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ABSTRACT

!!!!!!!!! The increased interest in new forms of alternative energy,!combined with
the proliferation of new nanomaterials, has revitalized!the field of thermoelectric
generators.! Indeed, nanowires of diameter!less than 10 nm have been predicted
to show thermoelectric efficiencies!that would rival the best mechanical
generators used today.! Because!of their size, specialized microfabricated
workbenches are necessary to!probe the thermoelectric properties of these
nanowires, however!current generation devices suffer from a low yield of results.!
This!dissertation presents a workbench specifically designed to address!this and
other limitations in previous microfabricated thermoelectric!workbenches.! The
design process and fabrication will be discussed in!detail along with verification
of the desired operation, calibration,!and recommended operating procedures.!!
Thermopower measurements on!free-standing gold nanowires of 70nm diameter
in straight and!“junctioned” configurations are presented to demonstrate
the!advantages of the original workbench.! Straight nanowires are shown to have
a!thermopower similar to that of bulk gold, however for “junctioned”!gold
nanowires a hitherto unreported peak in the!thermopower near room temperature
was observed.! A hundred fold enhancement in the!ZT of “junctioned” gold
nanowires is estimated from measurements of!several samples.! In addition, a
study of an alternative!temperature calibration method for microfabricated
devices by modeling!scanning thermal microscopy tip to sample interactions is

iii

presented.! The model and!subsequent experiments demonstrate that inclusion
of a thermally!insulating layer greatly improves fidelity of thermal images
on!microfabricated devices.
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Chapter 1
Background

A review of past and current research is presented in this chapter to
provide a sufficient base knowledge for understanding the motivation and
advancements presented in this thesis. Section 1.1 reviews the fundamentals of
thermoelectricity, measurement method, and how efficiency of a thermoelectric
generator is evaluated. Section 1.2 offers a short summary of nanowires and the
reasons for general interest. Section 1.3 discusses the specific interest for the
use of nanowires as thermoelectric materials. The chapter concludes with a
summary of the limitations in the field that are addressed by this dissertation.

1

1.1) Thermoelectricity
As its name implies, thermoelectricity describes the electric field
generated by a temperature gradient in a material. More specifically, it refers to
the thermal diffusion of charge carriers in a given material which creates an
electric field, with hot charge carriers diffusing more abundantly to the cold end of
the material than the cold charge carriers diffuse to the hot end. The electric field
created by this difference in diffusion builds up until a state of dynamic
equilibrium is established between a) the number of charge carriers thermally
diffusing from hot to cold and b) the number of charge carriers driven towards the
hot end from electrostatic repulsion generated by the excess charge
accumulated at the cold end. At equilibrium the number of charge carriers
passing through a cross section in the middle is equal in both directions although
the charge carriers passing from hot to cold have a higher total energy thus
ensuring continual transfer of heat without necessitating a transfer of charge.
Often ignored, the thermoelectric power (TEP), S, is actually amongst the basic
physical properties of a material (such as electrical resistivity, thermal
conductivity, magnetism, etc) and describes this ratio between the generated
electric field and the applied temperature gradient in that material, most typically
in µV/K. D.K.C. MacDonald has presented an excellent introduction to the basic
concepts of thermoelectricity in a classic text of the same name [1] and as such,
several of the concepts presented there are summarized below.
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Also known as the Seebeck coefficient, S can be either positive or
negative depending on the sign of charge carrier or other material specific
properties. Related to S, are the properties of Peltier and Thomson heats (! and
µ). The Peltier heat describes the rate of heat evolved or absorbed by a junction
of two dissimilar materials per unit time per unit electric current. The Thomson
heat is very similar and is described as the heat evolved or absorbed throughout
the bulk of a single material dependent on the product of the current passed
through the material and the temperature gradient in that material. These
properties bring about an idea of the “specific heat” of an electron since, as
described by William Thomson, “…they express the quantities of heat absorbed
or evolved by the unit of current electricity in passing from cold to hot, or hot to
cold…” It is important to note that unlike Joule heating, the thermoelectric
effects are in fact reversible which gives rise to the possibility of using a
temperature gradient to produce electrical power.
This concept has proved interesting to researchers since its discovery in
1823 not only for the promise of a new source of energy, but also because of its
potential for an efficient cooling system. As such two further terms are defined to
more easily describe a materials ability to generate electricity from a temperature
gradient: the thermoelectric power factor and the thermoelectric figure of merit.
The thermoelectric power factor is simply defined as !S2 where ! is the electrical
conductivity of the sample in Siemens per meter. This is not often used on its
own but more typically as part of the thermoelectric figure of merit defined as

3

ZT =

"S 2T
#

(1.1)

where T is the average temperature of the material and ! is the thermal
!
conductivity. This results in a unit-less value that describes, in general, the

quality of a material as a thermoelectric generator (or Peltier cooler) at a
particular temperature.
In the simplest case, that of a metal, the thermoelectric figure of merit runs
into a limitation described by the Wiedemann-Franz law. This theory defines the
relationship between electrical and thermal conductivity in a conductor at a
certain temperature as proportional to the Lorenz number.
$
'2
$ kB '2
"
+8 volts
L=
= 3& ) = 2.23*10 &
)
%e(
#T
% deg (

(1.2)

Physically this value was explained by Drude, but only as a result of describing
!
thermal conductivity as being solely from the specific heat of electrons. While it

is clear today that other properties are also involved in thermal conductivity
(lattice vibrations, phonon-electron collisions, etc), the Wiedemann-Franz law still
holds relatively well for metals or other materials where the majority of heat is
conducted via electrons [2]. As a result, in order to achieve an appreciable
thermoelectric figure of merit, a metal must have a Seebeck coefficient that
overpowers the Lorenz number. For example, a ZT of 1 requires a Seebeck
coefficient of 150µV/K and the best metals have shown a Seebeck coefficient of
around 30µV/K (resulting in a ZT @ 0.04). It is presumably this limitation that
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caused a great reduction in research in thermoelectrics until the study of
thermoelectric effect in semiconductors.
In the 1950s, Abram Ioffe discovered that semiconductors had a greatly
increased thermoelectric effect (around 100-200µV/K) fueling interest in
researching thermoelectrics once again [3]. According to G. Mahan, it was
actually this discovery that fueled the initial study of semiconductors and not their
eventual use in microelectronics. In the case of metals, the large number of
conduction electrons results in a wide section of the energy distribution being
already occupied. This allows only a few electrons at high energies to be able to
change energy states and exchange energy with the surroundings because of
the Pauli exclusion principle. As a result it is those few electrons that contribute
to the electronic specific heat. Using Fermi-Dirac statistics to estimate the
number of electrons available to exchange energies in a metal

c el"m =

# 2kB T
2$ 0

(1.3)

where !0 is the Fermi energy [1]. In the case of semiconductors however, the

!
energy gap requires Maxwell-Boltzmann statistics to estimate the number of
electrons that contribute to an electronic specific hea
#3 U &
c el"s = k B % "
(
$ 2 kB T '

(1.4)

where U is the excitation energy per electron [1]. The second part of equation
!
1.4 comes from the fact that the number of charge carriers in the conduction
band will increase with an increase in temperature. The energy gap in
5

semiconductors results in a situation where the electrons in the relatively vacant
conduction band are more able to change energy states than in the case of
metals, increasing the electronic specific heat. It is with semiconductors that
researchers have been able to reach a thermoelectric figure of merit of up to 0.8
at room temperature (with Bi0.5Sb1.5Te3).

1.1.1) Scattering in Thermoelectrics
Equations 1.3 and 1.4 however only describe the electronic specific heat,
which, while an important component of the thermoelectric coefficient, is not the
only contributor. A generic equation to describe the thermoelectric coefficient is
S=

" 2 kB2 T % d ln n(E) d lnv 2 (E) d ln $ (E) (
+
+
'
*
3e# 0 & d ln E
d ln E
d ln E )

(1.5)

where n(E) is the density of electron states, v is the average electron velocity,
!
and ! is the relaxation time for the electrons [1]. It is this ! term that becomes the

center of attention for the different types of electron scattering: electron-phonon,
electron-impurity, electron-surface, and the special case of phonon drag.
At high temperatures, optical phonons dominate the scattering
mechanism. In this case it is possible to use the simple classical model of a free
electron gas interacting with the lattice and describe the relaxation time of the
electrons as constant with constant electric field. This then simplifies equation
1.5 to
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S=

" 2 kB2 T $ d ln n(E) d lnv 2 (E) '
+
&
)
3e# 0 % d ln E
d ln E (

(1.6)

This equation itself can be reduced further in the case of metals, assuming that
!
n(E) ! E1/2 and v2 ! E [1]

" 2 kB2 T
S=
e# 0

(1.7)

After this point however the situation becomes more difficult to model. In

!
the case of lower temperatures there is a regime where the acoustic phonons
start to dominate the scattering mechanism. It is said that although the electrons
still readily exchange energy with the lattice after a single collision, the electrons!
momentum is only lightly disturbed, requiring several electron phonon collisions
to change the direction of motion. By using models for electrical conductivity,
phonon quantity, and the Lorenz number at low temperature it is possible to
come out with another simple approximation [4]

S=

" 2 kB2 T
3e# 0

(1.8)

The difference between these two situations is intrinsically one of elastic (at high

!
temperatures) versus inelastic (at low temperatures) scattering.
Further reducing the temperature, the lattice vibrations begin to “freeze
out” and the electron scattering is dominated by impurities. This situation
however, becomes much more specific to the particular impurity which is causing
the scattering in the parent material. If the assumption is that the impurities are
of such small concentration so as to only provide an electronic scattering, then S
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is said to be the same as that of Eq. 1.8. On the other hand, concentrations of
impurity atoms that are still considered small (~0.2 atomic percent) can modify
the thermoelectric profile significantly because of alterations in the Fermi surface
of the main material. Even more complex is the situation of so called “abnormal”
impurities, which increase the scattering cross section by long-range interactions
of magnetic impurities. This scattering, known specifically as spin-drag or
mutual-electron-drag, causes a characteristic hump in resistance and
thermoelectric effect that occurs at low temperatures (10 or 20K) [1].
Up until this point it has been assumed that the lattice itself has little to do
with the conduction of heat, however it is well known that there exist Umklapp
processes (phonon-phonon and phonon-electron collisions where momentum is
not conserved) that create the property of lattice thermal resistance. Thinking of
the phonons now as a gas able to impart their momentum upon electrons as well
as other phonons, and vice versa, a temperature gradient will impart a pressure
gradient on the electrons. This gives rise to a property known as phonon drag
where the electrons are pushed along the temperature gradient. At low
temperatures the thermoelectric component from only phonon drag is

Sg =

"x
1
=
C
# dT & 3Ne g
% (
$ dx '

(1.9)

where !x is the phonon drag thermoelectric field, N is the number of conduction

!
electrons per unit volume, and Cg is the lattice specific heat [5]. It is at these low
temperatures ("/10 to "/5 where " is the Debye temperature) that phonon drag is
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most noticeable in the thermoelectric profile.
At higher temperatures, phonon-phonon and electron-phonon Umklapp
collisions become much more probable. As a result, the phonon drag
thermoelectric contribution can be represented as being dependent on the
phonon-phonon and phonon-electron mean free paths (lpp, and lpe respectively)
[1]:

Sg =

k lpp
e lpe

(1.10)

Because lpp is inversely proportional to temperature, Sg tends to become fairly

!
small at room temperature (on the order of a few µV/K). Additionally, above the
Debye temperature the increase in the number of phonon modes are no longer
sufficiently directional to provide a significant “pressure gradient.” As a result Sg
becomes negligible at high temperatures.
The method of combining the above equations into a unified model (or for
multiple samples) relies upon the actual scattering method itself (electronic or
phonon based). Thermopowers concerned with a single method of scattering are
combined in the following manner

"W S
S=
"W

i i

i

(1.11)

i

i

where the subscript i describes the subset of that scattering method (for phonon
!
scattering this would be phonon-phonon, surface, impurity, etc), and W is the

thermal resistance. This is also the method for combining the effect of two
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thermoelectric materials in series along a temperature gradient. In the case of
combining electronic (previously written only as S) and phonon based scattering
(Sg) a simple addition is all that is required (Stotal = S + Sg) [1]. The method for
determining the thermopower of a thermocouple (two thermoelectric materials in
parallel along a temperature gradient but in series electrically) is also to simply
add them.
With the advent of nanowires (1-D materials with feature sizes on the order
of 50nm or less), an additional scattering mechanism becomes important:
surface scattering [2]. This scattering mechanism is said to primarily affect the
phonon component of the thermal conductivity and thus mainly becomes
apparent in the thermoelectric figure of merit as

"S 2T
ZT =
#e + #l

(1.12)

where !e is the electronic component of thermal conductivity and !L is the lattice

!
component. The reduction in size of a nanowire restricts electron motion to a
single direction, thus modifying the electrical conductivity, electronic thermal
conductivity, and Seebeck coefficient accordingly [2, 6]. Phonons however, are
not restricted to a single dimension, resulting in the approximation

1
K L = Cg v sl
3

(1.13)

where "s is the speed of sound in the material and l is the total phonon mean free

!
path. When the diameter of the nanowire is less than that of the mean free path,
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the phonon mean free path is replaced by the diameter of the nanowire, thus
reducing the phonon component of the thermal conductivity.
The above thermoelectric effects are best described as bulk
characteristics, however there exists an additional source of thermopower that
arises only through junctions. First reported in 1980 by Smith et al [7], the
thermotunnel effect occurs as electrons tunnel between two materials of different
temperatures. Under constant temperature conditions electrons randomly
tunneling across a barrier will flow equally in both directions resulting in zero net
current. However, when the two sides of the junction are at different
temperatures the transmission probabilities for electrons flowing across the
barrier become unequal. In the modeling by Marschall et al. [8] the electrons on
the hot side occupy higher energy states than those on the cold side, allowing
the hot side electrons a greater tunneling probability and creating an effective
thermopower. There are many analytical and computational descriptions for this
phenomenon [7-10] so the original description by Smith is presented here for
simplicity. For the case of normal metals this tunneling current was found to be
[7]
I0 =

" 2c1kB2 2
(T1 # T22 )
6eR

(1.14)

where R is the junction resistance, Tx is the temperature of one side of the
!
junction, and c1 is the estimate of the fractional change in the energy dependant

electron transmission probability defined as
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c1 =

2"s 2m
h
#

(1.15)

with s as the thickness of the junction barrier, h is Plank!s constant, m is the

!
mass of the electron, and ! is the oxide barrier potential.
This thermotunnel effect differs from the Seebeck effect in several
respects. As can be seen in equations 1.14 and 1.15 the thermotunnel effect
depends mostly on the characteristics of the junction and is fairly independent of
material type. In fact, under proper conditions this effect can be observed
between two materials of the same type [10]. More recent models than the one
presented above have predicted that the thermotunnel effect as relatively
insensitive to junction thickness under thicknesses that allow tunneling [8].
Additionally thermotunnel refrigerators not only are predicted to be more efficient
than Peltier refrigerators [11] but thermotunneling effects continue to occur at
subkelvin temperatures where typical solid-state refrigerators based on the
Peltier effect fail [12]. As a result devices exploiting the thermotunneling effect
have found a niche in extremely low temperature cooling applications [12, 13]
however they have found to be ineffective in energy generation [14].

1.1.2) Measurement of the Seebeck coefficient
Measurement of a material!s Seebeck coefficent is unfortunately not
straightforward because all materials generate a thermopower [15]. Applying a
temperature gradient to a material and then measuring the thermoelectric voltage
directly at the hot and cold points directly will generate an additional
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thermoelectric voltage across the probes themselves. This additional
contribution can cancel out (or increase) the thermoelectric voltage generated so,
from an engineering standpoint, it is beneficial to choose probes of known
thermoelectric properties that have a Seebeck coefficient opposite in sign to that
of the material under test. The only exception to this is for superconductors,
which contribute a negligibly small thermoelectric effect compared to other
materials [15] and have been historically the ideal probes for measuring the bare
thermoelectric properties in a material.
As noted in the previous section, the thermopower also changes
significantly over temperature as the result of various scattering regimes (Figure
1.1). From room temperature to half the Debye temperature (about 100K for Au),
general electron diffusion is the main mechanism for generation of thermoelectric
voltage. Below !/2, until about 10K, the phonon drag regime becomes dominant
and an increase in thermoelectric power is expected. Below 10K the phonons
begin to freeze out and impurity scattering is said to dominate. In the case of
highly pure metals at low temperature, the effects of phonon drag, electron
diffusion, and now electron-electron scattering are said to have approximately
equal contribution to the thermoelectric power, however these effects at
extremely low temperatures are difficult to model and impossible to separate [16].
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Figure 1.1: Thermoelectric temperature profiles for the noble metals Au, Cu, and Ag. The
pronounced hump at low temperatures indicates that phonon drag is the dominant effect. Copied
from [1].

1.1.3) Thermoelectric Power Generation and Efficiency

Figure 1.2: Schematic drawing of a thermocouple with a temperature gradient !T between the
“hot” and “cold” junctions, and a device with load RL connected across it.

For a thermocouple such as shown in Figure 1.2, applying a temperature
difference !T generates a voltage given by V!=!ST!T where ST is the total
Seebeck coefficient for the thermocouple. When a load resistance RL is
connected across the thermocouple, a current I will flow through it. For simplicity
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RL is chosen such that RL ! RTC = L/!A, where RTC is the electrical resistance of
the thermocouple, ! is the combined electrical conductivity of the
thermoelements, and L/A is the length to cross-sectional area ratio of the
thermoelements. In that case, the total power P generated by the thermocouple
is

P = I 2 RL =

V 2 "A 2 2
=
ST #T
RL
L

(1.14)

Assuming the various material properties are independent of temperature, the

!
heat flow out of the thermocouple junction, QH, can be expressed as a function of
the load current I as
I 2 RL
QH (I) = "#T + ST TH I $
2

(1.15)

The first term on the right side represents the heat conducted away from the hot
!
to the cold junction from the thermal conductivity (") of the thermocouple

elements. The second term represents the Peltier cooling effect at the
thermoelectric junction. The last term represents the Joule heating. The
efficiency of the thermocouple is then defined as

"=

P
S 2#$T 2
=
QH %$T + STH & 0.5I 2 RL

(1.16)

When ", !, and S are assumed to be constant with respect to temperature, the

!
maximum efficiency of a finite thermoelectric element can be calculated
analytically and is [17]
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"max =

#T 1+ ZT $1
TH 1+ ZT + TC
TH

(1.17)

The first term (!T/TH) is the Carnot efficiency, which limits the efficiency of all
!
heat engines. A larger value of Z represents a higher efficiency. Figure 1.3

shows the change in the efficiency of a thermoelectric generator as a function of
Z for a !T = 70K, TC = 290K, TH = 360K, and T = 325K.

#=

"T
Th

1 + zT ! 1
1 + zT + Tc Th

Figure 1.3: Efficiency of a thermoelectric generator as a function of the thermoelectric figure of
merit Z, assuming T = 325 K, TC = 290 K, and TH = 360 K. As is shown, small increases in Z over
the state of the art will produce a more significant increase in efficiency than previous increases in
Z.

