gruneisen
formula. Inset: the resistivity in low temperature range, which is agreed with the
T* fitting curve (solid line in inset).

It is necessary to note that the p(T) curve of our Ni nanowire are still good fitted
by Bloch-Gruneisen formula modified by Wilson [103] for transition metals

9
T
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— ()

using Debye temperature Op and constant d as the only two adjustable fit parameters.
As a result of the fitting we obtained the smaller value of 6p = 440 K at fixed d than
that is in case of the bulk (6p= 557 K). The reduction of the value of Debye
temperature is presumably the reflection of softening of vibration mode of nanowire
compare to bulk sample due to enhanced disorder in nanowire. The reduction of Op
and softening of vibration mode have been observed previously for nanowires and
disordered systems [104-106]. In particular, measurements of phonon density of

states (DOS) of nanocrystalline Fe [105] and NisFe [106] by means of inelastic
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nuclear scattering shows enlargement of low energy part of phonon DOS curve and
smearing of high energy peak. Our obtained trend of Debye temperature and
modification of the DOS of nanonocristalline materials are indicating that for this
material the heat capacity can be enhanced compare to bulk samples.

The magnetoresistance behavior of Ni-NW is shown in Figure 5.21, the behavior
of magnetoresistance is likely due to the contributions of many effects which include
Lorentz-MR, spin-dependent scattering, and anisotropic magnetoresistance (AMR).
The MR-ratio calculated by formula (R(1T)-R(0))/R(0) is about 0.002. The smooth
resistance decrease for H<Hc indicates a magnetization reversal process that
incorporates a multidomain state of the magnetization. The peak value of magnetic

field indicates that the coercive field is about 5000e.
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Figure 5.21 The magnetoresistance of Ni-NW with magnetic field perpendicular
to applied current.
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Thermal transport properties

Usually, the various properties (x(7), o(T), C(T)) are measured by different
instruments even using the different specimen. In the applied 3w-method [11] the
three dependencies are measured on the same specimen and at the same moment and
environment. Although the nanowire still exhibits metallic behavior in p(7), the
situation in thermal conductivity is changed drastically. The sketch of measurement
connection and arrangement of instruments were showed in Figure 5.17 and Figure
3.2 respectively, which same as the setup for resistance measurement. The whole set
of base and specimen are placed in an OXFORD He’-refrigerator probe also.

Before we applied 3o technique to study thermodynamic properties of our
sagging NiNW, the thermal condition should be considered. As showing in Figure
5.17, the path of applying current includes leads, junctions, and sample, since the
totally counting resistance is the summary as

R:= Rip+ Ryt Rppt-Ryyw+eR 3 + Rz + Ry
The total resistance R, could be measured by two probe method. For illustration, one
of our samples the R, is 1370 Q, and the Ryjnyw 1s 70602, since the total resistance of
leads and junction Ry, of current path is 664 Q. It isn’t a neglect able value to
compare with sample resistance Ry;yy. However, the power density of leading wire

and NiNW is calculated with joule heating power P and volume V by the formula

P _I'R
power V A t s

where the I, R, A, and ¢ is the applied current, resistance, area, and thickness,
respectively.  Since the passing current for leading wire and NiNW is the same, the

power density ratio of leads and NiNW would be
D R,V

LvJ  _ o nivw
D

NINW R V ’

L+J

NiNW

where L and J stands for leads and junctions, respectively. Due to the R;+, equal to
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Ryinw probably, since the ratio of power density is the ratio of volume. The sample,
what we are taken to perform the 3w measurement, the volume ratio of NiNW to
leads is about 10°. Take the data from Table 5.2, the estimated power density of
leads is about 10 ppm to that of NiNW, since it’s ignorable of the joule heating on
leads and junctions for measurement of 3w method. A junction-free design has been
made to prevent the measurement error which could be caused by unexpected
temperature variation of contacts. In additional, the heating power of the sagging
Ni-NW is about 1 ppm of non-sagging one. This fact indicates that the thermal
conductance is good enough to transport the heat from NiNW to substrate. This fact

also implies that the temperature of contact points should kept same with substrate.

TABLE 5.2 An illustration for the NiNW resistance Ry between each pair of pins
for 4-probe measurements at room temperature. The definition of pin number shows
in Figure 5.17

2-probe 4-probe
Pin # 1,2 1,3 1,4 , 4 2,4 3,4 1,2,3,4
R (Q) 704 1370 1370 1390 1390 777 634

We have applied this 3o technique on a sagging Ni-NW by just using the
approximation solution 3.6. The electrical resistance of the former specimen has a
positive temperature coefficient (Figure 5.19). There are two test measurements
were performed at 10 and 300 K, respectively, for choosing an appropriate exciting
current. Within appropriate ranges of frequency and current, we do find that V3, F
as showing in Figure 5.22 and 5.23. For these tests, the V3, is totally linear

dependence to cubic current I° at 300 K as showing in inset of Figure 5.22, but the
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condition is apparent different from that of the test at 10 K as showing in inset of
Figure 5.23. Since, the I’ dependent V3, is a little bending as the current lower than
20 pA at 10 K, so that the applied current should higher than 20pA. Furthermore, in
order to reduce the measurement error due to the radiation loss, the applied current
was chosen as 30pA.

