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ABSTRACT

Abstract

Thermoelectric (TE) energy harvesting was first used by NASA in 1961 but has
been too inefficient and expensive for widespread applications on Earth. Conventional
TE materials (Bi2Tes and PbTe) rely on rare minerals, making it difficult to reduce costs.
In contrast, carbon is an abundant material, and carbon-based TEs could decrease costs
and increase adoption of thermal energy scavenging technologies, particularly by taking
advantage of carbon nanostructures. To optimize such TEs, it is important to understand
key yet interdependent material properties, such as thermopower or Seebeck coefficient
(S), their electrical (o) and thermal conductivity (k).

This work has focused on developing accurate metrologies to unravel the physics of
thermal and TE transport in carbon-based nanomaterials. First, we describe the design
and construction of a bulk thermal and TE measurement tool that can be used to rapidly
characterize cross-plane thermal conductivity and Seebeck voltage of macroscale
materials. We discuss the sample limitations for using a one-dimensional (1D) steady-
state thermal conductivity measurement technique. We show the use of this tool to study
the thermal performance of polymer-embedded, vertical Cu nanowire arrays for use as
a thermal interface material. We also show the use of this tool to simultaneously
measure the thermal conductivity and Seebeck coefficient of bulk materials to help

determine optimum compositions for material synthesis and fabrication studies.

Next, we discuss a suspended infrared microscopy-based technique that is designed
to measure the in-plane thermal conductivity of suspended thin films. We utilize this
method to characterize thermal transport in chirality-sorted single-walled carbon
nanotube (SWNT) networks which are ~400 nm thick. We uncover the importance of
SWNT junction and mass density to thermal transport in SWNT networks. These



networks display high thermal conductivities comparable to those of the best metals

(~370 W/m/K), despite having order-of-magnitude lower mass densities (~1 g/cm?®).

Finally, we describe the design and fabrication of an on-chip thermometry platform
used to measure TE properties of sub-10 nm thin films. We present a comprehensive
study of the effect of temperature and doping (both n- and p-type) on the TE properties
of ultra-pure (> 99.9 %) semiconducting SWNT (s-SWNT) networks. We demonstrate
the highest electron and hole Seebeck coefficients for polymer-free s-SWNT networks,
over the 80 to 600 K temperature range (up to ~600 uV/K, or more than double that of
conventional bulk TE materials like Bi>Tez). We develop a compact theoretical model
that uncovers the physics of electron and phonon transport between SWNTS, evaluating
the relative contributions of 1D tubes versus the zero-dimensional (0D) SWNT
junctions to the TE properties of the network. Using the metrologies designed and built
in this thesis, we are able to comprehensively study nano- to macroscale materials for

thermal and TE applications.
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CHAPTER 1

Chapter 1
Introduction

This chapter introduces the use of carbon-based thermoelectrics for energy
harvesting applications. We also discuss various thermal metrologies necessary to study
materials on different length-scales from fundamental physics to application-based

parameters.
1.1 Towards Wearable Computing

With the advent of the Internet of Things, there are more and more forms of wearable
computing on the market. As components of computer processors continue to scale, we
can fit computing power in smaller form factors. Figure 1.1 illustrates the evolution of
wearable forms of computing over the years. However, one of the factors that limits
wearable computing performance and capabilities is the battery performance. Current
batteries are utilizing lithium ion technology first commercialized in 1991, with energy
densities increasing at a rate of about ~5-8% every year.! To get around the battery
technology limitations, product designers have resorted to improving charging speeds,
circuit power consumption, and software power management. In 2017, the state of the
art Apple Watch 3 consumes ~60 mW of power (on average) and can be used 4-20 hours

depending on the enabled functions (cellular data, GPS tracking or music playback).