1.2) Nanowires
As mentioned in the previous section, a nanowire is a geometric class of
material wherein the charge carriers are essentially restricted to a single
dimension of movement. Popular science incorrectly defines nanowires as
having a diameter of less than 999nm, however the special properties of
nanowires are predicted to only occur in wires that have a diameter of less than
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100nm [18]. Despite their grouped classification, the composition of nanowires
ranges from pure metals to doped semiconductors. Fabrication of these
materials also ranges quite widely, the most common being massively parallel
bottom up methods such as pulsed electro deposition in alumina templates and
vapor-liquid-solid (VLS) using nano-dot catalysts [19-21]. These methods create
a large number of nanowires with random localization and imprecise diameters
so more recent methods have focused on creation of precise nanowires in
desired locations: nano porous templates [22], scanning probe lithography [23],
AFM resist scratching and liftoff [24], and nano polymer wires or tubes as
templates [25] to name a few. Regardless of the wide variety in creation
methods and material composition, there have been several physical properties
uniquely associated with their dimension and the 1-D restriction that make
nanowires a unique field of study.
In general solid state physics, it is often assumed that the atomic lattice of
the material being described is essentially infinite, allowing many models to
ignore surface effects and effects from atoms considered to be too far away.
Along the same lines, the models for density of states assume such a large
number of atoms that the equation for density of states becomes continuous.
Additionally, transport properties of charge carriers (electrons or holes) are
modeled as inevitably scattering on something (the lattice, impurities,
imperfections, the surface, etc) within a well-defined mean free path for a
particular energy that is independent of material geometry [26]. These

17

assumptions however, do not necessarily apply in the case of a nanowire.
Simply the reduction in size of a nanowire decreases the number of atoms
in the system. This reduction of atoms in turn causes an increase in the density
of states near the Fermi energy, which has a direct effect on the electric and
thermoelectric properties of a system [18]. From a more physical standpoint, the
reduction in size can result in a nanowire whose diameter is smaller than the bulk
electron mean free path, effectively reducing the mean free path of those
electrons to be equal to that diameter. While this normally reduces the electrical
conductivity, in some unique cases (where the nanowire is sufficiently short or
sufficiently cold), “ballistic” transport of the electrons can occur where electrons
travel with no collisions [27, 28]. For example, InAs nanowires of 75nm diameter
were found to show ballistic transport of electrons for nanowires below lengths of
200nm [29]. An equivalent situation occurs with phonons. As described in the
section on phonon scattering, a reduction in nanowire diameter reduces the
phonon mean free path to that of the diameter of the nanowire [2]. However, just
as with electrons, certain situations can bring about the ballistic transport of
phonons [30-33].

1.3) Thermoelectrics at the Nano Scale
In the past two decades, only small increases in ZT have been achieved
and it is now thought that bulk Bi2Te3 semiconductors are reaching their limit of
performance [34]. However, as hinted at above, the reduction of feature size to

18

the nano-scale and exploitation of associated phenomena produces several
beneficial situations for thermoelectrics. An increase in thermal resistance due to
surface phonon scattering is the most commonly cited reason for the potential
increase in thermoelectric figure of merit. Additionally the ability to engineer
electron band structure and density of states via nanowire size is looked upon as
a way to further improve the Seebeck coefficient [19]. Devices to take advantage
of these effects were described as far back as 1977 in quasi-one-dimensional
conductors [35] however the bulk of initial nanothermoelectric work took
advantage of two dimensional conductors by use of quantum wells [34]. It has
been proposed that with even further size and dimension reduction, as is the
case with nanowires, thermoelectric generators could achieve efficiencies near
the Carnot limit [36]. It should be noted that there has been parallel research in
use of non-nanowire superlattices to increase device thermopower [37-45] which
has produced the largest ZT to date of 2.4 [46]. Fortunately these advances do
not preclude combination with other systems and thus could further contribute to
enhancements found in nanowire-based thermopower.
In order to verify claims of nanowire thermopower enhancement, much work
has been done on analytical and computational modeling of nanowire
thermoelectrics [2, 6, 18, 37, 47-50], however due to the difficulty of manipulating
nanowires onto a test bed for individual study, few groups have measured
thermoelectric effects in individual nanowires. Instead many have chosen to
measure the aggregate thermoelectric effect of an array of nanowires [19, 20, 51-
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55]. Unfortunately this technique prevents any controlled studies as a function of
size, impurities etc, since in such an ensemble any nanowire specific effects will
average out.
In the cases where a series of parallel vertical nanowires are measured, the
nanowires are almost always formed using a nanoporous template. From here
the study method diverges. Some groups state that the alumina template does
not add significantly to the thermal conductivity of the system [20, 52, 55] (or may
improve the surface scattering along the nanowires thus also improving the
thermoelectric power) so electrodes are added to both sides of the
nanowire/alumina composite and thermoelectric measurements are performed as
they are in bulk systems. Others further improve the thermal resistance by
dissolving the alumina and replacing it with a low thermal conductivity polymer
[19, 51, 53]. The option of eliminating the intermediary material has not been
explored because the nanowires by themselves do not provide sufficient
mechanical support to withstand testing [52]. These types of devices accurately
reflect the final structure that a thermoelectric generator would have for practical
use, however it is not possible to obtain individual nanowire thermoelectric
properties (such as size effect) from such a structure. Additionally many of these
devices suffer from incomplete nanowire connections either at the ends of the
pads or somewhere within the support material [20] making it difficult, if not
impossible, to draw conclusions from their operation.
Individual nanowire studies are a more complex matter. Instead of making
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the sample under test large enough to study using a macroscale system these
studies bring the thermoelectric testing platform to nanowire size. Several
methods, each with their own drawbacks, have been tested but two generic types
stand out. The first method makes electrical connections to a nanowire that is
already present on a substrate and creates a temperature gradient on the
substrate itself in order to generate a thermoelectric voltage in the nanowire [50,
56-58]. This method, while functional, requires highly accurate electronics
because the limit in temperature gradient caused by the large thermal mass of
the substrate results in a small generated thermoelectric voltage. Additionally,
substrate coupling effects can smear the phonon contributions to the transport
properties, especially in the low temperature region where the electron and
phonon wavelengths exceed or approach the lateral dimensions of the nanowire
and quantum confinement effects are expected to dominate the behavior of the
thermal and electrical transport properties [59-62]. This method does have the
advantage of being easy to create and, since the nanowire is generally placed
prior to the deposition of the electrodes, good electrical contact is guaranteed.
The second method addresses the issues of low thermal gradient and
surface coupling by suspending the nanowire between two sensing points [63,
64]. In order to further increase the temperature gradient applied on the
nanowire, the sensing points are suspended, allowing for a great deviation from
substrate temperature and the measurement of the thermal conductivity of the
nanowire by itself. In this situation however, simplicity is sacrificed and

21

temperature sensors are required near the nanowire to determine the
temperature gradient (in the substrate based method it was only necessary to
measure the temperature gradient of the substrate). Also, because of the
complex nature of the nanowire test bed, fabrication occurs prior to nanowire
deposition on the substrate. This means that when a nanowire is deposited,
further processing (such as focused ion beam deposited clamps) may be
required in order to make electrical contact [63, 64], however the quality of
electrical connection is not of concern when making thermoelectric power
measurements [65].
It should be noted that both methods suffer from a difficulty in localization
of nanowires. In some cases it is possible to grow the nanowire directly on the
test bed [64], however most nanowires being tested can only be fabricated via
methods that are incompatible with these workbenches. As such, some unique
methods have been devised to deal with the issue of nanowire placement. In the
case of substrate clamped devices, the device is actually created around the
previously deposited nanowire via e-beam lithography [50, 57]. Suspended
devices have historically run into issues with controlled placement with
researchers choosing either to use large “nano” wires that are visible under
microscope [63] or by a randomized drop and evaporation of a nanowire liquid
suspension [66-68].
To date the results of these studies have been varied with no clear
verification of any model. In no other place is this more obvious than in the study
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of bismuth-based nanowires, which were initially chosen because of bismuth
telluride!s status as the best bulk thermoelectric. In early studies by Ono et al. on
suspended 200nm x 800nm Bi2Te3 bundles the thermopower was found to be
reduced as compared to bulk [63]. In the same year Wang et al. produced
results from a parallel array of 50nm Bi2Te3 nanowires with thermopowers slightly
larger than bulk [52]. To complicate matters further J. Zhou et al. later reported
both results citing small differences in stoichiometry of 50-100nm nanowires
could produce nanowires with S significantly larger or smaller than bulk [68]. In
pure bismuth nanowires of diameter 150-480nm the thermopower profile was
actually opposite in sign and drastically different in shape as compared to bulk,
theoretically resulting from new scattering mechanisms reducing electron mobility
more than hole mobility [69].
In theoretical calculations by Mingo [49] InSb was identified as the
material which would best benefit from the predicted enhancement mechanisms
from nanowires. F. Zhou et al. studied 40nm diameter individual InSb nanowires
on a substrate-coupled device however they found that there was no increase in
thermopower resulting from phonon effects or energy spectrum dispersion near
the Fermi level [58]. In fact further work from this group reported that the same
nanowires showed a thermopower that was an order of magnitude lower than
bulk [56]. These results are alarmingly consistent with an early study by Casian
that stated size reduction would more strongly produce a reduction in carrier
mobility and thus cause a reduction in thermopower [6].
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Silicon nanowires have also been extensively studied mostly because of
the large body of knowledge surrounding silicon in general. Early studies on
composites of 100nm silicon nanowires arrays in polymer showed no significant
ZT enhancement above bulk [19]. However, this may be directly the result of the
polymer since in 2003 studies of individual suspended nanowires showed a
significant reduction in thermal conductivity of 22-115nm Si nanowires [70].
Recent studies of cylindrical [71] and rough [72] 20nm silicon nanowires
additionally showed a 100x enhancement in ZT over bulk.
Contrary to original enhancement models it seems thermopower change
in nanowires is strongly dependent on material. Nickel nanowires of 30nm,
which should show similar enhancements to the 20nm silicon nanowires, instead
show a reduced thermopower [73] equivalent to that seen in 200nm nickel
nanowires [74]. Similarly CrSi2 nanowires in the 76-100nm diameter range were
found to have thermopowers roughly equivalent to bulk [67].

1.4) Limitations of the Field
After thorough investigation of previous and current work in nano-scaled
thermopower enhancement it seems that there is still much left to investigate.
The source of this can be traced back to the issue of experimental complexity.
Almost all of the previous work involves complex interaction with the nanowires
under test to place, move, or clamp nanowires to the workbench testing area with
some workbenches being fabricated around previously located nanowires. This
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experimental methodology limits the potential discovery of novel phenomena by
focusing on a limited range of sample types. Additionally the test workbenches
described in literature are generally complex, requiring significant processing
time and chip real estate that reduces yield of testable samples. As a result
previous work in this field consists of analyses based on a sample size of one for
each of a few nanowire diameters. A combined consequence of complex sample
interaction and complex device is that there is as much diversity in measurement
methods as there is in nanowire materials, making comparisons of results
between workbenches unreliable. Only one workbench has been reported as
used for multiple types of nanowire thermoelectric measurements [64].
The microfabricated thermal workbench described in this dissertation was
designed to address the issues inherent in other device designs. By creation of a
workbench with a high density of test sites it was found that sample manipulation
could be eliminated greatly reducing the time from sample acquisition to testing.
Carefully selected device materials eliminate tedious sample post processing
steps and make the workbench compatible with a wide range of sample
materials. Simplification of device design minimizes fabrication time without
removing any necessary functionality. An automated test procedure permits the
characterization of a large number of test samples with high experimental
resolution. As a result of these improvements, over the course of six months I
was able to fully test the thermopower of almost thirty individual nanowire
samples.
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The following chapters will cover the design and testing of this thermal
workbench followed by results of an unanticipated study on the effect of nanowire
system configuration on thermopower that was only possible as a result of this
workbench design. Chapter 2 details the design methodology used to create the
final thermal workbench along with a detailed fabrication procedure. Chapter 3
explains the testing, calibration, and standard operating procedure for the
workbench. Chapter 4 investigates the use of scanning thermal microscopy
(SThM) for the thermal calibration of microfabricated devices and explores
improvement of measurements through use of an insulating layer between the
sample and tip. Chapter 5 discusses a study on the effect of nanowire
configuration on the measured thermopower of gold nanowires and the discovery
of a 100x improvement in ZT for nanowires connected in series. A theoretical
explanation is proposed and evaluated.
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Chapter 2
Microfabricated Thermoelectric Workbench: Design and Fabrication

An original workbench for the thermoelectric characterization of nanowires
is presented in this chapter. Section 2.1 covers the description of a preliminary
design based upon a parallel heater structure along with an analysis of the
limitations that motivated a design revision. Topics include fabrication, device
metal selection, calibration, limitations, and troubleshooting. Section 2.2
discusses the fabrication of the revised design, packaging requirements, and
general operation methodology.
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The goal of this work was to produce a microfabricated thermal workbench
capable of studying the thermoelectric properties of a variety of nanomaterials.
Such a workbench will is desired to allow a direct experimental verification of the
many claims made in literature relating to the thermopower in nanomaterials [17]. Specifically this device was intended to focus on nanowires in the 10-100 nm
diameter range. This objective imposes the following requirements and
restrictions on the thermoelectric workbench:

1) A high yield of testable nanowires with little or no manipulation. One of the
primary challenges in the experimental testing of nanomaterials is obtaining a
large number of experiments performed under identical conditions from which
statistically meaningful conditions can be made. All previous thermal probing
of individual nanomaterials known to the author have been with minimal
number of samples, presumably because of the difficulty in placing and
aligning nanomaterials. By maximizing the number of isolated test sites in a
given area, the time taken to manipulate nanowires into their ideal location
could be reduced or even removed. Furthermore, by increasing the number of
tested nanowires, greater statistical confidence in the data can be achieved
and more accurate comparisons between nanowire size, type, and other
characteristics can be made.

2) Ohmic contact to the nanowire. This is a basic requirement for electric
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measurements that can be obtained through multiple methods (e.g. clamping,
annealing, etc), however ideally this would meet with the first restriction and
not require post nanowire deposition processing.

3) Compatibility with multiple types of nanomaterials. Post processing steps that
are considered to have no effect on micro- and macro-scaled materials can
have various effects on nanomaterials [8-12]. To further this requirement it
was desired that the final device be able to support multiple forms of
nanomaterial deposition.

4) A large a temperature gradient. With thermoelectric measurements, a larger
temperature gradient will result in a larger thermoelectric voltage, thus
facilitating the measurement, or in the case of low thermopower materials,
making measurement possible in the first place.

5) A suspended sample. Placement of the test sample in direct contact to the
substrate is undesirable because some nanowire based thermoelectric
enhancements are expected to occur as the result of phonon surface
interactions.

These requirements guided the basic design of the thermoelectric
workbench fabricated in this work and the modification thereafter. The first
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design was a simple test structure that allowed quick initial tests of nanomaterial
contacts and brought about several unforeseen problems. The second design
took note of these problems and took all the restrictions into account to create
the high test-site-density workbench used for the thermoelectric measurements
discussed in Chapter 5.
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2.1) Parallel Heater Bridge Device
After a thorough review of literature, initial work began by studying the
operating parameters of previously successful thermoelectric devices. For this
purpose the thermal workbench reported by Shi et al. [13] was simulated using
Coventorware (Figure 2.1). This device consists of two suspended adjacent
thermally massive pads with one used for heating and the other used as a
thermal ground and thermometer. For the purpose of the simulation a 70nm
diameter gold wire was placed spanning the gap between the heater/thermistor
plates. This simulation was useful in testing response speed and operating
temperature to better understand the testing requirements for such a device.
The FEM simulation showed that between each plate there was tens of
mK variation no matter what the drive current. This indicated a need for fairly
high resolution temperature sensing for proper thermoelectric measurements. In
the case of an n-type degenerately doped silicon thermistor wire (0.03 !-cm), the
temperature coefficient of resistance is 3.6 !/K. Thus, in order to achieve the
temperature resolution required in the simulated design, it would be necessary to
measure changes in resistance of the order of a few tens of m!. Additionally,
such a small temperature gradient would result in an exceedingly small
thermoelectric voltage. For example, the thermopower of bulk nickel is -15µV/K
at room temperature, which would result in a thermoelectric voltage in the range
of tens of nanovolts. Such a small thermoelectric voltage could only be
measured in AC using a lock-in amplifier. Furthermore, the freestanding “test”
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areas of the simulated thermal workbenches were large because of the meander
type heater/temperature sensor. As a result, these showed a long time constant
(50 ms at room temperature [13]) requiring mK temperature resolution when
using only a 1 Hz signal.

Figure 2.1: Equilibrium State Coventorware Temperature Simulation. This image shows a
replica of Li Shi!s [13] device for measuring the thermoelectric voltage and thermal conductivity of
nanowires. The squares are Si3N4 plates with a Pt meander for producing heat via joule heating
and for temperature sensing. Used in conjunction the thermal conductivity of the nanowire can
also be determined. This test used a current of 10 µA applied to either end of the meander as
described in [13].
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Figure 2.2: Transient Temperature Simulation. This graph demonstrates the average change in
temperature over time of the heating meander (red), the nanowire (green), and the sensing
meander (blue). The y-axis is temperature measured is in mK while the x-axis is time in steps of
0.05 seconds.

Based upon a critical assessment of this previous work, the first thermal
workbench was designed to be a suspended parallel wire heater/thermistor
system. Much like the device presented by Shi et al., this device consists of two
parallel components with a nanowire spanned across. Instead of the large pads
two suspended parallel thin film wires are used with one wire for heating and the
other for sensing temperature. The small mass of such a system would allow
heating of each side to a higher temperature with less heating time, while at the
same time reducing complexity which would allow for a fast production and
testing time. Maintaining the dual heater design would permit verification of
thermoelectric measurements by reversal of temperature gradient and thermal
conductivity measurements by using the bridges additionally as temperature
sensors.

38

2.1.1) Fabrication of the Parallel Heater Device
A section of the first iteration of the device is shown in Figure 2.3. This
was created by SF6/O2 plasma patterning of an SOI wafer with a degenerately
doped top layer, followed by a vapor phase HF release of the oxide layer. The
fabrication presented several problems, the main one being the small space
between the suspended device and the substrate (only 0.4 µm). Because the
nanowires used were in liquid suspension there was no way to deposit these
nanowires after bridge release without stiction issues. Additionally the use of a
highly reactive releasing step such as vapor phase HF would drastically limit the
types of nanowires that could be deposited prior to release. In order to avoid the
reactivity issues caused by the use of HF and the stiction issues caused with a
liquid release it was decided to move to a gas based XeF2 based release system
that would create more space between the bridge and the substrate.
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Figure 2.3: SEM of the first parallel heater thermoelectric workbench. Shown here is a pair of
suspended polysilicon wires each about 3µm wide with spacing of about 3µm. The original mask
was designed to have 5µm wires with 1µm spacing however a combination of overdevelopment
and over etching thinned these early prototypes. The center sections of the bridges were isolated
for release by covering the rest of the die with photoresist prior to vapor phase HF release.
Release portions can be identified by an abrupt change in shade on the bridge. Bridge thickness
is about 100nm with 400nm separation from the substrate.

XeF2 is a white solid at room temperature and atmospheric pressure.
However at ~3 Torr and room temperature the solid sublimates and, in this form,
is able to etch silicon [14, 15]. Gas phase XeF2 isotropically etches silicon
according to the reaction:
2XeF2 + Si —› 2Xe + SiF4
This etch is a purely chemical isotropic process and requires no other form
of energy input for the etching to occur. XeF2 has very high etch-selectivity
between silicon and all other known materials used in the semiconductor
processes. Due to this high selectivity and lack of plasma, it could be certain that
non-silicon nanowires would remain intact if deposition was performed prior to
release. However, the use of XeF2 for release required changing the
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heating/sensing wire material from Si to a metal. The final version of the parallel
heater device is shown in Figure 2.4 with the fabrication procedure shown in
Figure 2.5.

Figure 2.4: SEM of the final parallel heater thermoelectric workbench design. A pair of
suspended bridges, each 5 µm wide, 200nm thick, and 280µm long with 1µm spacing. Each
bridge spreads out to 200x200µm contact pads on either side. The rounded structures on the
substrate result from the nucleation nature of XeF2 etches. The release distance between the
suspended bridge and the substrate is about 10µm.