For the pick up of V3, signal , a digital lock-in amplifier such as “Dual Phase
DSP Lock-in Amplifier 7265 made by AMETEK, Inc. was selected. All the filters
on the lock-in were turned off, and the dc coupled input mode was selected, to ensure
the observation of a true frequency dependence of V3, Before measuring the 3o
signal, the phase of the lock-in amplifier was adjusted to zero according to the 1o
voltage component. The phase angle of V75, is then if R0 or 180°—¢ if R'<0
according to Eq. 3.5. The 3w component in the current was below 10™ compared to
its 1o component. Because the 3w voltage signal is deeply buried in the 1® voltage
signal, a certain amount of dynamic reservation is required for the lock in if, in order
to keep the simplicity of this method, one is not using a bridge circuit to cancel out the
lo signal. We kept the dynamic reservation unchanged relative to the total
magnification of the lock in during the entire measurement.

Figure 5.24 shows the frequency dependencies of the amplitude at 15, 85, 155,
225, and 295 K, compared with the predicted functional forms (the solid lines) for
illustration. By fitting the data in Figure 5.24 (a)-(e) to Eq. 3.6, we obtained the
thermal conductivity x and the thermal time constant . The thermal diffusivity and
the specific heat of the specimen can be obtained by using the relations y=L*/z°a and
a=x/pC,. Figure 5.24f gives the comparison for the fitting results at those five

temperatures.
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Figure 5.25 shows the experimental data of the thermal conductivity k in the
temperature region of 15-300 K, representing a slight monotonic decrease of thermal
conductivity with temperature decreasing. The much smaller x(7) of the nanowire
completely differs from that of the bulk (inset of Figure 5.25) [108]. The
phenomena of the metallic electrical resistivity and decreasing thermal conductivity
have been observed in disordered metallic systems of thin films, glasses and
concentrated alloys as well as in superlattices [109-112]. Such behavior was
explained by increased scattering of heat carrier with the structural defects and by the
substantial contribution of the phonon thermal conductivity. In general, thermal
conductivity « is the summation of electronic xz and phonon xpy. If the WF law holds,
one can obtain the xz from the data of p(7) through the relation kg =L¢T/p. The
calculated xg for T< 60 K is larger than the experimental data k., indicating the
violation of the WF law in this temperature region (Figure 5.25). To estimate the
phonon part of thermal conductivity xpgy for T> 100 K, the kg was subtracted from
experimental &y, the result of xp;; does not exceed 10% of total thermal conductivity
Kiotat, and thus no considerable enhancement in the phonon part was observed at this
temperature region (Fig.5.25).

To compare heat and charge currents the Lorenz number of the Ni-NW is
calculated and plotted in Figure 5.26. It is known [112] that in pure metals at
temperatures higher than Debye temperature (6p) the Lorenz number approaches the
Sommerfeld value Ly=2.45 x 10-8 W-Q/K* , at T < 6 it falls below L0 and in the
limit of low temperature region T—0 K, L returns to Lo again. Such kind of
behavior of L was observed for bulk nickel (Figure 5.26) [108, 113]. Unlike that of
the bulk, Lorenz number of the Ni-NW is constant for 75 K< T < 300 K, although a
little higher than the value of L, indicating both dominant electronic thermal

conductivity kE and large-angle scattering events mostly caused by elastic scattering
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at the grain boundaries. Based on the weak temperature dependence of electrical
resistivity, the contribution to the thermal resistivity due to phonon scattering is
relatively small. The small phonon thermal conductivity kpy is likely the reason for
the enhanced value of L in this temperature region. At T < 75 K when mfp become
comparable with grain size and transverse dimension of the Ni-NW, the contribution
of small-angle scattering (N-process) grows. The small-angle scatterings relax only
the heat current, leaving the charge current relatively unaffected [114], which result in
decreasing of the Lorenz number.  Since the correction AL is the combined effects of
positive contribution of the disorder ALdis and negative contribution of the
small-angle scattering (ee interaction) ALee, the variation in I(T) is mainly depend on

the relative weights of the two constituents.
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Figure 5.25 The thermal conductivity k(7) of the Ni-NW (solid circles), the
calculated 4z (solid line) and the kpy (open circles). Inset: the thermal conductivity
k(T) of the pure bulk Ni [12].
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5.4.3 Specific heat

Figure 5.27 shows the measured heat capacity for our Ni nanowire. The heat
capacity Cp behavior strongly differs from that of the bulk [115]. The temperature
dependence of Cp at T>100 K comes close to the linear and the magnitude at room
temperature exceed the bulk value 2.5 times. The additional specific heat may came
from the contribution of lattice defects or grain boundaries which modify the phonon

density of states as discussed above.
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Figure 5.27 The specific heat of Ni-N'W and the bulk.
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5.5 Bi, Te; nanowire

Two kinds of anodic alumina membrane (AAM) were used for growing Bi,Tes
nanowires. One from the Whatman International Ltd. has a pore diameter D ~200
nm and length L ~60 pm. The other one with D ~60 nm is homemade following a
published procedure. BiTe alloy was electrodeposited in the pores using cyclic
voltammetry technique in a pH ~1 solution of [Bi*"] (0.013M), [HTeO,'] (0.01 M)
and HNOs. Deposition was carried out in -0.2 ~-0.005 V at room temperature, with

platinum counter electrodes.