These challenges bring us to an interesting question; can we harvest energy from
humans? Humans generate varying amounts of power depending on the activity. In
1996, Starner calculated human energy expenditures dependent on different activities
by using the number of kilocalories/hour consumed by the body as the metric.2 Someone
who is hiking at 4 miles per hour expends about 350 kCal/hr or 407 Watts which would
be expended in the form of thermal and mechanical energy. However, a study published

in 2008 that measured how much Americans spent in sedentary behaviors (sitting,
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Figure 1.1. Wearable computing technologies timeline adapted from Harvard

Business Review.?

reclining, lying down) found that the average adult spends about 60% of their waking
hours in sedentary activities.* While sitting, the human expends about 100 kCal of
energy (116 Watts).? Most of this energy will be from heat, therefore thermal energy
harvesting would be the best choice for the average wearable electronic user. Table 1.1
shows a comparison of various energy scavenging technologies and the amount of
power that can be potentially generated adapted from Spansion-Cypress Semiconductor.

The upper efficiency limit of thermal energy harvest is given by the Carnot efficiency:

TH _TC Tbody _Tambient _ 310 K-293 K

Meamor =3 Toos 310 K

(1.1)

where Tpody and Tambient are the temperatures of human skin surface and ambient
environment (which correspond to Tw and Tc, the hot and cold temperatures)

respectively. For the expression above, we find that the maximum efficiency is only
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Energy Generated Output Environment of
Harvester .
Source Power Voltage power generation
10 mW/cm’ Outdoor (daytime)
Light/Sun Solar Cell ;?1chi6
30 pW/cm’ Indoor (Office)
500 Mechanical Vibration
) ) Wiem? (Compressor vibration
VA Piezoelectric B >AC80V @ 30 Hz)
Device (Open)
2 Human action — button
10 pW/cm pressing
OVto
Temperature Thermoelectric 2 several V Temperature
P Generator 05W/em  gepending difference: 100 °C
on material

Table 1.1. Table of energy sources, energy harvesting technologies, amount of
generated power, output voltages, and environment of use adapted from Spansion-
Cypress Semiconductor.®

about 5.5%. If we assume 25% of the heat is already lost to sweating,? the maximum
thermal energy that can be captured from a human is ~5 W (0.25 m\W/cm?). An existing
technology that would be suitable for harvesting thermal energy is thermoelectrics
(TEs). Thermoelectric generators (TEGs) are solid state devices that convert
temperature gradients into voltages. TEGs require an n- and p-type semiconductor and
have no moving parts. Figure 1.2a shows a typical TEG. Currently, most TEGs are used
in space exploration such as Voyager,® and most recently the Mars Curiosity Rover,
which has a TEG powered by the heat of a radioactively decaying Pu-238 isotope.’
However, the current technology is too inefficient for harvesting energy on Earth,

because of the large temperature gradients required.?

Unfortunately, at ~1% efficiency near room temperature, we can only harvest about
5 uW/cm? from the human body using TEGs. This technology was implemented into

watches (which use about 5 — 20 uW of power) in 1998, in the Seiko Thermic watch,



which only used ~1 uW of power from wrist heat.® However, modern smart watches
such as the Apple Watch 3 require tens of milliwatts of power. TEGs are currently too
inefficient and expensive to be considered for wearable consumer electronics.
Therefore, to engineer more efficient TEs, we must first understand TE transport on a

fundamental level.

1.2 Thermal and Thermoelectric Transport

1.2.1 Thermoelectric Transport

TE transport relies on the Seebeck effect which is the diffusion of charge carriers
(electrons or holes) in the presence of a temperature gradient (illustrated in Figure 1.2).
This effect was first discovered in 1821 when Thomas Johann Seebeck discovered that
a heated junction of two different metals would deflect a magnet.° In 1834, Jean Charles
Peltier discovered that when current flowed through the junction of two conductors,
there was a heating or cooling effect depending on the direction of current flow. These
two phenomena are now known as the Seebeck and Peltier effects, which are both
aspects of TE transport. The Seebeck coefficient of a material is the electrical potential

that can be established in the presence of a temperature gradient:

S——"——- (1.2)

where S is the Seebeck coefficient, AV is the potential difference, and AT is the
temperature gradient (between the hot side, Tw, and the cold side, Tc). In an n-type
semiconductor, where there is an excess of electrons, the temperature gradient will lead
to the diffusion of electrons towards the cold end of the semiconductor (for p-type
semiconductors, holes will diffuse to the cold end) as illustrated in Figure 1.2a. For a
single thermoelectric material, the generated voltage is on the order of hundreds of
microvolts for every Kelvin temperature difference. For usable power, n- and p-type
semiconductors can be connected electrically in series (such that the voltages add up)

while thermally in parallel (Figure 1.2b).
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Figure 1.2. (a) Hlustration of the Seebeck effect in n- (green) and p-type (orange)
semiconductors. The hot end (TH) causes electrons (or holes) to diffuse to the cold
end (Tc). For an n-type semiconductor, the voltage established at the cold end is
negative, therefore the Seebeck coefficient have a negative sign (S < 0). (b)
Thermoelectric generator where the n- and p- semiconductors are connected

electrically in series (to increase output voltage) and thermally in parallel.

A TEG behaves as a power source in the presence of a constant temperature
gradient, although the internal resistance of the TEG limits current output. In contrast,
TEGs can be used as coolers due to the Peltier effect, where the flow of current results
in cooling at the junctions. TEGs have been extremely useful for space explorations
where solar power is not always a reliable source of energy, especially for deep space
missions. Since TEGs are solid-state devices, there are no moving parts; making them

reliable for long periods of time.

Equation 1.2 gives us a general idea of how to measure the Seebeck coefficient of a
material, however understanding the microscopic origins of thermoelectric transport
will elucidate how to tune materials for energy harvesting. The Seebeck effect exists
because charge carriers (such as electrons or holes) also carry heat. Using the Boltzmann
transport equation (BTE) under the Relaxation Time Approximation (RTA) and
assuming small deviations from equilibrium, we can describe electrical conductivity in

the form of integrals over electron energy:!!

azja(E)(—sf—EJdE (1.3)



where (—of / 0E) is the Fermi window factor, and o(E) is the differential conductivity

which represents the contributions to conductivity from electrons with energy (E). The
differential conductivity is given as:

o(E) q°z(E)V, (E)D(E) (1.4)

where q is the elementary charge, 7 is the relaxation time, vx is the carrier velocity, and
D is the density of states (DOS). The Fermi window (shown in Figure 1.3a) which is
centered around the Fermi energy (Er) with a width of ~ ksT, describes the energy of
electrons that contribute to conduction. Here kg is the Boltzmann constant and T is the
temperature. Only electrons close to the Fermi surface can conduct to empty states

above the Fermi level. The Seebeck coefficient is therefore expressed as:

E—-E ( of
E e[ _ N Ve
k Jo®) kT ( an

g ja(E)(—SijdE

S= (1.5)

From Equation 1.5, we can see that the Seebeck coefficient is enhanced when there is a
large asymmetry in the DOS around Er. This suggests that low-dimensional materials
such as 1D (nanotubes or nanowires) and OD (fullerenes or nanotube junctions) would
have large Seebeck coefficients.'? However, low-dimensional materials (such as single
nanowires) cannot be made into a TEG. Therefore, we will need to understand how low-

dimensional materials behave thermoelectrically in a composite.
1.2.2 Thermoelectric Figure of Merit (ZT)

An ideal thermoelectric material should have: (1) high electrical conductivity (o) to
reduce self-heating in the presence of current flow, (2) low thermal conductivity (k) to
maintain temperature gradients, and (3) high Seebeck coefficient to generate large
voltages. In 1949, Abram loffe introduced the figure of merit (ZT) to help researchers

optimize the TE performance of a material:
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Figure 1.3. (a) Fermi window factor (gray region) and density of states (DOS) for a
semiconducting SWNT as a function of electron energy (E). Eg is the band gap and
fo is the equilibrium Fermi-Dirac distribution. Figure reproduced after Ref. 14. (b)
Density of states in 3D, 2D, and 1D shows increasingly sharp features and asymmetry

if the Fermi level is positioned near such a sharp feature.'