Figure 2.5: Final fabrication procedure for the parallel heater thermoelectric workbench. 1)
Deposit 2000Å metal (type is discussed in section 2.1.2) on a silicon wafer with 1000Å oxide. 2)
Pattern and wet etch the metal through to the oxide layer. 3) Etch through oxide layer using
standard SF6/O2 plasma etch. 4) Release using four cycles of XeF2 etch, 2 torr XeF2 and one
minute per cycle.
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2.1.2) Heater Bridge Metal Selection
Four metals were tested based on their ease of incorporation in the
fabrication process and the presence of available liquid etchants: Al, Al-Au, CrAu, Ni. Al was the first choice due to its ease of etching and good surface
adhesion to SiO2. An Al-Au alloy was tried because it would be possible to etch
using a commercial Au etchant and should experience fewer issues with surface
oxide than pure Al. A standard Cr adhesion layer with Au was chosen to test
electrical connectivity of nanowires to a device with no native oxide. Finally Ni
was chosen because of its thermopower, which is relatively large for a metal at
room temperature and would allow for easier thermopower measurements.
Several Al devices were successfully fabricated however the quick
formation of AlO3 became an issue when testing with nanowires began. While
electrical connection to some nanowires was possible, ohmic contacts could not
be made without further processing (such as annealing in an H environment or
focused ion beam deposition of metal clamps). Al was subsequently abandoned
as a bridge material since it did not fit the design requirement of being readily
able to form an electrical contact.
The Al-Au alloy was formed by e-beam evaporation of 1000Å of Al followed
by 1000Å of Au and subsequent heating for 5 minutes on a 200Co hot plate in
atmosphere. Full alloying was noted by a color change from yellow to a pinkbrown. This alloy was found to have no adhesion to SiO2 and upon placement in
the gold etchant the entire alloy layer lifted off of the substrate prohibiting any

42

device patterning.
The standard Au with a Cr adhesion layer was deposited via e-beam
evaporation. 500Å of Cr was deposited first as an adhesion layer followed by
2000Å of Au. This yielded several successful devices that demonstrated good
ohmic electrical connection to our metal nanowires. This provided a basic proof
of concept for the device design, however the nanowires we had obtained for
initial tests were gold nanowires, which would not show a thermoelectric voltage
on a gold-based measurement system.
Our final metal test was with Ni. While Ni has an oxide, it requires
temperatures of above 300Co to form any appreciable thickness [14]. Tests of
depositing nanowires on Ni versions of the device confirmed its viability whereby
after an initial high voltage to break down any native oxide (±5V), the gold
nanowires were found to have made an Ohmic contact.

2.1.3) Calibration of the Parallel Heater Bridge Device
In order to measure the thermoelectric coefficient of a material it is
necessary to know the temperature on both sides of the device. Because a wellknown metal is being used for the heating and sensing bridges a standard
method to predict the temperature profile for both bridges is from known
equations. As long as the heating frequency is significantly slower than the
thermal time constant of the bridge it is possible to model the temperature profile
at any point in time as that of a equilibrium state joule heated bridge with
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thermally clamped ends. Taking into account a simple change in resistance with
temperature, but neglecting radiation and gas conduction (since intended
operation is in vacuum):
" B%
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T1 and T2 are the temperatures at x=0 and x=L respectively, L is the length of the
!
!
!
bridge in meters, ! is the thermal conductivity at the average temperature in
W/(m K), " is the density in kg/m3, Cp is the specific heat capacity in J/(kg K), # is
the temperature coefficient of resistance in K-1, a is the wire cross-sectional area
in or m2, and $ is the electrical conductivity of the material at T=300 in (! m)-1.
The sensing bridge will function as if heated from a point source at the
location of the nanowire. Assuming symmetry and ends thermally clamped to T0,
the temperature profile is
T(x) =

!

T0 + TH
x + TH
L Heat
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(2.2)

where LHeat is the distance from the edge of the bridge to the heat source, TH is
the temperature of the hot point, and x is the position along LHeat. From these
equations it is possible to create an estimate of overall bridge resistance from the
series summation of resistances of infinitesimally small wire segments at
constant temperatures using the simulation program in Appendix A.
Because this does not take into account contact resistance from wire
bonding and packaging, further calibration is needed. The initial plan was to
perform this via oven based resistance calibration using small currents that would
not perturb the temperature of the sample. While this does not provide the same
profile as a point source or Joule heating, it is possible to find the contact
resistance by comparing these measurements to the simulations made using the
program in Appendix A modified for a constant temperature profile. A more
preferable option was later presented with the acquisition of a scanning thermal
microscope (SThM) attachment to a PSIA XE100 SPM. This will be discussed
further in chapter 4.

2.1.4) Parallel Heater Bridge Troubleshooting
In order to make the most versatile structure for studying of both metal
and semiconducting nanowires, deposition of nanowires after bridge release was
tested. The 5-10µm spacing between the substrate and the bridge was sufficient
to prevent any stiction to the substrate, however the surface tension of the liquid
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(in this case ethanol) was sufficient to produce a horizontal form of stiction
(Figure 2.6).

Figure 2.6: Horizontal Stiction. While these bridges are still suspended, the surfaces of both
bridges were pulled together by ethanol surface tension during the evaporation of a nanowire
suspension drop. Once together the restoring forces in the bridges were insufficient to overcome
stiction.

The most common solution to overcoming stiction issues is to terminate
liquid steps with critical point drying (CPD) [16], however deposition of nanowires
in a liquid suspension requires surface tension to move the nanowires into direct
contact with the substrate [17]. Because of their size, gravity effectively has no
effect on nanowires and thus the use of CPD would cause the nanowires to be
removed with the gas phase suspension. It was instead decided to solve the
issue of horizontal stiction with mechanical modifications. The previous method
(increasing the spacing between the two suspended wires) would not work in this
situation because of the limited length of the nanowires to be tested and the need
for them to span the gap, so instead the suspended portion of the wires was

46

shortened to increase the restoring force.
A mask was created to expose different sections of the wires and
substrate to the XeF2 thus creating different suspended wire lengths after
release. Suspended wire lengths of 10µm, 20µm, 30µm, 40µm, 50µm, 100µm,
150µm, and 200µm, were created and then tested by dropping of the various
common nanomaterial suspension liquids: acetone, IPA, methanol, and DMF. It
was found that for the 5µm x 3000Å cross section bridges (1000Å SiO2 and
2000Å Ni), bridges of length 50µm and smaller did not experience any horizontal
stiction.

Figure 2.7: Bridge length modification. The above figure shows a bridge that was modified in
length from 280µm to 200µm. The pads in the center of the bridge are from an unexplored
design option.
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2.1.5) Parallel Heater Bridge Limitations
While the device at this point was functional and could lead to results,
there were several concerns with the basic design. First and foremost was the
low yield of testable nanowires. On a 5mm x 5mm die, only 24 devices were
present, and over the 280µm bridge length of each device, only one nanowire
could be tested. It was rare that only a single nanowire would be deposited on
each bridge and it was more common to obtain 3-5 nanowires on one device
making it potentially impossible to test individual nanowires with this design.
Additionally there was a concern about maintaining a large thermal gradient
along the nanowire due to the large thermal resistance to thermal ground on the
sensing wire. These two physical design issues, coupled with the need to have
suspended bridge segments less than 50µm long, led to a new design.

2.2) Heated Bridge with Sensing Finger Thermoelectric Workbench
An individual unit of the new thermal workbench is shown in Figure 2.8. A
freestanding Ni bridge serves as the heating element. On the other side of a
1µm gap there are three Ni “fingers,” each thermally clamped to the substrate
temperature. The Ni bridge is 2000Å thick, 5µm wide, and because of the
restriction in size to prevent horizontal stiction, only 40µm in length. Each finger
is thermally clamped and made of 2000Å thick, 5µm wide Ni with 1µm spacing in
between. This placement of the fingers allows for two distinct advantages. First,
it allows for up to three nanowires to fall in the 17µm segment parallel to the
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heated bridge and still maintain individual testability. On a 5mm x 5mm die, 144
fingers were created spanning across 4 different bridges drastically increasing
the number of test sites. Second, this greatly improves the magnitude of the
thermal gradient between the heated and thermally grounded sides of the
nanowire. The other design goals (Ohmic contact, suspension of sample, and
compatibility with multiple types of nano materials) were also met.

Figure 2.8: Schematic of the heated bridge with sensing finger thermoelectric workbench design.

2.2.1) Fabrication of Heated Bridge with Sensing Finger Workbench
The final version of the thermal workbench can be seen in Figure 2.9 and
Figure 2.10. The fabrication procedure is shown in Figure 2.11 and is performed
as follows: 1) Fabrication begins with a bare silicon wafer with 1000Å SiO2. 2) A
pattern is opened in the oxide that defines the individual areas for each testing
unit. The squares of oxide that are left act as thermal and mechanical clamps for
the heating bridge while the outcroppings of SiO2 on the bulk define the areas
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where the fingers will lay. 3) The wafer is patterned with photoresist, opening
holes where the Ni will be deposited. The choice of resist was carefully
considered since a lift-off is typically performed using a combination of a lift off
resist (LOR) and a thin photoresist so as to provide the best resolution during
lithography. However, to define a gap of 1µm between the sensing finger and
the heater bridge requires the ability to define that in solid in the resist, which was
found to be exceedingly difficult with LOR. Instead, the 3µm thick photoresist
Shipley 1827 was used and found to provide sufficient resolution to define a 1µm
solid appropriate for lift-off. This is immediately followed by an e-beam
evaporation of Ni. 4) The photoresist is then removed via acetone bath, taking
away the excess Ni. 5) A priming etch of 1.5µm is performed in an ICP-RIE to
facilitate the XeF2 etching. No mask is required for this step because Ni is a
sufficiently strong material and the etch recipe used is highly selective for silicon
over SiO2. After this step the wafer is diced into 1” x 1” pieces since XeF2 etches
are not uniform across a large wafer and can vary drastically in etch rate with
different amounts of exposed silicon. Dicing is performed with a protective layer
of photoresist. 6) Photoresist is spun again and patterned to open a window for
single sided release of the bridges. Steps 5 and 6 were not originally in the
device design and were added to control the release of the bridge and prevent
undercutting of the fingers during the isotropic XeF2 release step of the Ni heater
wire from the substrate. A fabricated device without steps 5 and 6 can be seen
in Figure 2.12. 7) The wafer is placed in two or three one minute cycles of 2 Torr
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XeF2 for release. This etch is visually gauged by monitoring the horizontal
amount of silicon etched through the SiO2 clamping squares after each cycle. 8)
The photoresist is removed in acetone. At this point the 1” x 1” wafer pieces are
recoated in photoresist for protection, further diced into 5mm x 5mm dies, the
photoresist is again removed in acetone, and then the dies are placed in an
oxygen plasma for final cleaning. It is important to note that due to careful
design, the bridges remain suspended and intact despite aggressive post release
processing which include photoresist spinning and wafer dicing steps.

Figure 2.9: Fabricated unit of the heated bridge with sensing finger thermoelectric workbench.
Due to slight misalignment during fabrication of this particular device, the SiO2 does not go all the
way to the end of the fingers on the top right device and extends past the gap into the bridge on
the bottom left device. The design is however robust enough to function with that level of
misalignment. The devices on the bottom left device experience a slightly reduced temperature
gradient between the fingers and the bridge due to the SiO2 while the devices on the top right are
unaffected.
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Figure 2.10: Multiple units of the suspended heater with sensing finger device. Shown above are
the devices spanning one half of the final fabricated die. Two heaters run parallel with 36 fingers
each. The fingers run away from the bridges and to 200 µm x 200 µm bonding pads. There is a
miander in the center of the device that allows monitoring of the substrate temperature.

Figure 2.11: Heated bridge with sensing finger workbench fabrication. Light gray is silicon, black
is SiO2, dark gray is Ni, and red is photoresist. For completeness the left side of each cross
section step shows fabrication of an area where no finger is present while the right side shows
fabrication where a finger is present. Sizes are not to scale.
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Figure 2.12: Heater bridge with sensing finger thermoelectric workbench original fabrication.
Release in XeF2 without protecting the fingers caused the ends of the fingers to no longer be
thermally clamped to the substrate. In the worst cases, as shown here, the fingers themselves
can become completely released and cause bowing due to internal stresses of the Ni and SiO2.

2.2.2) Packaging
Dies with active test sites were mounted in a DIP chip that was compatible
with the closed cycle refrigerator (CCR) used for low temperature thermoelectric
testing. The die was glued to the DIP with silver paint because of its compatibility
with vacuum and low temperatures. Other bonding agents were attempted
(TorrSeal and Super Glue) however the volatile components tended to redeposit
on the surface of the workbench, making wire bonds difficult and raising
questions of proper device operation. Wire bonding to the thermoelectric
workbench was performed with an aluminum wire compression bonder.
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2.2.3) DC Versus AC Thermoelectric Voltage Measurement
The heater bridge with sensing finger thermoelectric workbench uses
Joule heating to produce the temperature difference necessary for generating a
thermoelectric voltage, however the specific drive signal is of specific importance.
While DC Joule heating is beneficial because of it!s simplicity, the Thomson
effect can skew the temperature profile in the direction of current flow resulting in
a difficult calibration for the bridge temperature profile [18]. Alternatively AC
Joule heating removes the effect of Thomson heating and allows operation of the
workbench in two generic modes: high and low frequency (as compared to the
thermal time constant of the bridge !bridge).
High frequency heating (f >> 1/!bridge) forces the bridge to remain at a
constant temperature and results in a constant thermoelectric voltage that allows
a simple DC thermoelectric voltage measurement. The first measurements were
attempted with this method because of its simplicity. Unfortunately this method
was not effective because of the inability of standard DC voltmeters to distinguish
the thermoelectric voltage signals (on the order of µV) from external noise. In
order to improve the voltage measurement resolution and accuracy, it was
determined that the high sensitivity of AC measurements using a lock-in amplifier
(nV) was required.
Low frequency heating causes the thermoelectric voltage to follow the
heating frequency of the bridge and allows an AC measurement of generated
thermoelectric voltage. In this situation an AC heating signal below the 3dB
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thermal time constant of the heater bridge is applied to the bridge. Assuming the
bridge can be modeled as a suspended wire with temperature clamped at both
ends and ignoring heat losses to radiation and gas convection, the application of
a sinusoidal heating current, Iosin(!t), to the heating bridge generates heat as
described by the following partial differential equation

"C p

#
#
I 2 sin 2 (&t)
T(x,t) $ % 2 T(x,t) = 0
R + R| (T(t, x) $ T0 )]
[
#t
#x
LA

(2.3)

where " is the mass density , Cp is the specific heat, # is the thermal conductivity,
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resistance of the bridge at edge temperature T0, and R! is the temperature
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dependant temperature profile is
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Equation 2.4 shows that the temperature of the bridge at any one point is

dependant on the second harmonic of the original drive signal. By monitoring the
voltage between the bridge and the finger at this second harmonic the
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thermoelectric voltage generated by the nanowire will be obtained (Figure 2.13).
Measurements at the first harmonic will return exactly the drive voltage.

Figure 2.13: A simple schematic diagram demonstrating the experimental setup for measuring
the thermoelectric voltage of a nanowire on the thermoelectric workbench. The thermally
grounded finger is shown in grey and the bridge is shown as a horizontal bar with a colored
gradient.

2.2.4) Discussion
This most recent version of the thermoelectric workbench has addressed
all of the initial requirements. The first requirement, a high yield of testable
nanowires, was met by the selection of device spacing that matched well with the
nanowire density seen during deposition (about 1 nanowire per 5µm x 5µm
square). Additionally, this design parameter, coupled with fabrication simplicity,
has the benefit of allowing the characterization of non-ideal samples (such as
nanowire bundles). Experiments with devices that require significant pre- or
post-processing generally are focused on the initial designated samples (i.e.
single nanowires) ignoring randomly encountered alternatives. By simplifying
sample preparation, all deposited samples become testable allowing the study of
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non-ideal configurations. The second, third, and fifth requirements (that of Ohmic
contact, process compatibility with nanowires, and sample suspension) were
initially resolved with the parallel heater design and were maintained in the final
suspended heater with sensing fingers design. A large temperature gradient, the
fourth requirement, was obtained by clamping one side of the tested nanowires
to the substrate temperature. This allowed all of the heat generated by the
suspended bridge to contribute to the temperature gradient and created the
largest temperature gradient possible without further active processes. With
these requirements met the device underwent extensive testing (section 3.2),
calibration (section 3.3), and was used to characterize the thermopower of gold
nanowires (chapter 5).
During these experiments a few technical limitations were uncovered
which should be addressed for future designs. The most significant limitation is
the use of an analytical calibration for the temperature of the heating bridge
(further discussed in section 3.3.2). While functional, such a calibration requires
detailed knowledge of all material parameters (such as thermal conductivity,
electrical resistivity, etc.) that can change significantly with impurities and
material geometry especially over the temperature range this device is intended
for. The use of nickel as the device metal also became inconvenient. Despite
literature claims that nickel does not produce a significant oxide at room
temperature, some devices demonstrated an appreciable amount of oxide as
evidenced by observed temperature dependant bi-stable resistance states
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(further discussed in chapter 6). It is unclear if these devices developed the
oxide during nickel deposition or as a result of room temperature oxidation,
however the presence of such an oxide significantly complicated measurement
and analysis. For the gold nanowires that were studied, the choice of nickel as
the device metal produced excellent results, however future devices for studying
the thermopower of non-gold nanowires should use gold as the device metal.

2.3) Conclusion
A new workbench for studying the thermopower of nanowires and
nanowire bundles has been described. By identifying requirements for a high
compatibility nano-thermoelectric workbench and studying the previous
thermoelectric workbenches in literature, several improvements have been made
in device design and test sample yield. Detailed fabrication procedures were
presented and further improvements for device design have been discussed. In
the rest of this thesis I will only be referring to measurements performed on the
finalized version of the heating bridge with sensing finger workbench.
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Chapter 3
Thermoelectric Workbench Testing

In order to obtain consistent results from the MEMS thermoelectric
workbench presented in the previous section, several parameters were
specifically defined. Besides the obvious need for calibration, specific operation
procedures were implemented to reduce the effects of electrical noise,
temperature variation, and human error. Additionally, since the above-described
thermoelectric workbench combines temperature sensing, sample heating, and
thermoelectric voltage measurements on the same electrical probes, it is
necessary to verify the device!s ability to separate those measurements and
avoid unintentional coupling. This chapter will begin with a discussion of
operation procedures for the thermoelectric workbench discussed in chapter 2. A
summary of the verification tests will follow in section 3.2. The chapter concludes
with a detailed description of the device temperature calibration including a
section on measuring the thermal conductivity of the nickel heater.
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3.1) Standard Operation Procedures
The measurement operation of the thermoelectric workbench is performed
using the following experimental setup designed to remove run-to-run
experimental variation. Sample preparation is dependent on sample type and
will be discussed in Chapter 5.

3.1.1) Nanowire Deposition
The first step in creating a functioning test structure is the actual
deposition of the nanowire to be tested onto the workbench test site. Much work
has been done by researchers in the field of controlled nanomaterial deposition
[1-5] however none of the methods have achieved the level of ease and accuracy
required to make large-scale deposition possible. Instead the procedure used in
this work relies upon suspending the nanowires in a liquid (ethanol for the case
of the Au nanowires) and deposited via pipette drop. Because of the high density
of test locations available on a single chip, a flooding drop of nanowire
suspension of moderate concentration results in at least 3 individual nanowires
making electrical contact between a bridge and a finger without any further
manipulation. A flooding drop is defined as a drop that is sufficiently large to coat
the entire surface of a 5mm x 5mm chip without causing liquid to flow over the
side of the chip. It is important to note that any overflow of suspension over the
side of the chip to the substrate will cause irrecoverable contamination to the
sample from work surface dirt immediately mixing with the nanowire suspension.
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More directed methods of deposition were attempted by use of a Microjet brand
piezoelectric microdropper system, however no increase in yield was observed
so this method was abandoned.

3.1.2) Vacuum
Experiments were performed in a vacuum chamber at or below 2 mTorr.
The reason for this was twofold. First, since experiments were being performed
close to liquid helium temperatures, it is necessary to evacuate the chamber so
as to avoid condensation on the sample. Second, in order to maintain a large
temperature gradient across the nanowire, it is necessary to remove as many
thermal pathways as possible. By performing the experiments in vacuum,
convection heat loss is eliminated leaving only the heat loss through the bridge
ends. Radiative heat losses were considered to be negligibly small because of
the small surface area.

3.1.3) Low Temperature
Full characterization of a material!s thermopower requires measurement at
multiple temperatures/thermoelectric regimes (electron diffusion, phonon drag,
etc). For this reason the sample was mounted on a cold finger cooled by a
Cryodyne closed cycle refrigerator (CCR) with a Janis temperature controller.
This particular setup allowed automated temperature control from 10-200K with a
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stability of ±0.1K. Temperature control above 200oK was performed by manual
operation of the chamber heater resulting in a stability of ±5K.