Using x-ray diffraction (XRD), scanning electron microscope (SEM), and
energy-dispersive x-ray (EDX) the erystal structure, filling morphology, and
composition were identified. Figures 5.28, 5.29 show the details. The Resistance
measurement was done with a quasi-four probe method.. Figure 5.30 shows a 60-nm
result. The e-beam lithography technology was used to make four electrode contacts

on nanowire. Figure 5.31 shows the result.
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Figure 5.28 The XRD pattern of BiTe alloy with diameter ~60 nm. This result
suggests a strong crystal texture, with the [110] direction aligned along the

longitudinal axis.
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Figure 5.29 The High Resolution TEM analysis. (a) A top-view SEM image of 60-nm
Bi,Tes-alloy nanowire. (b) and (¢) are TEM images and electronic diffraction pattern
of free-standing nanowire.
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Figure 5.31 The electrodes for four-probe resistance measurement were obtained by
e-beam lithograph technique.
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Chapter 6

Conclusions

This study began with emphasis on synthesizing nanowire (NW)
clusters—separated and ideally identical nanowires being treated as a single entity in
certain physical properties measurements. The obtained data can be used to derive
the average value for a given property of each single nanowire. A bottom-up method
was employed to prepare such materials based on iron (FeNW) and Bi,Te; (BTNW).
First, we used a chemical anodize process to prepare a porous alumina as host
template. Although the pore diameter of the anodic aluminum oxide (AAO) could
be as small as 25 nm, but the filling rate of the follow-up chemical electrodeposition
becomes quite low for the pore size below 30 nm. Therefore, two templates with
pore-diameter of about 60 and 200 nm. respectively, were chosen to grow FeENW and
BTNW. The average diameters of regularly ordered FeN'W and BTNW are about the
same size of AAO pores, and their morphology is confirmed by scanning electron
microscopy (SEM) images. XRD patterns show clear texture along the nanowire
longitudinal-axis in 60-nm FeNW and BTNW, indicating that the lattice structure of
crystalline nanowire is affected by the geometric-dimension of pores.

As expected, the magnetization hysteresis loop of 60-nm FeNW depends on
lattice texture, which shows a stronger magnetic anisotropic behavior than that of
200-nm sample. Magnetoresistance (MR) measurements on the 60-nm FeNW
yielded a significant and parabolic field dependence MR. This can be attributed to the
geometric effect, since the 60-nm FeNW has large aspect ratio (length to diameter
ratio > 1000). In addition, the electrical resistivity of both FeNW and BTNW was in

the exceedingly high range of 1 to 10 Q-cm, implying that most of the nanowires
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inside template had partially necked cross-sections or even broken sections.

Although the template method provided an easy way to study magnetism of
nanowires, but unfortunately it is difficult to study their transport properties due to
cracks of nanowires in template. To overcome this, a novel process was developed
to form a single nickel nanowire. Starting with a 100-nm nickel film grown on a
Si/Si3N4 substrate by thermal evaporation, a sagging nickel nanowire was then
fabricated through e-beam lithography and etching processes. The width and length
of the wire were determined by SEM as 180 nm and 35 pm respectively. Its thermal
conductivity (x), specific heat (Cp) and resistivity (p) were measured in the
temperature range from 15 to 300 K by means of a “self heating 3w” technique. The
thermal conductivity is ~ 20% of the bulk at 300 K, then decrease with temperature in
the whole temperature range in opposite to that of the bulk. This behavior might be
explained by the restriction of mean free path of electron/phonon—phonon interactions
due to grain boundaries and defects. In addition, the resistivity of nanowire at room
temperature is about four times larger than that of the bulk, and the small residual
resistivity ratio (RRR) confirms the polycrystalline characteristic of the nanowire. The
average ratio of thermal-to-electrical conductivity is 2.68 x 10® W-Q/K* which
suggests that thermal current in this material is suppressed more than electrical current.
In this regard, the transport properties are dominated by the electronic component.
The large reduction of electronic thermal conductivity can be attribute to the
combination of confined dimension, enhanced disorder and increased contribution of
N-processes. On the other hand, the monotonic decrease of thermal conductivity
indicates that the high electronic thermal resistance predominates the heat transport
behavior in the nanowire materials. Furthermore, the enhancement of ~250% of the
bulk in specific heat was also observed, which is presumably caused by the softening

of vibration modes of nanocrystalline, surface effects, and defects.
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