T (1.6)

where S is the Seebeck coefficient, o and k are the electrical and thermal conductivity
respectively, and T is the temperature. With a figure of merit, we can define an

efficiency that is a scaled form of the Carnot efficiency:*3

AT ~J1+ZT -

Thes = T — T 1.7)

H J1+ZT +

[EEY

I_| ‘O_|

where AT = Tw — Tc. Based on Equation 1.7, we can see that the ZT of a thermoelectric
would have to be infinite to reach the Carnot efficiency. Conventional bulk
thermoelectrics'® have ZT ~ 1 which means for that low temperature gradients (such as

human skin to ambient), the efficiency is only about 1%.

~
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Figure 1.4. Seebeck coefficient, electrical and thermal conductivity dependence on
carrier doping. As carrier concentrations increase, the Seebeck coefficient decreases
which means there is an optimum carrier concentration for the power factor of a
thermoelectric material. The thermal conductivity has an electronic component (ke)

that depends on carrier concentration. Figure reproduced after Ref. 11.

Understanding the individual components of ZT will help us fine tune materials for
better efficiency. The numerator of Equation 1.6 is also known as the power factor (S%o).
Figure 1.4 shows the tradeoffs between the factors in the figure of merit. Increasing the
carrier concentration (through doping or electrostatically) will often decrease the
Seebeck coefficient of a material. This concept was illustrated in Equation 1.5 where
we saw that there needs to be DOS asymmetry near the Fermi level. Therefore, highly
doped semiconductors or metals have poor Seebeck coefficient due to the Fermi level
shifting deep into the conduction band. Furthermore, the increase in carriers in a
semiconductor would also lead to increases in the thermal conductivity due to the

Wiedemann-Franz law (WFL) which will be described in the next section. These trade-
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offs have created a challenge for researchers in pursuit of the most efficient

thermoelectric materials.

State of the art thermoelectrics are generally narrow band gap semiconductors with
heavy atoms such as Bi,Tes and PbTe.'®* When doped, these materials have good
electrical conductivity (osiztes ~ 500 S/cm at room temperature®®), and due to the heavy
atoms in the crystal, the thermal conductivity is almost two orders of magnitude lower
than that of undoped Si (kgiotes ~ 1.4 W/m/K vs. ksi ~ 140 W/m/K at room
temperature!’18). Efforts to optimize ZT have focused on two main avenues: reducing
lattice thermal conductivities and optimizing power factor through carrier doping. With
the development of nanofabrication techniques, we have more and more options for

improving material ZTs.
1.2.3 Thermal Conduction in Nanomaterials

Understanding nanoscale thermal transport has become increasingly important as
we develop ways to engineer novel nanomaterials and devices. As the length scales of
these materials become comparable to the mean free paths (MFP) of different energy
carriers (i.e. 10 nm to 1 um near room temperature), it becomes crucial to fundamentally
understand carrier interactions. The focus of this thesis will be on nano- and micro- scale

heat conduction metrology, spanning multiple length scales, directions, and materials.

In a crystal, lattice vibrations, or phonons, play a large role in heat conduction. In
conductors such as metals, mainly electrons carry heat. The electronic thermal

conductivity can be related to the electrical conductivity by the WFL.:
k,=0cLT (1.8)

where ¢ is the electrical conductivity, L is the Lorenz number, and T is the temperature.
L is approximately the same (~ 2.45x108 WQ/K?) for most metals.'® In heavily doped
semiconductors the WFL is often used to calculate the electron thermal conductivity.
Compared to electrical conductivities which span over twenty orders of magnitude from

insulators to conductors, the thermal conductivities of materials on span only about five
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Figure 1.5. Thermal conductivities of allotropes of carbon capturing the range of
thermal conductivities of materials in general. In polycrystalline diamond, thermal
conductivities can by tuned by the grain size from ultrananocrystalline (UNCD) to
nanocrystalline (NCD), and microcrystalline (MCD). The presence of sp® in
amorphous carbon creates a diamond-like carbon (DLC) which has higher thermal
conductivity than amorphous carbon alone due to the presence of these bonds. Figure
reproduced from Ref. 20.

orders of magnitude (shown in Figure 1.5). This range can be seen among carbon
allotropes. Diamond, graphene and carbon nanotubes have thermal conductivities
reaching 3000 W/m/K, whereas amorphous carbon has a thermal conductivity of about

0.1 W/m/K (at room temperature).

For many 3D crystalline materials, top-down nanostructuring methods can be used
to tune the thermal conductivity. One prime example is with Si, in which researchers
etched bulk, single crystal Si into rough nanowires and were able to reduce the thermal
conductivity by nearly two orders of magnitude (ksizw ~ 1 to 8 W/m/K) at room
temperature.??? Since the phonon MPF is much longer than the electron MFP, the

10
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electrical conductivity was not greatly reduced, resulting in a ZT that was two orders of
magnitude higher (ZTsinw ~ 0.6) than that of bulk Si.?