3.1.4) Electrical Operation
A Stanford Instruments Systems SR830 DSP lock-in amplifier was used to
both drive the heating bridge and sense the thermoelectric voltage. Bridge
heating was performed with a sinusoidal current at 106.2 Hz. This frequency
was chosen because it remained below the heater 3dB thermal cutoff frequency
(further discussed in section 3.2.3). Additionally the frequency of 106.2 Hz, and
its harmonics, do not overlap the mains frequency, the standard frequencies for
electronic devices, or harmonics thereof. Drive voltage amplitude was swept
from 0.3Vrms to 1Vrms to obtain the thermoelectric voltage at multiple bridge
temperatures. The lower limit was chosen from experimental observations that
the system would not lock in on thermoelectric voltage signals produced by a
driving voltage of less than 0.3Vrms while the upper limit was chosen because the
heater bridges were destroyed with currents generated by voltages larger than
1.5Vrms at room temperature. Generated thermoelectric voltage was measured
as a single input voltage compared to ground. So as to avoid measurement of
undesired signals the lock-in was set to a 24dB/octave low pass filter slope. The
measurement time constant was chosen to be 3s in order to produce stable
measurements. It should be noted that the measurement speed described here
was dictated by the time required for the temperature controller to attain thermal
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stability in the low temperature measurements. The workbench is capable of
operating with higher heating frequency and shorter measurement time constant.
The ac current through the heater was measured with a Keithley 195
digital multimeter. This system was placed in the current path from the signal
output of the lock-in amplifier to the heating bridge.

3.1.5) LabView Control Program
All of the above systems, with the exception of the vacuum pump, were
connected to a PC and controlled through a custom LabView program. A screen
shot of the LabView program interface is visible in Figure 3.1. Upon initialization
the program begins communication with the temperature controller, the lock-in
amplifier, and the multimeter and sets the first measurement parameters as
defined in the user interface. For each temperature point the drive voltage is
changed incrementally from “Initial Voltage” to “Final Voltage” with 1-minute
pause intervals to allow the signal to stabilize before being recorded. After
reaching the “Final Voltage” the next temperature point is input into the
temperature controller and the system is allowed 1 to 23 minutes to equilibrate
before beginning measurements. Because the same temperature difference
requires longer stabilization time at higher temperatures in this system, the
temperature equilibration time was made to be linearly dependant on the current
temperature. This portion of the experimentation takes approximately 8 hours to
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run for the standard number of temperature and heating voltage points (80 and 8
respectively).

Figure 3.1: Custom LabView measurement program interface. Sweep types for temperature and
voltage can be changed between linear or logarithmic.

At temperatures above 200K the temperature controller heater does not
have sufficient power to counteract the cooling of the CCR. To allow higher
temperature measurements, the CCR is turned off and the heater is operated
manually to obtain desired temperatures in the 200-270K range. The remaining
experimental parameters are still controlled by the LabView program. Ten
temperature points are taken in this range with the same 8 heating voltage points
over a time of about 2 hours. Above 270K the system is allowed to achieve room
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temperature on its own to prevent damage to the sample heater. After 5 hours of
equilibration a final temperature point is appended at room temperature (293K).

3.1.6) Data Analysis
Figure 3.2 shows a characteristic series of data points that are used to
measure the thermoelectric coefficient for a single temperature point. Taken at
292.3oK (room temperature), these points are the result of a sweep in heating
voltage from 0.3Vrms to 1.0Vrms in vacuum. The raw data is recorded with
applied heating power obtained from the applied heating voltage and the
measured heating current through the freestanding heater wire. The calibration
described in section 3.3.2 allows conversion of the applied power to !T. The
slope of the data then gives the thermopower for that temperature point in µV/K.
It is important to note that these values reflect the combined thermoelectric
power of the thin film nickel heater and the gold nanowire under test. These
values cannot be separated without a detailed knowledge of the thermopower of
the specific nickel thin film material used in the workbench.
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Figure 3.2: Single temperature thermoelectric voltage measurement. These values are taken for
a gold nanowire on a nickel device at room temperature. A simple line fit obtains a slope (and
thermoelectric coefficient) of 18.43µV/K.

The large number of data points (720 for a standard measurement)
required an automated analysis. For this purpose a custom script was written for
the statistical analysis program R [6]. The script calculates the thermopower for
each temperature point based upon the eight points for !T and the measured
RMS thermoelectric voltage at each temperature point. The script can be viewed
in Appendix B.

3.2) Verification of Workbench Operation
Four independent experiments were designed to test the thermal
dependence of the measured voltage to evaluate if the data being obtained was
representative of the sample thermopower. The first test focused on the
differences between empty and used test sites in electrical current and 2nd
harmonic voltage measurements. The second test checked the dependence of
voltage polarity on temperature gradient direction. The third test examined the
frequency dependence of the thermoelectric measurements. Final tests
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examined the dependence of the thermoelectric voltage on bridge temperature
by changing the bridge temperature itself without modifying any electrical inputs.

3.2.1) Effect of Sample Presence on Test Sites
Prior to deposition of nanowires, several sites were tested for electrical
current flowing between a finger and the released bridge to verify that there was
no unforeseen electrical connection. When applying –5V to 5V with a Kiethley
4200 semiconductor analyzer all tests resulted in noise in the femto ampere
range indicating an open circuit. Additionally these devices were tested with the
electronics setup described in section 3.1.4 at room temperature and ambient
pressure to see if any second harmonic signal could be measured. As expected,
the lock-in amplifier was unable able to identify a signal.
After nanowires were deposited with the method described in section 5.1.1
the same experiments were performed. For these tests gold nanowires were
used [7]. On devices with nanowires present an electrical current was observed
with a linear I-V characteristic indicative of an ohmic contact. These results are
discussed with other nanowire specific results in section 5.2. Test locations
without nanowires visibly spanning the gap were also electrically tested resulting
in the expected femto ampere level noise.
Lock-in amplifier measurements reflected similar results. Tests on
occupied sample locations resulted in both first and second harmonic signals.
Locked in signals at the first harmonic reflected the drive amplitude (0.3-1Vrms)
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while the signals at the second harmonic were of the order of a few µV when
present. At empty sample locations the lock-in amplifier did not lock in on any
signal.
The above tests show that the as fabricated suspended heater with
sensing finger thermoelectric workbench does not contain any direct electrical
couplings that could potentially impact the desired testing methods. Additionally
measured I-V characteristics and 2nd harmonic voltages undergo distinct changes
upon placement of a nanowire or nanowire bundle across a test site. Test sites
with no nanowire or nanowire bundles present retain previous electrical
characteristics even after the entire device is treated to the deposition procedure.

3.2.2) Temperature Gradient Dependence of Thermoelectric Voltage
Because the sign of thermoelectric voltage is directly dependent on the
direction of the temperature gradient, this test focused on monitoring the sign and
magnitude of the thermoelectric voltage with opposite temperature gradients.
For this purpose a nonstandard test site of the workbench was used. The
meander shown in the center of Figure 3.3 was originally placed for monitoring of
substrate temperature during experiments, however it is also possible to heat this
meander and use the bridge as the relative low temperature point (cold junction)
for thermoelectric measurements. Because of the random deposition method
used for the nanowires, it is very common for a nanowire to span the gap
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between the meander and the bridge allowing this location to be used to verify
the reversibility of the thermoelectric voltage generated (Figure 3.4).

Figure 3.3: Location of thermoelectric reversal test. At the center of the bridges is a meander
made of 1µm wide wire located within 1µm of the bridge. Neither the bridge nor the fingers are
suspended at this point so the temperature gradient generated across the gap is greatly reduced.
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Figure 3.4: Thermoelectric voltage reversal. The x axis indicates the power applied to the
heating element (implying the temperature difference) and the y axis shows the generated
thermoelectric power. Applied power is used to imply temperature difference since temperature
calibration has not been performed for that region of the workbench. The * in the legend
indicates which terminal is receiving heating power.

The blue data shows the typical heating condition when the bridge
(labeled Heat) is generating heat and the thermoelectric voltage is measured with
the positive terminal on the bridge and the negative terminal on the meander.
The green data shows the reverse condition where the meander is heated and
the voltage terminals are maintained the same. As is expected, the reversal of
thermoelectric voltage is seen when the temperature gradient is reversed. The
difference in slope is explained by the asymmetry in the heat generation and
dissipation characteristics between the heater wire and substrate supported
meander structure.
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3.2.3) Frequency Dependence of Thermoelectric Measurements
Solving for the spatial and temporal temperature profile of a freestanding
wire with the two ends thermally clamped and heated via Joule heating, the
temperature profile can be given by [8]
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where ! is the applied signal frequency, L is the length of the bridge, and ", Cp,
!
and # are the mass density, specific heat, and thermal conductivity of the wire

material respectively.
This equation contains the behavior of a low pass thermal filter in which an
increase of heating frequency causes temperature fluctuations to attenuate and
results in an asymptotically approached average temperature. By measuring the
RMS thermoelectric voltage with a lock-in amplifier, this reduction in temperature
fluctuation amplitude results in a reduction of measured thermoelectric voltage.
This reduces the amplitude of the sinusoidal temperature fluctuation at 2!, which
in turn reduces the generated thermoelectric voltage while maintaining most of
the electrical conditions constant. One such measurement is shown in Figure
3.5.
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Figure 3.5: Characteristic frequency response measurement. This shows a cutoff frequency at
about 1kHz. The upturn at 50kHz is where the lock-in amplifier begins to lose the signal
(indicated by the random phase readings not shown here). Obtained using 1Vrms heating
voltage on the bridge.

This signal amplitude falloff occurs as the drive frequency exceeds the
inverse of the thermal time constant of the bridge (1/!bridge). As a result this test
was also used to obtain the thermal time constant of the heating bridge.
According to equation 3.1, the expected axial thermal time constant for a 50µm
long nickel bridge at room temperature should be 8.46µsec (fcutoff = 118kHz).
This expected value is significantly faster than what was measured because the
measured thermal time constant is not only of the 50µm bridge, but rather the 12
bridges in series. Calculating the axial thermal time constant for a 600µm bridge
results in a value of 1.2msec (fcutoff = 819Hz), which is much closer to the
observed value.
Because of the simplicity of this frequency response test (now an
automated Lab View program), it was performed on every nanowire device prior
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to cooling to verify the legitimacy of the nanowire connection and the device!s
electric isolation.

3.2.4) Gas Based Temperature Modulation
In order to verify that the measured signal was solely dependent on
temperature, the thermoelectric voltage was measured at multiple pressures
using multiple gases. The introduction of a controlled gas and pressure
increases the thermal pathways to thermal ground resulting in a controlled
reduction in temperature of the heating bridge. While the particular pressures
chosen were random, the gases used were chosen because of their difference in
molecular mass (and as a result, their difference in their thermal conductivity).
The results can be seen in Figure 3.6. When the heating bridge is exposed to
higher pressures, or gases of higher thermal conductivity (i.e. a gas of lower
molecular mass), the measured thermoelectric voltage is reduced.

Figure 3.6: Pressure dependence of measured thermoelectric voltage. Gasses of lower mass
allow more heat to be conducted away from the bridge, as does higher pressure, thus lowering
the temperature of the bridge. Because pressure and gas are the only changed variables it is
certain the change in voltage is caused by a change in temperature indicating a proper
thermoelectric measurement.
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3.2.5) Verification Discussion
These results indicate that the thermoelectric workbench functions as
intended to study the thermoelectric properties of nanomaterials. It was found
that measurable 2! signals exist only when a sample spans the heater-sensing
finger gap. The reversal of output signal with temperature gradient indicates that
the voltage being measured is thermoelectric in nature. Frequency response
measurements and the gas based temperature modulations show that the
resulting thermoelectric voltage is purely dependent on temperature fluctuation
and not on any electrically coupled signals. Of the above tests, the electrical
resistance measurement and frequency response tests are performed for every
nanowire deposited.

3.3) Thermal Calibration
The raw data obtained from the thermoelectric workbench reports the
thermoelectric voltage as a function of dissipated electrical power. In order to
convert this measurement data into thermopower (i.e. µV/K), the temperature
profile of the heater wire as a function of the dissipated power must be
determined. This can be done via analytical or finite element modeling (FEM).
Furthermore, FEM models can be developed in 2D or 3D. This section explores
these three approaches to determine the best method for calibration. The
advantage of the analytical model is that it readily allows calculation of the
temperature for various input powers at various ambient temperatures, however
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it does not take into account the detailed boundary conditions that may exist in
fabricated devices. However, during experimentation it was discovered that the
largest source of errors in the calibration arose from the uncertainty of the nickel
film thermal conductivity used in this work. For increased calibration accuracy
measurements of the device nickel thermal conductivity were performed and are
presented. The final temperature profile of the nickel heater wire used for
calibration of the thermoelectric workbench was calculated using the
experimental values of the thermal conductivity of nickel in the analytical model.

3.3.1) Workbench Finite Element Model Simulation
For initial simulation of the thermoelectric workbench, one half of the full
bridge was modeled in two dimensions as shown in Figure 3.7. This model
mainly served the purpose of testing the ability of the mechanical clamping
islands to act as sufficient thermal heat sinks. The model dimensions were
restricted to reduce complexity and increase calculation speed. Substrate
temperature was defined as 300K and the bridge was electrically isolated with an
incident current density of 5x109 A/m2 on the left face of the bridge with electrical
ground on the right. Radiative and convective heat losses were ignored. From
the two-dimensional simulation results it was determined that bridge segments
could be modeled individually without any loss of accuracy.
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a)

b)

c)

Figure 3.7: Two-dimensional model of thermoelectric workbench bridge temperature profile in
cross section. a) Wide view with the half bridge system. The heat generated in the bridge is
insufficient to increase the temperature of any individual island. b) Temperature profile of the half
bridge system. The temperature minima and maxima are equivalent all throughout the testing
areas. c) Close-up of a single bridge segment.
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Three-dimensional simulations were made for individual bridge segments
with various types of samples at the center point. Figure 3.8 shows the situation
where no sample is present obtaining an undisturbed temperature profile. Figure
3.9 is a highly perturbed profile resulting from a 5µm x 5µm x100nm thin film of
gold at the center test site. Figure 3.10 shows the case of a “nanowire” placed at
the center test site. Substrate temperature was defined as 300K and the bridge
was electrically isolated with an incident current of 5x109 A/m2.
The use of these simulations for temperature calibration at every heating
and temperature point becomes overly complex, however they do provide insight
into the sort of assumptions that can be used for the subsequent analytical
model. As can be seen in the 2-D simulation results, the mechanical clamping
islands do provide a sufficient heat sink so each heater segment can be treated
as an independent bridge. The case of a sample of thin film of gold that was
used as a control sample shows a drastically different temperature profile
indicating that a complex calibration is required to estimate the temperature
gradient across large samples. Fortunately the simulations demonstrate that a
nanowire at a test site does not significantly disturb the temperature profile and
any heat losses through the nanowire can be ignored for the purpose of
temperature calibrations.
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Figure 3.8: Temperature simulation of single thermoelectric workbench test site with no sample.
For simplicity the SiO2 electrical isolation layer was not included. Peak temperature at the center
of the bridge is 4.1K above substrate temperature. Below is the temperature profile of the bridge.
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Figure 3.9: Temperature simulation of single thermoelectric workbench test site with a thin film of
gold. The large gold pad acts as an additional thermal pathway reducing the temperature
gradient across the sample to ~0.6K. Below is the temperature profile of the bridge.
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Figure 3.10: Temperature simulation of single thermoelectric workbench test site with a
cylindrical nanowire. The nanowire provides an additional thermal pathway however because of
the small contact area the disturbance to the temperature profile of the bridge is minimal.
Modeled peak temperature of the bridge is 3.8K above the substrate temperature. Actual peak
temperature is expected to be higher since nanowire surface roughness will reduce the
effectiveness of the nanowire as a thermal pathway. Below is the temperature profile of the
bridge.
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3.3.2) Bridge Temperature Profile Analytical Solution
The ability to separate each bridge segment for individual calculation
allows modeling the heater bridge as a suspended wire with the ends clamped at
the substrate temperature by use of a simplified version of equation 3.1 [8].
Because the measurements are taken as the RMS over time the sinusoidal time
component is reduced to its RMS value. Additionally the summation component
becomes negligibly small for values of n > 3. For a constant position on the
bridge the value underneath the summation then becomes variable with only the
thermal conductivity resulting in the following equation
T(x,t) " T0 = # 0$ xk

(3.2)
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(3.3)

is a scaling factor dependent on the position along the bridge. Because of the
short length of the bridge the second term in the square root is negligibly small
and the equation becomes

(3.4)

Variations of !x within the sensing finger width have been observed to be
negligible, so with symmetry, "x is approximately 0.282 for the outer sensing
fingers and 0.297 for the middle sensing finger.
By entering the measured current, applied voltage, bridge dimensions,
and the thermal conductivity for each voltage point into the above equations it is
possible to convert applied voltage into applied temperature difference. Thermal
conductivity is temperature dependant and thus varies with substrate
temperature.

3.3.3) Comparison of Analytical Model to FEM
To evaluate the quality of the analytical model a comparison was made
using the same material constants. Figure 3.11 shows the temperature profile
obtained for a 50µm x 5µm x 170nm suspended bridge segment made of nickel.
The nickel was defined using measured quantities of electrical conductivity
(3.7x106 S/m), thermal conductivity of (87 W/m·K), and incident current density of
1.1x109 A/m2. The substrate was defined as single crystal silicon with thermal
conductivity of 130 W/m·K and a base substrate temperature of 292.3K. Both
models agree very well with only a 0.042K discrepancy in the region of interest.
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Figure 3.11: Comparison of analytical and finite element models of bridge temperature profile.
Material parameters were chosen from measured quantities

3.3.4) Measurement of Nickel Thermal Conductivity
Initial temperature calibrations using literature values for the thermal
conductivity of bulk nickel resulted in significant discrepancy from the expected
thermopower values at low temperatures. It was determined that the source was
most likely calibration issues resulting from incorrect thermal conductivity due to
thin film effects [9, 10]. An independent measurement of the nickel thermal
conductivity on as deposited films was performed to obtain accurate thermal
conductivity values for use in calibration.
The 3-! method [8] was chosen for this measurement. In short, by
modulating a current through a suspended wire that is thermally clamped at both
ends at frequency !, the temperature of the wire changes at 2!. This
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temperature change modulates the resistance at 2! resulting in a 3! voltage
fluctuation. Using this method it was possible to obtain the device specific
thermal conductivity over various temperatures.

3.3.4.1) Thermal Conductivity Measurement Methods
A Stanford Research Systems SR830 DSP lock-in amplifier was used for
the 3-! thermal conductivity measurements. To remain below the thermal time
constant of the bridge, a signal of 106.2 Hz with 0.5Vrms amplitude was used.
The third harmonic was measured as a differential voltage across the bridge at
the same input terminals that were used for the input current. Applied current
was measured with a Keithley 195 digital multimeter.
Once measured, the third harmonic voltage was converted into thermal
conductivity using the following equation [8]

4I 3 RR| L
"= 4
# V3$ A

(3.5)

where I is the applied RMS current, R is the resistance of the suspended bridge

!
segment, R! is the temperature
coefficient of resistance, L is the length of the
bridge segment, A is the cross sectional area of the bridge and V3! is the
measured third harmonic RMS voltage.
This measurement was performed at multiple temperatures by use of a
Cryodyne CCR. Once the sample achieved 10K the CCR was shut off and the
sample was allowed to return to room temperature. During the warming process
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a custom LabView program recorded the applied RMS voltage, electrical current,
substrate temperature, and third harmonic RMS voltage once every minute.

3.3.4.2) Three ! Measurement Results
An unfinished wafer from the same nickel evaporation batch that used in
the workbench was modified to achieve the required boundary conditions for 3-!
measurement. Prior to bridge release, a single bridge segment on each of the
four isolated bridges was protected during an evaporation of Cr-Au for lift-off
patterning. After this step the processing continued as described in section 2.2.1
to the point of release. An optical micrograph of the modified device can be seen
in Figure 3.12. Figure 3.13 shows the 3-! measured values for thermal
conductivity of the single thin film nickel bridge segment along with the literature
values for bulk nickel thermal conductivity.
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Figure 3.12: Micrograph of the modified thermoelectric workbench. Gold was deposited prior to
release so regions below the gold are considered to be thermally grounded.
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Figure 3.13: Thermal conductivity of nickel. The green line shows literature values of thermal
conductivity obtained from [11]. The blue line is data obtained using the 3! method.

3.3.4.3) Thermal Conductivity Discussion
At the low temperatures a significant difference is seen between the
literature values for bulk nickel thermal conductivity and the values measured
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300

with the 3-! method. Further investigation is necessary to determine the exact
source of this difference however it is most likely that the reduction is the result of
contaminants in the nickel. The thermal conductivity at low temperatures is
dominated by electron based thermal conductivity since phonons freeze out [12]
thus a low temperature reduction in thermal conductivity would indicate increased
scattering sites for electrons which are generally limited to impurities and
crystallographic defects. Inspection of the nickel resistance versus temperature
(Figure 3.14) reveals further evidence of impurities by the flattening of the profile
at low temperatures.
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Figure 3.14: Two probe measured resistance of the nickel heater of the thermoelectric
workbench.

Studies of nickel thermal conductivity with low levels of impurities (0.3 at%
Cu) report similar thermal conductivities to those observed in this paper [11].
Impurity scattering however is not the only possible source of reduced thermal
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conductivity since there exist reports of general reduction in thermal conductivity
for thin films [9, 10]. Above 100K the measured and literature values of thermal
conductivity agree to within error.

3.3.5) Thermal Calibration Discussion
In this chapter a complete analysis of device and thermal characteristics
was performed. Initial finite element simulations provided evidence for the ability
to simplify the description of the entire chip to an individual test unit. Based on
equations from literature, it was possible to create a quick and simple analytical
description of the temperature profile for each test unit that agreed well with finite
element simulations. With the final goal of improved accuracy, all variables of
the analytical model were empirically measured for the device. Despite possible
impurities, the measured and literature values of thermal conductivity agree very
well at temperatures of 100K and above, providing greater confidence in the
temperature calibration at these temperatures. The final calibration resulted in
measurements that agreed well with literature values of thermopower (discussed
further in section 5).
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Chapter 4
Coated SThM Tips

This section analyzes the typical challenges associated with thermistor
based SThM temperature measurements on structures of size comparable to the
SThM tip. First, in section 4.1, an introduction to the SThM system and tips is
presented. In section 4.2 an equivalent circuit model is then presented to
describe the thermal interactions between an SThM tip and various substrate
types. As a solution to difficulties observed with cross-material SThM thermal
scans, the effect of applying a thin coating of a thermally resistive layer on the
SThM tip is demonstrated in section 4.3 along with its ability to improve the
fidelity thermal images of micro and nano-scale structures. Because of technical
difficulties full calibration has not been completed on the coated SThM tips and
work is ongoing.
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Empirical verification of the modeled temperature profile was desired.
Ideally infrared imaging should be used because of its speed and non-contact
nature, however infrared imaging does not provide the necessary spatial
resolution since infrared light is of similar wavelength to the maximum feature
size (5µm). Infrared near field scanning optical microscopy (IR-NSOM) gets
around this problem, however it is unsuitable for samples with large height
differences such as a MEMS device [1, 2]. Furthermore, without detailed
knowledge of the emissivity of the nickel thin film, estimates of the temperature
profile based on IR emission is likely to include additional errors. Optical
reflectance thermometry [3] provides another high-resolution possibility, however
the accuracy of such a system is also highly dependent on material properties
that can vary from sample to sample. Instead, the contact method of scanning
thermal microscopy (SThM) was chosen. SThM is a variation of AFM where a
special tip is used that contains a temperature-sensing element on the tip.
Despite its seemingly perfect application to the fields of MEMS and NEMS,
there have been remarkably few reported uses of SThM to measure, calibrate,
and test the temperature profile of MEMS devices with researchers choosing
instead to use finite element simulations. There are several reasons for this
which include: the incompatibility of AFM based techniques with the aspect ratio
of many MEMS devices, the delicate nature of MEMS devices and the resulting
difficulty of contact based measurement methods, and the difficulty of AFM
measurements in the different ambient environments typically required for MEMS
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devices. Additionally thermistors, which are the most common sensing element
for SThM tips, are associated with offset errors arising from the finite and variable
power dissipation during the measurement of their resistance. For a typical
thermistor SThM tip using DC measurements, this power dissipation is in the
range of 2-100 nW and can result in significant tip heating. While ac
measurements of resistance can be used to reduce this offset, these entail the
use of more expensive equipment or may not be compatible with all commercially
available SThM units.

4.1) SThM Background
4.1.1) The SThM System
For the SThM temperature measurements a Park AFM (Santa Clara, CA)
XE-100 scanning probe microscope was used. The tip itself is a bent Wollaston
wire probe produced by Veeco Probes (Santa Barbara, CA). Wollaston wire
consists of a 5µm Pt/Rh (90:10) wire core with a 75µm sheath of silver to reduce
resistance (Figure 4.1). At the tip the silver is stripped from the wire to expose
the Pt/Rh core which has a temperature coefficient of resistance of 1.65x10-3 K-1.
The quoted nominal tip resistance is 2.10! however it was found that during
normal operation this resistance was closer to 3.17!. This is primarily attributed
to tip heating during operation.
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a

b

Figure 4.1: SEM photographs of the SThM bent Wollaston wire probe tip produced by Veeco
Probes. The tip is shown upside down to prevent damage. The exposed Pt/Rh can be seen as
the thin wire spanning the thicker silver coated prongs that in turn are mechanically supported by
the large epoxy ball in the center. (a) A probe as supplied by the manufacturer. The underside of
the mirror used for laser reflection is just visible in the top right corner. (b) Si3N4 coated tip
discussed in section 4.2.2. Conformal deposition in PECVD coats the circumference of the probe
tip.

4.1.2) Tip Operation
In this system, the change in resistance of the SThM tip was measured
using a Wheatstone bridge circuit as shown in Figure 4.2. Based on this circuit,
a change in the resistance of the tip (R4) results in the build-up of a potential
difference VT that, assuming that !R4 is small, can be written as
"VT
I$R2 R4
#
"T
R1 + R2 + R3 + R4

(4.1)

with I being the constant tip current, " being the temperature coefficient of
!
resistance, and R1, R2, R3, and R4 are the resistances as defined in Figure 4.2.
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Figure 4.2: Wheatstone bridge circuit used to measure the temperature dependent resistance of
the SThM tip (R4). Initially, R3 is adjusted to produce zero voltage (VT = 0) with the SThM tip
placed at a reference position corresponding to room temperature.

Since sensitivity is directly proportional to the current, it is desirable to use
the largest current that can be passed without significantly heating the tip for the
measurement under consideration. Figure 4.3 shows the current versus
resistance data of two different tips for up to 15mA dc current. From 0-2mA a
significant fluctuation in the measured resistance is observed and is most likely a
result of electronic noise associated with the measurement of small potential
differences. With a current of 0.5mA, a change in voltage of only 25µV would
account for a 0.05! difference. Above 2mA there is a quadratic dependence of
resistance on the heating current. This implies a linear temperature rise since a
rise in temperature depends linearly on the power dissipated in the SThM tip,
which in turn is proportional to the square of the current. Using the manufacturer
quoted value for the temperature coefficient of resistance, the increase in
resistance over a 10mA range indicates an increase in temperature of ~6oC. In
order to avoid significant tip heating and excessive measurement noise a tip
current of 1mA was chosen for SThM temperature measurements.
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Figure 4.3: Resistance versus current graph for two different SThM tips. The inset is the same
graph with the currents below 2mA removed to emphasize the quadratic nature of the data.

4.2) SThM Temperature Equivalent Circuit Model
In general, massive systems (such as wafer pieces) will not be affected by
power dissipation from the 5µm diameter SThM tip. The small amount of tipgenerated heat introduced into the sample is quickly dissipated and does not
appreciably disturb the temperature profile of the sample. However, in the case
of MEMS or NEMS devices/structures, the SThM tip is comparable to, or often
larger than, the thermal mass of the sample and would add significant energy to
the sample, thereby perturbing the temperature profile to be mapped. In this
section a temperature equivalent circuit is presented that allows modeling of tip
heat generation and heat conduction into a variety of samples.

4.2.1) Circuit Model of SThM System
In order to analyze the SThM tip to sample thermal interaction, lumped
electrical models were used to represent the systems [5]. This method provides
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insightful analysis of the system without the use of detailed finite element
analysis. Here the current I represents the flow of heat in Watts, the potential
difference !V is the electric analog of the temperature difference !T in Kelvin,
and electrical resistance represents the thermal resistance (K/W).
In the case of a device with a large thermal mass and perfect sample
contact, the equivalent thermal circuit for any one point measured by the SThM
can be represented as shown in Figure 4.4a. Here the temperature of the
sample is represented analogously by an ideal voltage source Vs because the
tip-contributed heat is small enough that it will not significantly perturb the system
in either direction. As a result of this assumption, the tip remains pinned at Vs
resulting in an accurate temperature measurement. Figure 4.4b shows the same
setup for a tip with an imperfect contact. Here any thermal resistance between
the tip and sample (contact size, insulating layer, etc) is represented as resistor
R3 between the SThM tip and the sample. Thermal resistance causes a constant
offset from the actual temperature as a result of the finite potential drop across
the resistor R3. Except for this offset, the tip continues to track the sample
temperature accurately.

98

a)

b)

Figure 4.4: Equivalent lumped models representing the measurement set-up for mapping the
temperature of a sample with a large heat capacity in comparison to the SThM tip for (a) a perfect
tip to sample thermal contact and (b) an imperfect tip to sample thermal contact. R2 is dependant
on the tip material and geometry. In our case the tip is made of about 60µm long, 5µm diameter
-1o -1
Pt/Rh wire (thermal conductivity ~70 Wm K ). This results in R2=21.8 k!. IT represents the
heat flow down the tip wire when it is not in contact with a sample for a given measurement
conditions.

This situation changes significantly in the case of a device with
comparable or smaller thermal mass than the SThM tip. In this case, the
equivalent thermal circuit is shown in Figure 4.5. Here the model has been
changed to have an initial sample temperature (VS) defined by the initial current
IS. Additionally there is a resistor R4 that represents the thermal resistance from
the point of tip contact through the sample to thermal ground. In the case where
the tip is not in contact with the sample (R3!") the current IS drops a voltage
across R4 creating the unloaded substrate temperature VS at the point of
measurement. The initial tip condition is represented in the same way by an initial
thermal current IT that flows only through the tip in the non-contact case and
drops across R2 to create the initial unloaded tip temperature VT. Once the tip
comes in contact this model allows for heat to transfer in either direction, i.e. from
sample to tip or vice versa. R3 again represents the contact resistance between
the tip and the substrate. Assuming that the total currents IT and IS flowing into
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the combined system remain unchanged (i.e. there is no feedback in the system
to maintain a constant temperature), the model results in the following equations

VT ! VS
R3

(4.2)

VT =

R2 R4 IS + R2 (R3 + R4 )IT
(R2 + R3 + R4 )

(4.3)

VS =

R2 R4 IT + R4 (R2 + R3 )IS
(R2 + R3 + R4 )

(4.4)

I3 =

!

where I3 is the thermal current (heat) flowing from VT to VS.

!

Figure 4.5: Equivalent thermal circuit for a sample of thermal mass comparable to the SThM tip.
In this case the sample temperature is no longer represented by an ideal voltage source and is
instead replaced by a current IS flowing through a resistor R4. As a result the SThM tip can
perturb the temperature of the sample being measured. R4 is dependent on the sample material,
size, and geometrical configuration.

In the case of a perfectly contacted tip (R3 = 0) these equations simplify
since the tip and sample temperature are clamped to the same temperature
value of

VS = VT =

IT + IS
R2 R4
R2 + R4

(4.5)

This shows that in the regime where the tip is heated and the sample is not
massive, the temperature
measured by the tip is not necessarily the same
!
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temperature as the initial undisturbed sample temperature (ISR4). Only when
IT<<IS and R2>>R4 does the measured sample temperature approach the
undisturbed sample temperature, otherwise it is dependent on the tip heating as
well as the thermal resistance of the sample.
In the case of a reduced tip to sample contact quality, where the contact
resistance is greater than the largest sample thermal resistance (i.e. R3>>R2, R4),
the dependence of the tip temperature on the thermal resistance of the sample is
reduced. Taking the derivative of the tip temperature with respect to sample
thermal resistance

"VT R2 ( IS R2 + IS R3 + IT R2 )
=
2
"R4
(R2 + R3 + R4 )

(4.6)

It is clear that if R4 is large or comparable to the total thermal resistance of the tip
(R2+R3), changes!in R4 as would occur when scanning across multiple material
types can produce significant artificial changes in the measured temperature.
Alternatively, if the tip to sample contact resistance is engineered such that R3>>
R2, R4, then the above expression becomes independent of R4 which is highly
desirable. Such a modification could be performed by coating the SThM tip or
measured sample with a thin layer of a dielectric. It should be noted that there is
a limit to how large R3 can be made since making R3 infinitely large is equivalent
to removing the tip from the sample and therefore removes any dependence of
tip temperature on sample temperature.
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4.2.2) Modeled Effect of Tip Coating
The above-described model has been evaluated with typical values (tip
current of 1mA) to show the effect of various tip coatings (R3). The value of R3
depends on the physical properties of the coating. For example an uncoated tip
is represented with R3=0 while a 1000Å coating of low quality Si3N4 (thermal
conductivity of 9 W/m·K) is represented with R3=27.8k!. Considering the case of
no sample heating (i.e sample at room temperature), Figure 4.6 shows the
change in measured temperature versus sample thermal conductivity of the
sample. For all tip configurations, a low sample thermal conductivity results in
localized heating of the sample caused by the tip heat and therefore reads a
higher sample temperature. As the sample thermal conductivity is increased, the
tip temperature better reflects the actual sample temperature but never actually
reaches it, even in the case of the uncoated tip. At first it seems that the
uncoated tip is a better choice since it is always closest to the accurate sample
temperature, however in a multi-material sample, like those common in MEMS
devices, there is an advantage to the coated tip. As seen in Figure 4.6, coating
the tip with a thermally insulating material causes the measured temperature
difference for samples of different thermal conductivity to be drastically reduced
(temperature variation in each curve). Because of this, even though a constant
temperature offset is introduced, the coated tip produces a temperature profile
more representative of reality.
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Figure 4.6: Simulation results from equation 4.3 showing the change in measured temperature
with change in sample thermal conductivity. The values used for the various materials are from
literature [6]. This simulation also assumes a tip contact area of 1µm x 0.4µm, which was
estimated from AFM scans using an SThM tip. For demonstration purposes sample membrane
dimensions of 40µm x 40µm x 3µm have been used.

Consider a device that is made of gold lines on a silicon nitride membrane
and assuming the entire device is at room temperature. A measurement with an
uncoated tip at a point on the gold would obtain a temperature that is close to the
actual sample temperature (an offset of about 0.2K). However, when the tip is on
the silicon nitride, a temperature offset of anywhere between 1.5-4K is seen. A
direct interpretation of the scan would then erroneously indicate that the metal is
1.3-3.8K colder than the silicon nitride. With a coated tip this difference is
significantly reduced (~1K) at the cost of an increased offset temperature.
Because this offset temperature is dependant on experimental configuration (tip
coating, applied tip current, etc), the offset can be compensated for during
analysis. The same situation occurs for a heated device.
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In the case of a micro-machined suspended bridge, such as that used in
the thermoelectric workbench, the SThM tip sees no material change as it scans
along the bridge length, however the thermal resistance R4 is not constant and
varies as the tip scans from one thermally clamped end towards the other. For
the tip located at a position x along the length L of a freestanding bridge, the
thermal resistance R4 is given by

R4 =

"x $ x '
&1# )
A % L(

(4.7)

where ! is the thermal resistivity of the bridge material, A is the cross-sectional
area of the bridge, and!
0 ! x ! L. This variation in the thermal resistance along
the bridge length once again results in an erroneous temperature profile along
the length of the bridge even when it is unheated as shown in Figure 4.7. As a
result, an unheated bridge will appear to have a several degree temperature
increase across the bridge even though the bridge is not heated. The plateau
like center region of the bridge is caused because R4 begins to dominate about
7.5µm into the bridge. In the case of a heated bridge, this zero heat temperature
profile adds to the actual temperature profile resulting in a non-constant offset.
As shown in Figure 4.7, addition of a thermally insulating layer flattens the
temperature profile and increases the width of the R4 dominating plateau allowing
the use of a constant temperature offset approximation. In summary, the use of a
thermally resistive coating introduces a constant but systematic error in the
measurements while providing a more realistic relative temperature profile along
the MEMS structure.
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Figure 4.7: Simulations for an unheated, freestanding bridge with thermally clamped ends. A Ni
-1 -1
bridge, with thermal conductivity of 91.73 Wm K , was used for the simulation with dimensions of
40µm x 5µm x 100nm. This simulation also assumes a tip contact area of 1µm x 0.4µm, which
was the estimated tip size from scans.

4.3) SThM Measurement Results: Coated vs Uncoated Tip Images
In order to experimentally verify the predictions made by the equivalent
circuit model dielectrically coated tips were produced. PECVD Si3N4 was
deposited on SThM probes at a chamber temperature of 100oC and a sample
temperature of 89oC. It was important to maintain a low sample temperature
during the deposition to prevent the melting of the structural support bead and
the epoxy used in attaching the mirror required for topographical portion of AFM
measurements. The final silicon nitride deposition thickness was 920Å. The film
was deposited by a 300W plasma in a 2.7Torr chamber flowing 100sccm NH3,
2000sccm N2, and 30sccm SiH4 for about 22 seconds. Si3N4 was chosen
because of its relatively high thermal conductivity (9-30 W/m K) as opposed to
SiO2 (about 1 W/m K) [6]. Figure 4.1 shows SEMs of the coated and uncoated
tips used in this work.
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4.3.1) Methods
SThM scans were performed on two structures: a calorimeter (Figure 4.8)
and the suspended heater bridge of the previously described thermoelectric
workbench. Aside from the use of Si3N4 coated tips standard SThM operation
procedures were used. Tip force was reduced after contact until no bowing of
features was visible in the AFM microscope. Tip currents of 10mA and above
were chosen for two reasons. Firstly the large current would allow for larger
responsivity and resolution. Second, such a high current was found to produce
tip heating and would guarantee the error for which the coated tip was designed
to address. Unless otherwise noted images were taken with tip currents of
10mA.

Figure 4.8: A 10x image of the calorimeter device. The center circle is a polysilicon heater while
the outer meander ring is a thermopile consisting of degenerately doped polysilicon and Cr/Au.
The darker square in the center is the Si3N4-SiO2-Si3N4 stress compensated membrane.
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Measurements on both heated and unheated devices were performed.
The calorimeter heater was operated with 5VAC across the terminals and the
bridges of the thermoelectric workbench were operated with a 1mArms current.
It is important to note that due to technical difficulties the calibrations
necessary to obtain absolute temperatures from the SThM were not possible and
the data shown here is left in the raw form of mV.

4.3.2) Results
Figure 4.9 shows the topographic and SThM scans of an uncoated tip
scanning the calorimeter membrane device. The membrane is unheated and
consists of gold and doped polysilicon lines on a silicon nitride membrane. The
thermal images show the raw voltage reading from the Wheatstone bridge setup
discussed earlier.

Figure 4.9: Corner topographic and uncoated tip thermal scans of a calorimeter. (Left)
Topographic image obtained during the SThM scan. This shows only top left of the
calorimeter heater and a few fingers of the thermopile meander. The wider sections of the
thermopile meander are made of gold while the smaller sections are doped polyslicion.
(Right) Thermal image of an unheated calorimeter. The green and red lines indicate where
the line scans for Figure 4.10 are taken.
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Figure 4.10: Line scans of the regions indicated in Figure 4.9. The extra noise in the gold
regions is through to be from localized changes in thermal contact due to surface roughness of
the gold layer.

A similar scan is taken with the uncoated tip in another section of the device
when the polysilicon heater is activated (Figure 4.11). As seen in Figure 4.12, an
equivalent temperature slope profile is still visible in all regions of the device,
even on the gold lines, however there is a significant and abrupt temperature
difference between the silicon nitride and gold regions caused by the change in
thermal conductivity.

Figure 4.11: Left side topographic and uncoated tip thermal scans of a calorimeter. (Left)
Topographic image taken during an SThM scan. This region is the left part of the heater with
some of the thermopile meander. The entire image is taken on the membrane. (Right) Thermal
image of the heated calorimeter. Tip current was 15mA. The actual temperature gradient is
hidden from the image by the extreme thermal conductivity difference introduced by the gold
lines. The temperature gradient can be seen in Figure 4.12 where the green and red lines
correspond to those shown in the above figure.
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Figure 4.12: Temperature line scans from Figure 4.11(Right). The green line clearly shows the
temperature gradient since the gold regions are avoided in this scan. A voltage difference of
200mV for the 90µm scan is observed. This scale is however suppressed in the red line because
of the ~500 mV step induced in scanning over the gold region.

When a tip with a silicon nitride coating is used, the temperature profiles
show a significant change. Figure 4.13 shows a thermal scan of the same device
with the coated tip described above.

Figure 4.13: Left side topographic and coated tip thermal scans of a calorimeter. The
topographic (Left) and thermal scan (Right) of the same region of the calorimeter as shown in
Figure 4.14 using a coated tip and sample heating with 10VAC. Tip current was 15mA.

Figure 4.14: A temperature profile line taken from Figure 4.13 (Right) shows a reduced noise
level and a smooth gradient over the scan range despite crossing over a gold line during the
scan.
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Figure 4.15 and Figure 4.16 show the temperature profiles taken along the
heater bridge of the thermoelectric workbench with uncoated and coated tips
respectively. In the case of the uncoated tip, a plateau is seen in the central part
of the unheated bridge temperature profile (Figure 4.15 Left). The measured
temperature profile of the heated bridge is thus the addition of the real
temperature profile with the initial unheated plateau (Figure 4.15 Right). The
actual temperature profile would then be revealed when the unheated profile is
subtracted from the heated profile.

Figure 4.15: Bridge temperature profiles with uncoated tip. (Left) Temperature profiles of an
unheated bridge taken with an uncoated tip using 10mA tip current. (Right) Temperature profile
of a bridge heated with 1mARMS ac current.

When the coated tip is used (Figure 4.16 Left) there is still a non-zero
temperature profile from the unheated bridge. The raw heated bridge profile
however is closer to the expected parabolic temperature profile (Figure 4.16
Right). It should be noted that since the zero voltage point of these scans are
recalibrated for each scan it is not possible to compare the exact measured
voltages. The change in voltage can be compared since the same tip current
has been used for all scans.
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Figure 4.16: Bridge temperature profiles with coated tip. Temperature profiles of an unheated
(Left) bridge with a coated tip using 10mA tip current. (Right) Temperature profile of a bridge
heated using a 1mARMS current.

4.3.3) Discussion
With the uncoated tip the calorimeter system performs exactly as
predicted by the equivalent circuit model. In the regions of gold where the
thermal conductivity is higher, the measured temperature is found to be
significantly lower in both the heated and unheated calorimeter even though it
should be at the same temperature. It was thought that this effect may be the
result of improved thermal grounding to the edge of the membrane, however
scans that cross the membrane edge (not pictured here) show that the artificial
reduction of temperature on the gold lines is still present. When the tip scans
from doped Si to Si3N4 there is almost no difference in temperature because of
their similar thermal conductivities. Of particular interest is the visible gradient in
the heated membrane images. In the regions of same material a temperature
gradient is clearly visible, however in the overall image it is drowned out by the
artificial measured cooling on the gold.
The coated tip calorimeter images produce a drastically different result.
There are still slight differences in the temperature profile that allows one to
distinguish between the membrane and the gold lines, however these differences
are negligible and represent a more realistic thermal image. In Figure 4.13 the
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temperature profile is clearly seen even with a slight curvature due to the round
shape of the heater. Additionally the heater stands out as the hottest point on
the image even though it was barely visible in the uncoated tip image.
The scans performed with the uncoated tip on the thermoelectric
workbench heater result in the plateau as was predicted by the equivalent circuit
model. If we assume the lowest part of the unheated graph to be clamped at
room temperature, there is a temperature increase corresponding to almost
80mV from room temperature despite the fact that there is no bridge heating.
When the bridge is heated the temperature maximum increases only another 510mV indicating that there is still a significant amount of heat coming from the tip.
The coated tip produces a temperature profile that is closer to that which
is expected but still not ideal because of the large tip current used. When there
is no heat applied to the bridge there is still a temperature profile obtained,
however this profile shows a max increase of ~40mV, half that seen by the
uncoated tip on a cold bridge. This profile, and it!s 1/2 relation to the uncoated
tip non-heated profile, was predicted by the model indicating that use of a
material with greater resistance could reduce this non-heated profile further. In
the case of the heated bridge the temperature profile increases to a max value of
~60mV above the minimum point (a 20mV increase above the non-heated bridge
scan). Additionally the profile is significantly more parabolic and corresponds to
what would be expected from a heated bridge. The advantages of the tip coating
method become completely apparent when comparing the two profiles of the
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heated bridge. Despite the increased thermal resistance on the coated tip, the
peak height is extremely close between the two tips indicating a similar
sensitivity.
Some errors are still visible in the scans. The edges of the temperature
profile extend further into the substrate clamped area than is expected. This
extension is a direct result of the tip size which causes an averaging of
temperature over the size of the tip. Also the right side of the bridge appears to
be hotter than the left in both tip scans even though it has been shown that the
thermal grounding is sufficient so as to prevent this. The increased right side
temperature is actually the result of the high tip current used. While the thermal
grounding points are sufficient to compensate for the heat generated by the
bridge itself, they are not enough to compensate for the added heat from the tip
when operated at the elevated tip current that was chosen. This error would be
eliminated if the proper tip current was chosen.

4.4) SThM Conclusion
It has been demonstrated that tip heating is a basic problem when using a
bare thermistor based probe for scanning thermal microscopy. This problem
cannot be ignored, especially when such a probe is used to investigate MEMS,
NEMS, or thin film devices because it introduces various forms of inaccuracies in
the measurement. Even though we have shown that these inaccuracies are
predictable, they require a detailed knowledge of the materials under
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investigation in order to rectify the measurements. In many cases this level of
detail is difficult, if not impossible, to obtain on the materials used for the MEMS
and NEMS devices as many factors (including time) can change material
properties. In addition, such an extensive study of the material properties should
not be necessary for accurate surface temperature measurements.
Several variables still need to be isolated before coated SThM tips are a
fully characterized technology. Careful temperature calibrations to convert the
voltage outputs into temperature output need to be experimentally obtained to
confirm the sensitivity improvement claims in this work. Along the same lines,
the time constant of the coated tip has not yet been determined. All of the scans
we have performed to date have had a scan speed in the range of 9-45µm/s.
When changing speeds within that range a change in temperature profile with the
coated or uncoated tip has not been observed so it is assumed the coated tip has
a time constant less than 22ms. This is reasonable considering the reported time
constant of 270µs for the uncoated tip [7].
By using a coated SThM tip with a 100nm thick silicon nitride film, the
temperature profiles obtained were closer to the expected temperature
topographies. This was obtained at the expense of a constant offset. It is true
that other solutions are available that do not heat the tip [8], however these
alternatives do not remove the problem of variation in measured temperature
caused by the change in thermal resistance (R4) along MEMS structures. As
shown in equations 4.3 and 4.4, removal of the tip heat IT does not remove the
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R4 dependence of tip or sample temperature. Use of a dielectric coated tip
reduces this dependence and thus should be considered for all contact
temperature measurements where the thermometer is of similar thermal mass to
the sample.
Because full characterization has not been performed it is not possible to
use the SThM measurements to fully evaluate the analytical calibration of the
thermoelectric workbench. However, the profile shape obtained from the SThM
scan matches well with both the analytical model and the FEM simulation.
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Chapter 5
Thermopower Measurement of Gold Nanowires

This chapter will cover the use of the previously described thermoelectric
workbench to characterize the thermopower of gold nanowires. Section 5.1 will
explain the methods specific to the preparation and operation of the workbench
when studying nanowires. Section 5.2 reviews the results of nanowire
deposition, nanowire verification, the material and electrical characterization of
the nanowires used, and the thermoelectric measurements. Section 5.3
discusses the issues encountered with attempting to measure individual
nanowires, a description of the possible mechanism for room temperature
thermopower enhancement, and the effect the observed enhancement has on
the total efficiency of a thermoelectric generator utilizing this mechanism. A new
observation of a near room temperature enhancement of ZT of up to 100x by use
of “junction series nanowires” to enhance the Seebeck coefficient will be
discussed.
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The quality of thermoelectric materials are characterized by the
dimensionless thermoelectric figure of merit, ZT=(S2!/")T, where S is the
thermoelectric power, ! is the electrical conductivity, " is the thermal conductivity,
and T is the absolute temperature. In order to achieve a high ZT, one requires a
high thermoelectric power S, a high electrical conductivity !, and a low thermal
conductivity ". These three material properties are typically dependent on each
other so, for example, increasing the thermoelectric power for simple materials
also leads to a simultaneous decrease in the electrical conductivity. Similarly an
increase in the electrical conductivity leads to a comparable increase in the
electronic contribution to the thermal conductivity from the Wiedemann-Franz law
[1]. With known conventional bulk solids, a limit in ZT is rapidly obtained where a
modification to any one of these parameters adversely affects the other transport
coefficients [2]. However, nano-structures and materials are theorized to produce
unique situations that can reduce and even remove some of these
dependencies.
Five decades after the last significant developments in thermoelectric
materials, in the form of doped Bismuth Telluride semiconductors led by
Abraham Ioffe, the field has been once again energized by these recent
developments in nanoscale materials and structures [2-6]. For example,
PbTe/PbSeTe quantum dot superlattices and Bi2Te3/Sb2Te3 superlattices have
produced a thermoelectric figure of merit (ZT) of 4.5 and 1.9 times their bulk
values at room temperature [7, 8]. More recently, roughened silicon nanowires
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have been shown to exhibit 100 fold enhancement in the ZT as compared to the
bulk silicon ZT of 0.01 [9, 10], and the use of nanoparticles in the formation of a
bulk BiSbTe have improved its ZT to 1.4 [11]. The most important aspect of
these nano-based improvements is that they are independent shape
modifications that, when combined with material based methods to increase ZT,
could produce thermoelectric generators and coolers that rival the efficiencies of
their mechanical counterparts.
Gold nanowires were originally chosen as a simple control sample for our
workbench to verify its suitability for the measurement of thermoelectric
properties. This seemed ideal since the thermopower of bulk gold has been well
characterized over a large temperature range and the lack of a native oxide
would decrease the difficulty of creating an Ohmic contact with the test site. The
tested wires were larger than 50 nm in diameter and were expected to behave as
normal 3D materials because the diameter is much larger than the mean free
paths of both electrons and phonons at room temperature [12] allowing data
obtained from the thermoelectric workbench to be fit to literature values. It was
originally thought that while other nanomaterial samples, such as carbon
nanotubes or silicon nanowires, could produce more novel results in terms of
improved thermopower, they would not function as good control samples.
Carbon nanotubes cannot be considered to have a well characterized
thermopower since previous studies report a variety of thermopower results
based on gas and processing exposure [13]. While the thermopower of silicon is

119

relatively well characterized, the presence of a relatively thick native oxide
complicates electrical connections. However, during the thermopower testing of
gold nanowire bundles, previously unobserved temperature dependences were
measured, most notably a 10 times increase in there thermopower at, and
around, room temperature.
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5.1) Methods
5.1.1) Nanowire Deposition
A suspension of nanowires in liquid was used deposit nanowire samples
on the thermoelectric workbench. While nanowires can be obtained as either a
powder or as a suspension depending on the fabrication method used, a powder
consists of a quantity of wires that is too numerous for individual wire
characterization purposes so all nanowire samples were suspended in a liquid
prior to deposition. For the majority of depositions performed, ethanol was
chosen as the suspension liquid because its high vapor pressure would allow for
room temperature and pressure evaporation. Other possible suspension liquids
include dimethylformamide, deionized water, and isopropanol.
Prior to deposition the nanowire suspension was further diluted and
dispersed with a 30 second ultrasonication. Exact dilution ratios were not
performed since the original concentration of the suspension was not known,
however dilution was deemed sufficient when the suspension appeared to be
clear after ultrasonic dispersal. Deposition of a ~1µl drop of suspension via
syringe was followed by room temperature/pressure evaporation of the ethanol.
On samples where the deposited density of nanowires did not result in multiple
testable wires (nanowires spanning the gap between the bridge and sensing
finger) further depositions were performed.
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5.1.2) Nanowire deposition verification
The presence of nanowires spanning the gap was verified first by optical
microscopy. While it is not possible to clearly resolve nanowires using optical
microscopy, diffraction does allow for evidence of nanowire presence to be
observed. Dark field microscopy enhances this technique allowing for the
nanowires to be highlighted.
I-V characterization using a Keithley 4200 analyzer followed optical
verification. When passing a current through the test finger-nanowire-bridge
series it is possible to verify the electrical connection of the wire to the test site
from the presence of a linear I-V curve. It should be noted that as-deposited
nanowires require a ±5V potential sweep prior to obtaining the linear I-V
characteristics, most likely caused by a native nickel oxide on the testing device.
In order to prevent nanowire destruction at the moment of oxide breakdown, the
current compliance was set to 10µA.

5.1.3) Nanowire Surface Clamping
To improve electrical contact for two probe resistance measurements and
prevent accidental removal of the nanowires, platinum “clamps” were placed on
some samples after deposition. The clamps were deposited via focused ion
beam (FIB) deposition, which uses a beam of gallium ions to decompose C9H16Pt
where the beam collides with the substrate. Complex patterns are possible by
programming the beam path over the substrate. In order to improve substrate
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adhesion and electrical contact, the same gallium ion beam was used without the
C9H16Pt to mill approximately 10 nm of the device nickel immediately before
depositing the approximately 50 nm thick platinum clamps. For most samples,
no clamping was performed since contact quality has been shown to not affect
thermopower measurements [13].

5.1.4) Preventing Electrostatic Discharge (ESD)
The study of nanowire properties is made especially difficult by the
possibility of random nanowire destruction caused by even small ESD during any
testing, packaging, and transport step. All or several of the following methods for
ESD protection were implemented as required: electrical grounding of
experimenter with a wrist strap, electrically grounding all test probes and
equipment ports during first contact with the samples by use of custom grounding
boxes, and use of special packaging for transport. Grounding boxes were
constructed with bi-stable switches to allow the connected probes to be shorted
to ground or floating without the need to change connections. Ground
connections were made through 1k! resistors to prevent damage to test
equipment from accidental shorting of a powered port to ground. The transport
packaging consisted of a small breadboard with all ports shorted and ended in a
free lead that was connected to ground during insertion and removal of the test
chip. For transport the test chip is additionally covered with a conducting piece of
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silicon (either doped or coated with gold) and placed in an electrostatically
shielded bag.

5.1.5) Nanowire Characterization: Material
Sample nanowires were studied for their material properties with
transmission electron microscopy (TEM), energy dispersive x-ray spectroscopy
(EDX), and field emission scanning electron microscopy (FE-SEM). TEM was
used to determine the crystallographic structure of the nanowires while EDX
verified the composition of nanowire samples. Length, diameter, and the
deposited structure of the nanowires under test were analyzed with FE-SEM.
FE-SEM was required as opposed to conventional SEM because of its better
resolution. Typical SEM systems can resolve features down to 0.5µm, while FESEM can resolve 10nm features.

5.1.6) Nanowire Characterization: Electrical
Two-probe electrical resistance measurements were primarily used to
verify the presence of a nanowire at a test site (as described in section 5.1.2)
however they were also used to study the temperature dependence of nanowire
resistance in conjunction with its contact resistances at temperatures ranging
from 10-300K. These measurements were performed on a structure designed by
another graduate student in our research group (Figure 5.1) that consisted of
multiple 1µm wide gold wires separated by 2µm gaps. The wires fan out and
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become large enough to function as bonding pads towards the edge of the die.
Nanowires were deposited onto a prefabricated test structure via the method
described in section 5.1.1 with no further clamping.

Figure 5.1: Four probe test structure made of gold. Different colored lines are caused by
electron charging. Nanowires have been deposited on the sample using the method described in
section 5.1.1.

After optical and electrical verification equivalent to that described in
section 5.1.2 (but without the need for the ±5V breakdown sweep) the die was
placed in a chip package and wire bonded. Prior to transport the resistance of
the nanowire was measured with a Keithley 2400 source-meter. Each chip was
then placed in a closed cycle refrigerator (CCR) vacuum chamber that was
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subsequently pumped down to 1 mTorr where the resistance was again
measured to verify that the nanowire has not been destroyed. If the nanowire
was still intact the chamber was brought to 10K. The CCR was shut off and the
sample was allowed to return to room temperature while a custom LabView
program recorded the two-probe electrical resistance data of the wire and the
sample temperature every five minutes. For increased accuracy the resistance
was measured with nine driving currents ranging from -5µA to +5µA at each
temperature point. The duration of the measurement from 10K to room
temperature was approximately 5 hours.
If the nanowires deposited on the fan structure spanned four wires, a fourprobe electrical resistance measurement was possible. By using the outer two
probes to pass current, the voltage dropped across the inner two probes can be
measured. Since no current passes from the inner probes to the wire there is no
voltage additional voltage drop on the probes and the measured voltage is the
absolute resistance over that distance multiplied by the applied current. This
measurement can also be performed over multiple temperatures using the same
method described above.
For the case of nanowires too short to span more than three probes on the
fan structure, an estimate of electrical resistance was performed using a threeprobe method. Shown in Figure 5.2, the three-probe method assumes that all
the contact resistances are approximately the same. Then by passing a current
through, and measuring the voltage dropped across A-B, B-C, and A-C it is
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possible to determine the resistance of any segment. Subtracting the total
resistance of branch A-B from branch A-C
RC1+R1+R2+RC3-RC1-R1-RC2 = R2+RC3-RC1
where Rx is the resistance of a nanowire segment and Rcx is the contact
resistance. When assuming the contact resistances are the same this reduces to
R(A-C)-R(A-B) = R2
and
R(A-C)-R(B-C) = R1
Three-probe electrical resistance measurements were not performed over
multiple temperatures.

Figure 5.2: Method of estimating nanowire resistance (R1+R2) with only three probes. By
assuming the contact resistances (RC1,2,3) are all the same it is possible to produce an
approximation of the nanowire resistance with the three measurements shown.

127

5.1.7) Thermoelectric Characterization
Thermopower measurements were performed using the bridge-finger
MEMS thermoelectric workbench described in chapter 2. After deposition and
verification of nanowires as described in sections 5.1.1 and 5.1.2, the die was
mounted on a chip, wire bonded, and again electrically tested for nanowire
presence. When the chip was mounted in the CCR chamber and a vacuum of 1
mTorr was achieved a preliminary thermoelectric measurement was made by
applying a 106.2 Hz heating signal of 0.5Vrms across the bridge using a Stanford
Instruments Systems SR830 DSP lock-in amplifier. If the 2nd harmonic
thermoelectric voltage measured between one end of the bridge and the sensing
finger was stable then a frequency response measurement was performed. A
custom LabView program was created and used to sweep the drive frequency
from 10 Hz to 5kHz while measuring the 2nd harmonic thermoelectric voltage. If
the resulting frequency profile featured a clear cutoff frequency around 1kHz the
chamber was cooled to 10K and the full measurement was executed.
Thermoelectric measurements were performed by a custom LabView
program at 50 equally spaced temperature points between 10K and 200K and 10
points between 200K and 270K. The use of fewer temperature points at higher
temperatures was chosen because of reduced temperature control above 200K.
At each temperature point the thermoelectric voltage is measured at 8 heating
bridge voltages from 0.3Vrms to 1.0Vrms. The LabView program used in these
thermoelectric measurements controls substrate temperature and bridge heating
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voltage while monitoring substrate temperature, bridge current, and the 2nd
harmonic thermoelectric voltage between the bridge and sensing finger. Each
sample measurement took approximately 12 hours to perform.
The raw data was then analyzed in two steps. From the measured bridge
current and the applied bridge voltage the hot side temperature was extracted
using the calibration described in section 3.3.2. The slope of the thermoelectric
voltage versus the temperature difference between the substrate and the bridge
then produced the thermopower of that temperature point. This analysis was
performed using a custom script for the statistical analysis program R [14]
(Appendix B).
As a control sample a thin film version of the tested nanowires was also
produced and measured as described above. Because a thin film could not be
deposited in the same manner as the nanowires were, a new step was added to
the fabrication process for the thermoelectric workbench. Just prior to the
priming etch step gold was evaporated onto the sample and patterned via liftoff
to produce 5µm x 5µm x 200nm squares positioned spanning one bridge-finger
gap per three finger cell. Subsequent processing continued from the XeF2
release step as described in section 2.2.1 followed by the test procedure
described above.
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5.2) Results
For the results described here, polycrystalline gold nanowires were used.
Synthesized by electrodeposition in the pores of “track-etched” polycarbonate
membranes [15], these wires were originally obtained as a suspension in ethyl
alcohol.

5.2.1) Nanowire Deposition
The standardized deposition method typically resulted in a nanowire
surface density of about one nanowire per 5µm2. Because of the close spacing
of test sites, this resulted in approximately one nanowire per test site. In the
situations where it was deemed necessary to deposit nanowires more than once
it was observed that despite re-wetting of the surface, nanowires that were
placed during previous depositions did not move. This was expected since no
forces were applied that would overcome the van der Waals forces between the
nanowire and substrate.

5.2.2) Nanowire Deposition Verification
An example of optically verified nanowires on a test site is shown in Figure
5.3. While nanowire size, configuration, and number are not possible to identify
optically, it was beneficial in restricting the electrical verification to relevant sites.
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Figure 5.3: Optical micrograph of thermal workbench with nanowires. The center probe finger
has potentially one or two nanowires crossing the gap and is an example of a sample that would
be electrically tested.

Characteristic examples of the nanowire electrical verification are shown
in Figure 5.4. On test sites with gold nanowires present, a linear characteristic is
obtained indicative of an Ohmic contact. In the case of a missing nanowire or a
nanowire that has not made electrical contact, noise in the femto ampere range
was obtained.
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Figure 5.4: Characteristic I-V curves obtained when verifying the presence of a nanowire. This
curve indicates a nanowire in Ohmic contact with total finger-nanowire-bridge resistance of about
450 ! (the anomaly around 0mV is thought to be an indication of tunneling behavior (further
discussed in section 5.3.2).
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5.2.3) Nanowire Surface Clamping
Sample images of clamped nanowires are shown in Figure 5.5. Clamp
pads can be identified by a lighter grey area surrounded by a speckled pattern.
This specked pattern is referred to as over spray and is an uncontrolled
deposition of metal outside of the defined deposition area. In addition to over
spray, the significant problem of metal “wicking” can be seen. In all attempts,
platinum metal wicked over the surface of the nanowires creating a sheath that
renders the sample useless for electric or thermoelectric measurements. When
the clamp pads were moved sufficiently far away from the gap it was possible to
prevent a full sheathing as seen in sample 5-2 and 5-br232, however sample 5-2
was still destroyed prior to testing by random ESD. This indicates that the main
problem facing the yield of single nanowire test samples is not that of mechanical
clamping but rather destruction by ESD.
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Figure 5.5: FIB platinum deposition. a) Sample 5-6. Typical FIB deposition resulted in extra
metal deposition at areas of complex surface geometry such as corners or protruding wires. b)
Sample 5-2. Sample was destroyed during transport from FIB to FE-SEM chamber. c) Sample 5BR232. Milling to ensure better contact to the nickel can be seen as squares. Sample was
destroyed during transport to CCR chamber.
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5.2.4) Deposited Nanowire Configurations
After deposition, three distinct configurations of nanowires have been
observed spanning the finger to bridge gap: series, parallel, and single wire
(Figure 5.6). Series connect nanowires are defined as a group of nanowires
where there is not any single nanowire spanning the gap completely on its own
and the electrical path from sensing finger to bridge occurs through two or more
nanowires. Parallel connect nanowires are defined as a group of nanowires
where at least one nanowire spans the gap completely on it!s own but multiple
nanowires are present spanning the gap. Single nanowires are simply the
situation where a single wire is spanning the gap with no other wires electrically
connecting the bridge and that particular sensing finger.
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Figure 5.6: Different configurations of as deposited nanowires. a) Single nanowires obtained
after purification of the nanowire suspension (section 5.3.1). b) Parallel connect nanowires. The
cubes on the right image are leftover crystals of gold from the nanowire synthesis. While the path
of electrical connection is unclear in these images, it is certain that there exists at least one
nanowire that has a direct uninterrupted connection between the heating bridge (bottom) and
sensing finger (top). c) In both images, no single nanowire is visible connecting the sensing
finger and the heater. For all images the heater is highlighted in red.
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5.2.5) Nanowire Characterization: Material
The nanowires were characterized by TEM to determine composition and
crystallographic structure. The energy dispersive x-ray spectrograph (EDS) and
diffraction pattern of the as-obtained nanowires are shown in Figure 5.7. These
measurements indicate a high purity for the gold nanowires and reveal a
polycrystalline structure.

Figure 5.7: TEM analysis of the tested gold nanowires. Iron and copper peaks in the EDS
correspond to the TEM grid while the carbon peaks correspond to the Lacey-Carbon used to
support the nanowires. The leftover peaks indicate extremely pure gold nanowires. On the right
the diffraction pattern shows polycrystalline structure.

Characteristic SEMs are shown in Figure 5.6, Figure 5.8, and Figure 5.9.
Nanowires were observed to be an average of 75nm in diameter with lengths
ranging from 1-3µm. SEMs were also used to measure the position of nanowires
on the heating bridge for hot side temperature calculations (Figure 5.8). Surface
roughness appeared as both large defects protruding from the wire surface and a
general wire roughness. It was not possible to measure surface roughness
exactly however estimates from SEM images give a surface roughness of ±5nm
(Figure 5.9).
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Figure 5.8: Example of SEM used for nanowire location. Distance to the nanowire is measured
from the substrate temperature clamping point.

100nm
Figure 5.9: Example of nanowire closeup. The bright section in the center is charging from a
zoomed image used to focus the wire.
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5.2.6) Nanowire Characterization: Electrical
Figure 5.10 shows the two probe electrical resistance measurement of a
parallel connect nanowire sample over the desired temperature range. The
shape of the resistance temperature profile matches that reported in literature for
bulk gold to within measurement error [16]. The plateau at low temperatures
indicates the point where phonons freeze out and the residual resistivity is
obtained. Since these results verified literature values only one such
measurement was made.
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Figure 5.10: Two-probe multiple nanowire resistance over multiple temperatures. Since it is not
possible to separate probe resistance from nanowire resistance and contact resistance direct
comparison of magnitude cannot be made to bulk measurements.

Three-probe measurements were performed at room temperature on three
independent multi wire samples, consisting of both series and parallel
configurations, yielding two segment resistances per wire. Assuming the contact
resistances were the same for each contact point, the gold nanowire bundle
resistivity averaged 0.06 µ!·m with results ranging from 0.02-0.08 µ!·m.
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Because this measurement is very dependent on the length of the wire (in this
case the contact point) the range and was calculated by assuming the maximum
possible distance between contact points (4µm) for the smallest measured
resistance (25!) and the minimum possible distance (2µm) for the largest
measured resistance (50!). This is only slightly above the literature value for
bulk gold resistivity of 0.022 µ! m [17]. The sample size was not large enough
to identify if there is any correlation between configuration type and measured
resistance. It should be noted that one of the six measured multi-nanowire
section was measured to have a resistivity of 0.4 µ! m which was not included in
the calculation of the average.
Many efforts were made to perform full four-probe measurements however
no successful results were obtained. Since the nanowires were all too short to
span the required four probes on the fan structure, intermediate probes were
written using FIB deposition. The writing of probes via FIB was complicated by
issues with over-spray making undesired contacts, incomplete contact creation,
and wicking of the metal over the nanowire. When proper devices were created
(Figure 5.11), issues with ESD prevented completion of four probe resistance
measurements (discussed further in section 5.3.1).
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Figure 5.11: Four-probe resistance measurement device produced via FIB deposition. Problems
with continuous film deposition prevented full inner probes for the device. Additionally the
nanowire was destroyed during transport from the FIB to the FE-SEM.

An alternative method of defining a four-probe structure via aligned laser
exposure of photoresist and subsequent metal liftoff was explored and
attempted. While alignment to nanowires was possible, the laser exposure was
not sufficiently reliable to define small enough probes for the nanowires under
test.

5.2.7) Thermoelectric Results
Figure 5.12 shows a summary of the thermopower temperature profile for
a Ni-Au nanowire thermocouple with two distinct configurations of nanowires
obtained during random deposition and a control sample. Thermoelectric profiles
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of individual samples along with the corresponding SEM images can be seen in
Appendix C.

Figure 5.12: Thermopower for the thin film control along with series and parallel gold nanowires
connected to nickel electrodes. The two nanowire lines represent the average of thermoelectric
profiles from three different nanowires. Error bars show the standard deviation of the acquired
data. The control line is the average of two sets of data. Thermoelectric contributions from nickel
have not been removed in this data and are considered to be constant from one device to the
next.

The magenta line represents data from parallel connect nanowires that
generally agrees with literature values for bulk thermopower of Ni and Au [18].
This is as expected since the diameter of the nanowires is too large to exhibit
one-dimensional behavior for phonons or electrons. Single nanowires exhibited
equivalent behavior to the parallel wires and are included in this line. At
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temperatures far below the Debye temperature (~200K for gold) there is an
increase in thermopower indicative of phonon drag.
When the configuration is that of series connect nanowires the blue line
profile in Figure 5.12 is obtained. At low temperatures, series connect samples
also demonstrate the increase in thermopower due to phonon drag, however this
effect is increased by about 2-3 times and contains multiple features. As
temperature is increased there remains an enhancement in S, as compared to
bulk, all the way up to the Debye temperature for gold (~200K). Above the
Debye temperature the thermopower of the series of nanowires increases until
near room temperature where a new peak in the thermopower is observed. To
our best knowledge this is the first observation of such an enhancement. The
height and location of the room temperature peak change depending on the
sample (Appendix C). When removing the room temperature thermopower of Ni
(~ -15µV/K) from the measured peak value there is an approximate 5x increase
in S as compared to the direct nanowire measurement. In some samples
(Appendix C) this increase is up to 10x.
Comparison of both sample types to the control sample (the green line in
Figure 5.12) is not as straightforward. The relatively large control sample
introduces a variable error when the temperature calibration discussed in section
3.3.2 is used. Below 50K the error is minimal because the thermal conductivity
of gold at that temperature is an order of magnitude lower than that of nickel,
creating a situation similar to the calibration assumption where heat loss through
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the sample can be considered negligible as compared to the heat loss through
the heater. Interestingly enough the control and parallel nanowire samples agree
to within error in this region. Between 50K and 200K the rate of change of the
thermal conductivity over temperature is different for gold and nickel causing a
deviation in calibrations and making this region unsuitable for a direct
comparison without a better calibration for large samples. At temperatures
above 200K the thermal conductivities for both gold and nickel are relatively
constant resulting in an offset error in measured thermopower allowing
comparison of profile shape. In this temperature region the profile is the same
for both the parallel connect nanowires and the control sample and, most
importantly, both are lacking the characteristic bump at room temperature that is
seen in the series connect nanowires.

5.3) Discussion
5.3.1) Difficulties with Obtaining Results from Single Au Nanowires
Ideally thermoelectric measurements would be performed equally on all
three configurations, however two main issues were encountered with the single
nanowire configuration that prevented characterization. The first issue resulted
from the low probability of obtaining an individual nanowire spanning the testing
gap. The second, and more limiting issue, is that of random destruction of the
nanowires caused by ESD.
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The first problem was eventually solved by “purification” of the ethanol
prior to deposition. To purify the ethanol, the suspension was left overnight to
settle following the initial dilution and ultrasonication, after which the top 3/4 of
the ethanol suspension is then removed and replaced with fresh ethanol.
Subsequent ultrasonication/depositions resulted in a higher occurrence of
individual nanowires spanning the test gap. This would normally indicate some
sort of contamination bonding the nanowires together, however EDS indicated no
contamination left on the nanowires after deposition/evaporation even without the
purification step. This anomaly can be explained by the highly hygroscopic
nature of ethanol. When stored for extended periods of time ethanol will absorb
water from the atmosphere, affecting the way in which the suspension
evaporates. While the exact mechanics of the modified evaporation are not
known, purification of the ethanol has been observed during this research to
directly affect the count of individual nanowires deposited on the substrate. It is
hypothesised that the evaporation of the ethanol resulted in micro-droplets of
water on the substrate. Upon the evaporation of these water microdroplets the
nanowires on their surface were drawn closer together. This hypothesis is
consistent with studies of nanowire suspension evaporation that describe a
conglomeration of nanowires at the suspension liquid surface and the deposition
of suspended nanowires as occurring more at the liquid surface-substrate
contact area [19].

144

The problem of ESD has to date not been completely solved for our
measurements of gold nanowires. As noted in section 5.1.4 much effort was
made to eliminate random ESD and protect all the samples and the described
procedures did work up to the point of entering the test chamber as evidenced by
the several nanowire tests, however many single nanowire devices destroyed at
some point during the cooling process of the CCR and no single nanowire
completely surviving testing and SEM imaging. The point at which destruction
occurred during testing was known from monitoring the thermoelectric voltage
output of the device under test during refrigeration while the heater was operated
at half of peak operating voltage (0.5 Vrms). A steady 2nd harmonic thermoelectric
voltage indicated a nanowire that remained intact. If the voltage became erratic
or changed drastically (1-2 orders of magnitude) it was taken to indicate that the
nanowire has been destroyed (Figure 5.13). For resistance measurement
samples a similar destruction was observed however with the measured
resistance changing from several !s to several M!s. The source of this
destructive disturbance has not yet been discovered or resolved.

145

1µm

1µm

Figure 5.13 – Example of ESD destruction. The left image shows the state of the nanowire prior
to thermoelectric testing. During cooldown the thermoelectric voltage became erratic and thus
the sample was removed. The right image was taken after the measurement attempt.

Even though many single nanowire devices were destroyed, all parallel
and series connect nanowires remained intact during testing under the same
conditions. This is can be easily explained for the case of parallel connect wires,
since any ESD current that passes through the device is divided among the
multiple wires, thus reducing the current density seen by any one nanowire and
preventing destruction. In the case of series connect nanowires one would
expect each nanowire to be destroyed as were the individual nanowires, however
several samples were fully tested under the same conditions with no destruction.
This indicates that their resistance is in fact higher than that of individual
nanowires, again reducing the current density seen by each individual nanowire.
Three-probe measurements indicate that the difference in resistivity between
parallel and series connect nanowires is at most 0.06µ!·m (0.38 µ!·m if the
outlier is included).
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5.3.2) Thermoelectric Characterization
In the case of room temperature thermoelectric measurements, the
parallel wire samples match literature values for a Au-Ni thermocouple exactly
(5µV/K for Au and –15µV/K for Ni resulting in a measured 20µV/K) with no room
temperature peak. At lower temperatures this matching continues until the
phonon drag regime. Below 50K an increase in thermopower is expected from
phonon drag however the measured thermopower here is slightly larger than
expected (bulk values are about 1µV/K for Au -5µV/K for Ni) [18, 20]. This is
presumably due to the previously discussed issues with low temperature thermal
conductivity calibrations. Because the calibrations for parallel and series
nanowires are the same, comparisons are still valid in the low temperature
regime regardless of accuracy. The similarity to bulk seen in samples that
contain both series and parallel nanowires is particularly interesting (Figure 5.6b
right). In such cases it appears any enhanced voltage generated across the
series connect wires is dissipated by the direct connect parallel wires which do
not support the enhanced voltage.
Series connect nanowires provide some degree of thermopower
enhancement in almost all temperature regions. While further investigation is
necessary, it is hypothesized that the contacted nanowires naturally create tunnel
junctions, possibly as a result of the deposition method, causing a tunneling
thermopower. The phenomenon of tunneling thermopower is actually a larger
effect than the diffusive thermopower of gold and occurs when electrons

147

preferentially tunnel across a barrier based on a temperature gradient. Simply
stated, the electrons on the “hot” side of the barrier have more energy, and thus
are more likely to tunnel, than the electrons on the “cold” side of the barrier. An
increase in temperature increases the probability of electron tunneling through
the barrier, which would explain the increase in the thermally generated voltage
in the 200-270K range. At higher temperatures (270K and above), the electron
energy on both sides of the barrier is sufficiently high so that tunneling probability
approaches 1, reducing the thermotunnel effect and leaving only the original
thermoelectric effect. Investigating the opposite situation, as temperature is
reduced, the tunneling probability is also reduced essentially halting electron flow
and reducing the generated voltage to even below that of the diffusion based
thermoelectric effect (seen at around 200K). The subsequent increase in
thermoelectric voltage at low temperatures can be explained by the increased
electron-phonon interaction that begins at the Debye temperature (200K for
gold).
In order to test this theory it is important to investigate the thermopowers
expected from thermotunneling. Following the analytical expressions derived by
Leavens and Aers [21] the vacuum tunneling thermopower can be defined as

S " Limit
#T $0

V (#T)
#T

(5.1)

where V(!T) is the voltage induced by a vanishing temperature difference !T

!
across the tunnel junction. If T0 is the temperature on one side of the junction
and T0+!T is the temperature on the other side, the tunneling current density for
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small !T and V(!T) can be approximated as
J(T0 ,"T,V,d) =

#J
#J
"T +
#"T V $0
#V
"T $0

V ("T)
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where d is the tunnel barrier width. For an open-circuit voltage measurement
!
with no externally applied bias voltage (i.e. V=0), the steady state current across

the tunnel junction is zero so the tunneling thermopower can be defined as
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The tunnel current
! can be given by the expression [22],
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where J represents the net difference in the current through the tunnel junction.
!
T(E") is the transmission coefficient of the junction and only depends upon the

energy of the electrons perpendicular to the interface (E"). This means that the
first integral computes the fraction of electrons passing through the junction while
the second integral determines the number of electrons available to tunnel.
Using the Wentzel-Kramer-Brillouin approximation, the tunneling
transmission coefficient can be given by
% 2
T(E " ) = exp' #
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where Ef represents the Fermi energy the material, which for this experiment is
!

gold at ~5 eV. #avg is the average barrier height in the tunnel junction. The
supply function in this situation written for an arbitrary voltage and temperature
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where Ex is the energy of the electron at x and V is the potential of metal 1 as

!
compared to metal 2.
Substituting equations 5.5 and 5.6 into equation 5.4, taking the partial
derivatives and substituting into equation 5.3 it is possible to estimate a tunneling
thermopower arising from the temperature difference across the junction with
zero applied voltage.
According to work by Simmons [23], an electron traveling between two
closely spaced parallel electrodes polarizes both electrodes and creates image
charges. The image charges within the electrodes effectively reduce the barrier
height by rounding off the sharp corners creating a parabolic shape. For
electrodes made from the same material, i.e., identical Fermi energies, and with
no potential applied across them, the maximum of the rectangular barrier height
is lowered to [23]

(" i ) max = " 0 #

10
$sd

(5.8)

where !s is the static dielectric constant of the barrier material (!s=1 for vacuum).
!
For a gold-vacuum-gold system one would expect the energy barrier to be

equivalent to the work function of gold ("gold~4 eV), however the actual energy
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barrier will be reduced. Assuming a very thin barrier (~20Å) the barrier height is
lowered as much as 0.5 eV. Additionally the barrier shape is expected to
become parabolic instead of the original square shape [23]. In this situation
(!i)max is 3.5 eV and !avg~3 eV. For such a setup the calculated S shows a
linearly increasing tunneling thermopower as a function of temperature in the
200K to 300K range, the magnitude of which matches well with the measured
thermopower (Figure 5.14).

Figure 5.14: Calculated tunneling thermopower arising in the limit of a vanishing temperature
difference between the two sides of a tunnel junction. An average barrier height of 3eV, barrier
width of 20Å, and dielectric constant "s=1 have been assumed in this calculation.

What is very interesting is that if the two gold nanowires are described as
forming a parallel plate capacitor with "0=8.85x10-12 F/m and an overlapping area
of 20nm x 20nm, then the capacitance of the tunnel junction for the given barrier
width can be calculated to be ~1.8 aF. This implies that for every electron that
jumps across the tunnel barrier, an energy of e2/2C = 45 meV is required, double
the thermal energy of electrons at 300K (25.9 meV). Thus electron transfer
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across the barrier can be expected to be stochastic in nature. This is
additionally supported by the random I-V fluctuations seen at low voltage in the
two probe resistance measurements of the nanowire systems (Figure 5.4 and Figure 5.15).

Sample 17-16
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Figure 5.15: Randomized I-V characteristic at low voltages. Such randomization seems to be
indicative of random tunneling.

Furthermore, the transfer of a single electron across the 1.8aF capacitor
electrodes should result in a potential difference of 90 mV whereas the
experimentally measured thermoelectric voltage is of the order of 100 µV. Since
sub-electron charge transfer cannot be expected to occur, this result can be
interpreted in terms of the average potential difference arising due to fluctuation
of a single electron across the barrier over the lock-in measurement period
biased by the temperature difference between the two sides of the junction.
According to the above calculations it seems feasible that a temperature
localized tunneling thermopower could explain the observed room temperature
enhancement. Further analysis is currently underway to expand this model to
the other temperature regions.
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The source of the “barrier” remains a large question. Since the wires
being used are gold, a native oxide is not expected to have formed at the junction
between wires. Additionally the wires being used have been tested for surface
contaminants via TEM however no trace of contamination has been found. Since
these wires were deposited in liquid suspension in atmosphere, it is possible that
a monolayer contaminant may have deposited between the wires such as an
OH- or carbon. Such a small amount of contaminant would be impossible to
distinguish from the sample holder in the TEM however could provide a sufficient
barrier to explain the results.

5.3.3) Thermoelectric Figure of Merit
In order to fully evaluate the importance of the observed increase in
thermopower with series connect nanowires, it is important to address the
thermoelectric figure of merit: ZT. This requires analysis of not only the
thermopower, but also the thermal conductivity and the electrical conductivity.
To date we have not done any study on the thermal conductivity of series
connect nanowires as compared to parallel connect nanowires or bulk, however,
in a non-quantum system as has been observed, the addition of contacts or
junctions can only reduce the thermal conductivity thus increasing the value of
ZT. Indeed, using the measured three-probe resistance to estimate the thermal
conductivity with the Weidemann-Franz law returns a thermal conductivity range
of 83-334 W/m·K whereas bulk gold has a thermal conductivity of 318 W/m·K.

153

As a result the focus will be on discussing the possible change in electrical
conductivity.
An increase in thermopower is typically coupled with a decrease in
electrical conductivity, however the experiments performed showed little to no
difference in electrical conductivity between series and parallel connect
nanowires. In the simplest case of the two-probe, full temperature range
resistance measurement of a multi-nanowire sample the profile shape matched
that of a bulk gold resistance. While this does not provide any evidence against
overall conductivity reduction, it does show that the temperature dependence of
the electrical conductivity does not contain a dip that would counteract the
increased thermopower at room temperature. The three-probe measurements
provide the best frame in which to compare the conductivities for the discussion
of figure of merit. Assuming the worst-case where the maximum and minimum
measured resistivities correspond to series and parallel connect nanowires
respectively, the difference in conductivity is about 4x. Adding this into the
equation for ZT reveals that for series connect nanowires a 1/4th reduction from
the electrical conductivity would result in a minimum ZT gain of 6.25x as
compared to bulk or parallel connect nanowires. In our best sample with
increase in S of 10x, resulting in a total minimum net gain of 25x.

5.4) Conclusion
A full thermoelectric characterization of gold nanowires using the
previously described microfabricated thermal workbench has been presented.
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During testing an interesting difference in the thermopower profile of parallel and
series connect nanowires was observed indicating a 10x increase in
thermopower. A tunneling thermopower across a barrier at nanowire-nanowire
connections was found to be a reasonably possible source for this enhancement
at room temperature indicating that with proper engineering this enhancement
could be applied to any thermoelectric material. Initial electrical measurements
further indicate that this increase in thermopower may allow for a 6.25-100x
increase in ZT.
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Chapter 6
Concluding Remarks

While the field of single dimension thermoelectrics is over 15 years old,
the experimental methodology and results are still in their infancy. There are
infinite reasons for this but an overview of the literature highlights a rush for novel
results at the sacrifice of repeatability. In order for the field to develop further,
significant effort must be placed in the engineering of a standardized platform
that provides high yield, high throughput, and high accuracy results. The
workbench presented in this thesis cannot yet claim to be this platform, however
it does mark a significant advancement towards this goal. The unexpected
thermopower enhancement seen in series junctioned gold nanowires is a great
example of the type of results that can be obtained with this experimental
mentality. With further advancements in workbench design and testing
methodology it is hoped that the focus of the field can shift away from the
difficulties in acquiring data to a focus on analysis.
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6.1) Future Work
6.1.1) SThM
Equipment technical difficulties prevented the completion of the coated tip
SThM research. Fortunately Park AFM, the company who developed the SThM
system used in this experimentation, has expressed interest in assisting the
completion of this work. New scans will be performed on the heater bridge of the
thermoelectric workbench using coated and uncoated microfabricated tips (the
current standard which has replaced Wollaston wire tips). Temperature
calibrations will be performed so as to allow testing of coated tip sensitivity.
Completion of this work has the potential to improve the speed and accuracy of
all microfabricated device calibration.

6.1.2) Series junctioned gold nanowires
Further study on the configuration of gold nanowires will focus on methods
to verify the theory of junction-based enhancement. Two specific experiments
have been devised for this purpose. The first is to continue substrate
temperature modulation experiments into the high temperature regime.
According to the junction-based theory, such a temperature increase should
effectively eliminate any junction effects and result in an equivalent thermopower
for both series and parallel configurations. This is a quick and easy
measurement however it would only indirectly verify the theory at hand. For
direct verification, analysis of the noise spectrum of the generated thermopower
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is planned. If the measurement period is sufficiently fast, it should be possible to
observe the tunneling rate of the electrons based on the frequency spectrum of
the thermoelectric voltage. These measurements must be performed with DC
heating to avoid convolution of signals.
If it is further verified that it is junctions providing the temperature
dependant enhancement the next step should be to determine if this effect
applies to different materials. Since series junctioned nanowires are not yet
possible to create in a controlled fashion it is proposed that studies be made on
containers filled with nanobeads (Figure 6.1). By measuring the thermopower
across a nanobead mass of varied thickness, the effect of material type and
junction number could be easily studied. Similarly the use of various junction
materials (i.e. bead coatings) could be tested.

"T

Figure 6.1: An insulating block containing nanobeads. Application of a temperature gradient
creates a situation where there is no direct electrical path through the temperature gradient and
thermo tunnel effects should arise.

Additionally more work needs to be performed on the characterization of
the nanowires themselves for precise determination of ZT. In the case of the
thermal conductivity it may be possible to perform a 3! measurement across a
nanowire group. Such a method has been used in the past for single nanowires
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[1] and should be possible with a sufficiently small current, however it is unclear
what effect junctions will have on the measurement. For measurement of
electrical resistance an appropriately sized four-probe device is possible via ebeam lithography. Unfortunately the issue of random ESD still exists and must
be addressed prior to extensive electrical measurements.

6.1.3) Thermoelectric Workbench
Although the latest version of the thermoelectric workbench presented in
this thesis has been shown to be accurate, there are still limitations that could be
improved, the most significant being the temperature calibration. The calibration
method used has been shown to be very sensitive to the specific material
parameters of the heater bridge, such as the thermal conductivity. Further
calibration issues were found when, in the process of performing experiments,
one batch of devices was found to consist of a significant amount of NiO as
evidenced by observed temperature dependant bi-stable resistance states [2]
(Figure 6.2). Since the calibration is directly dependant on measured resistance,
this resulted in discontinuous estimates of the temperature gradient on the
nanowire, further complicating thermopower measurements. These material
variations become significant when using an analytical temperature calibration
that assumes perfect knowledge of material parameters. While adding an
additional step, a completely empirical calibration method would avoid errors
based on material assumptions.
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Figure 6.2: Bi-stable resistance of NiO. At low temperatures two resistances are visible. As the
bridge is heated at each temperature point the resistance switches between its high and low
states. At temperatures above 60K only the high resistance state is visible.

To implement this new calibration method a new thermoelectric
workbench is proposed. Shown in Figures 6.3-6.5 each unit consists of a
thermoelectric voltage sensing pad on top of a doped polysilicon heater line and
a silicon-gold thermocouple temperature sensor. The voltage sensing pad is
isolated from the temperature control layer by Si3N4. Units are separated by a
1µm wide, 30µm deep trench on three sides that allows for thermal isolation of
each pad without suspension.
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Figure 6.3: Two units of the new thermoelectric workbench design. The left unit is shown as
finished while the right unit has the nickel and Si3N4 removed to show the heater and
thermocouple.

Figure 6.4: High density packing of test units. This shows the center of the chip where test units
are brought together. Red squares are holes to the Si3N4 layer that mark different units to assist
in location identification under the microscope.
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Figure 6.5: Complete 5mm x 5mm die structure. The test region is the 500µm x 500µm region in
the center.

In addition to the inclusion of absolute temperature measurements with
both thermocouple and thermistor probes in each unit, this new version contains
many improvements as compared to the current workbench. The density of test
locations has been increased to 46 sites in a 500µm x 500µm area with multiple
nanowire alignment directions now possible. This eliminates the need for full
chip nanowire dispersal allowing for a more directed deposition and fewer wasted
nanowires. Isolation of the temperature sensing electronics from the
thermoelectric measurement allows the use of simpler and faster DC
thermoelectric measurements. While DC measurements are of lower sensitivity
than the AC measurements used in the current device, the integration of a
polysilicon heater allows for more heat to be put into the system, thus creating a
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larger temperature gradient and eliminating the need for the increased sensitivity.
The only significant disadvantage is that of fabrication complexity by way of
increased number of masks and fabrication steps. However, this new design is
actually less complex in terms of alignment with more tolerances built in and
several self alignment layers.

6.1.4) Nanowire Thinning
The reduction of nanowire diameter [3] or the increase of surface roughness
[4, 5] are expected to increase the thermoelectric power of any one material,
however many other effects also take part in modifying the thermoelectric power
of a system. Impurities, for example, can greatly affect thermoelectric power and
can easily vary from wire to wire. As such it would be desirable to study the
effects of multiple sizes on the same nanowire.
It has been shown that through careful processing techniques that it is
possible to produce nanowires from bulk materials [6-9]. By use of low etch rate,
highly isotropic plasma etching it is possible to further thin these nanowires,
achieving diameters of down to 20nm [6, 9]. It is by this generic method that
attempts will be made to reduce the diameter of suspended gold nanowires. For
this experiment many different etch methods will be considered such as a diluted
gas RIE using known gold etchants such as SF6 or Cl, or a highly dilute wet
chemical etching.
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6.2) Potential Applications
6.2.1) Thermoelectric Workbench
The current version of the thermoelectric workbench is ready to be used
for study of multiple nanowire types and sizes. One particularly interesting study
would be to replicate the measurements made by various different research
groups on Bi2Te3, InSb, Si, Ni, and CrSi2 nanowires in order to provide larger
sample sizes and single system comparisons. Measurements on multiple types
of nanowires less than 50nm in diameter could also be explored with a large
sample count provided that issues with ESD could be solved or avoided. Thanks
to the workbench design, statistically significant experiments are now easily
possible for nanowire thermoelectric measurements regardless of sample.

6.2.2) Enhanced Thermopower
In order for a thermoelectric cooler or heater to compete in efficiency with
its mechanical counterpart, a ZT of 3 or higher is needed. If the room
temperature nano junction enhancement seen in gold nanowires is applicable to
other materials, ZTs could increase to up to 2 for metals and 25 for
semiconductors, truly revolutionizing cooling and power generation. Nano
junction cooling structures could be integrated into next generation
microprocessors, memory chips, and semiconductor lasers to improve their
overall performance and reliability. Likewise, nano junction thermoelectric
generators could be used to scavenge power and improve overall efficiency of
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any electronic system that generates sufficient heat. In an extreme case, high
performance thermoelectric generators could be used as a form of alternative
energy since such generators are already used in deep space probes [10].
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Appendix A Temperature Profile Matlab Program
The following is a Matlab program to obtain the temperature profile and
resistance of a joule heated wire.

clear all
%-----------Variables----------syms x
alpha=6e-3;
omega=5e-6*100e-9;
L=40e-6;
p=10e-6;
sigma=1.431e8;
SubTemp=297;
jay=1;

%Temp Coef of resistance in 1/K ?
%3.9e-3 for Al, 3.4e-3 for Au, 6e-3 for Ni
%Wire cross section in meters
%Length of wire in meters
%Wire perimeter in meters
%Electrical conductivity at 0K in 1/(Ohm*meters)
%Temperature of substrate in K
%1 if using Joules, 0.239 if using calories

I=1e-3;
K=90.7;
c=444;
rho=8908;
H=0;
v0=300;
radiates (K)
T1=300;
T2=300;

%Current flowing through wire in Amps
%Starting thermal conductivity for calc in W/m-K
%Specific heat capacity in J/(kg*K)
%Density in kg/m^3
%Surface conductance
%Temperature of the medium in which the rod
%Temp of x=0
%Temp of x=L

%Thermal conductivity values at various temperatures in W/m-K and K
%KonducVal=[4110,8180,12100,15700,18800,21300,22900,23700,23900,23500
,17600,11700,4950,2400,1350,850,585,432,342,302,248,237,235,237,240,240,2
36,231,218];
%KonducTmp=[1,2,3,4,5,6,7,8,9,10,15,20,30,40,50,60,70,80,90,100,150,200,25
0,300,350,400,500,600];
n=1000;

%Number of points used to find resistance

%-----------Start Program-----------
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%Temperature Profile with substrate at SubTemp deg K
A=K/(rho*c);
B=-H*p/(omega*rho*c) + alpha*jay*I^2/(rho*c*omega^2*sigma);
C=H*p*v0/(rho*c*omega) + jay*I^2/(rho*c*omega^2*sigma);
C1=T1-(C/B);
C2=(T2-(C/B)-(T1-(C/B))*cos(sqrt(B/A)*L))/sin(sqrt(B/A)*L);
TProfile=C1*cos(sqrt(B/A)*x)+C2*sin(sqrt(B/A)*x)+(C/B)
pretty(simple(Tprofile))

ezplot(Tprofile,[0,L])
%Finding Resistance of Wire Numerically
Xpoints=[L/(2*n):L/n:L-L/(2*n)];
%Divides the length of the wire into n segments
%with the point in the middle of each segment
Rtot=0;

%Initialize a summing resistance variable

for l=1:n
TatX(l)=subs(Tprofile,x,Xpoints(l));
%Defines the temperature at each point
RoeatX(l)=(1/sigma)*(1+alpha*TatX(l));
%Defines roe at each point
based on temp
RatX(l)=RoeatX(l)*(L/n)/omega;
%Finds the resistance of each dx
segment
Rtot=Rtot+RatX(l);
%Adds up the resistances
end
Rtot
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%Temperature Profile with substrate at SubTemp deg K
A=K/(rho*c);
B=-H*p/(omega*rho*c) + alpha*jay*I^2/(rho*c*omega^2*sigma);
C=H*p*v0/(rho*c*omega) + jay*I^2/(rho*c*omega^2*sigma);
C1=T1-(C/B);
C2=(T2-(C/B)-(T1-(C/B))*cos(sqrt(B/A)*L))/sin(sqrt(B/A)*L);
TProfile=C1*cos(sqrt(B/A)*x)+C2*sin(sqrt(B/A)*x)+(C/B)
pretty(simple(Tprofile))

ezplot(Tprofile,[0,L])
%Finding Resistance of Wire Numerically
Xpoints=[L/(2*n):L/n:L-L/(2*n)];
%Divides the length of the wire into n segments
%with the point in the middle of each segment
Rtot=0;

%Initialize a summing resistance variable

for l=1:n
TatX(l)=subs(Tprofile,x,Xpoints(l));
%Defines the temperature at each point
RoeatX(l)=(1/sigma)*(1+alpha*TatX(l));
%Defines roe at each point
based on temp
RatX(l)=RoeatX(l)*(L/n)/omega;
%Finds the resistance of each dx
segment
Rtot=Rtot+RatX(l);
%Adds up the resistances
end
Rtot
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Appendix B Data Analysis “R” Script
The following is an R script for obtaining the thermopower from a tab delimited
spreadsheet containging columns of “DeltaTemp” for the temperature difference
across the sample, “ReadTemp” for the substrate temperature, and “ReaduVrms”
for the thermoelectric voltage. For sake of example the script to analyze the
sample at pin 9 on chip 14. Comment lines are designated by a # and refer to
the previous operations.

die14nw9 <- read.table("/Users/Template/Desktop/14-9.txt", header=TRUE)
# Reads data from a tab delimited file
attach(die14nw9)
N <- length(DeltaTemp)/8
dim(DeltaTemp) <- c(8,N)
dim(ReadTemp) <- c(8,N)
dim(ReaduVrms)<-c(8,N)
count<-1
TEC<-list()
TECvsTemp<-array(dim=c(N,2))
while(count<N+1){
TEC[[count]]<-lsfit(DeltaTemp[,count], ReaduVrms[,count])
Tempor<-lsfit(DeltaTemp[,count], ReaduVrms[,count])
TECvsTemp[count,2]<-Tempor$coefficients[[2]]
TECvsTemp[count,1]<-ReadTemp[1,count]
count<-count+1
}
#For each temperature point perform a least squares fit and store the slope.
postscript("Diee14NW9TECTemp.eps")
#Open a postscript file
plot(TECvsTemp,xlab="Temp(degK)",ylab="TEC(uV/degK)",main="Diee14NW9")
dev.off()
#Export a graph of slope versus substrate temperature to the postscript file
write.table(TECvsTemp, file = "Diee14NW9TEC.txt", append = FALSE, quote = TRUE,
sep = " ", eol = "\n", na = "NA", dec = ".", row.names = TRUE, col.names = TRUE,
qmethod = c("escape", "double"))
#Export a tab delimited spreadsheet with the substrate temperature and slope
detach(diee14nw9)
rm(list=ls())
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Appendix C Sample Thermopower Measurements
The following is a collection of the thermopower measurements from several
samples. This is not a complete collection of all data obtained but rather a
representative sample.
Sample 14-9

Heater is highlighted in red. Multiple nanowires make the electrical connection between heater
and sensing finger. The estimated electrical pathway between sensing finger and heater bridge
is highlighted in green.
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Sample 16-22

This sample remained intact until after thermopower measurement as evidenced by electrical and
frequency response measurements not shown here. The yellow box represents the likely original
position of the measured nanowire. Heater is highlighted in red.
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21-3r

Heater is highlighted in red. Multiple nanowires make the electrical connection between heater
and sensing finger. The estimated electrical pathway between sensing finger and heater bridge
is highlighted in green.
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21-17

Heater is highlighted in red.
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21-9

The residue between the heater and the sensing finger is unknown. A single connecting wire is
visible between the bridge and sensing finger and is highlighted by a yellow box. Heater is
highlighted in red.
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1-4a

1µm

While the direct electrical connection is unclear, there is at least one nanowire that creates a
direct electrical connection between the bridge and sensing finger (estimated highlighted with
yellow box). Heater is highlighted in red.
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24-4

While the direct electrical connection is unclear, there is at least one nanowire that creates a
direct electrical connection between the bridge and sensing finger (estimated highlighted with
yellow box). Large cubes are gold crystals that were a byproduct of the nanowire fabrication and
were not fully filtered out during purification. Heater is highlighted in red.
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