1.3 Carbon-Based Thermoelectrics

Most conventional thermoelectrics are based on bismuth, tellurium, lead, and
antimony. According to the US Geological Survey, these are considered rare minerals
and are some of the rarest materials based on relative abundance to Si shown in Figure
1.6.% Therefore, a carbon-based thermoelectric could drive down costs, due to the
relative abundance of carbon. This section introduces the use of carbon nanotubes

(CNTSs), leveraging their unique properties for thermoelectric applications.
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Figure 1.6. Relative abundance of elements compared to Si adapted from Ref. 23.
Common thermoelectric materials are circled in red and carbon is in blue. Tellurium
is commonly used in low temperature thermoelectric applications and is particularly

rare.

CNTs are cylindrical 1D structures effectively made from a rolled-up sheet of sp?-

bonded carbon atoms (graphene) as shown in Figure 1.7.24%> CNTs are either single

11
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Figure 1.7. (a) Schematic of graphene adapted from Ref. 24 and (b) different
chiralities of SWNTs. Armchair SWNTSs are (n,n), Zig-zag SWNTs are (0,m), and
the rest are called chiral nanotubes. Depending on chiral vector, the nanotube will

either be metallic or semiconducting. Figure reproduced from Ref. 25.

walled (SWNT) or multiwalled (MWNT) and have diameters ranging from a sub-
nanometer to hundreds of nanometers. Typical SWNT diameters range from ~0.6 nm to
~4.0 nm. SWNTs are of interest for electronic applications since SWNTs can be

semiconducting depending on how they are rolled.

SWNTSs are identified by a chiral vector (n,m) which can be used to describe the
circumference of the SWNT (C = na: + maz where a; and az are unit vectors of the
hexagonal carbon lattice).?* Graphene is a semimetal with no band gap, whereas SWNTs
have a band gap depending on the chirality. The approximate band gap of a
semiconducting SWNT is given by ~0.82/d (in eV),**% where d is the diameter in nm.
SWNTSs can be synthesized using methods such as arc discharge, laser ablation, or
chemical vapor deposition.?” The ratio of metallic to semiconducting tubes is 1:2 by
most synthesis methods.?® Within electronics, metallic SWNTs are useful for
interconnects, but they present a problem for transistors, which must be semiconducting.
Therefore, sorting SWNTs by chirality or electronic type is an area of research that is

of great importance for many applications which will be discussed in Section 4.3.1.

12
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1.4 Hierarchy of Measurement Metrologies

Unlike electrical current or voltage, there are no direct ways to measure heat flow
or temperature. All methods of measuring temperature rely on the use of a phenomenon
that has a measurable property which changes with temperature. A simple one-
dimensional Fourier law of heat conduction (Equation 1.9) gives a general idea of the
parameters that need to be measured to extract material thermal conductivities.

Q=—kvT (1.9)

where Q is the heat flux per unit area, k is the thermal conductivity of the material, and
T is the temperature. To measure thermal conductivities, we need to know the heat flux
(or input power) and the temperature change across the sample. For large samples, we
can use thermocouples to read temperatures on two ends of the sample, but for

microscopic sample, this presents many challenges.

We can break down thermal metrologies into two general categories, probe-based
and electrical methods. Figure 1.8 shows a few examples of techniques for thermal and
thermoelectric measurements. There are many trade-offs between using the different
techniques. Often, a complex measurement set-up such as the probe-based methods can
measure easily fabricated samples. On the other hand, complex on-chip thermal
platforms which require careful metal heater and thermometer designs can be used with

simple multimeters and power supplies to measure thermal transport.

Figure 1.8a. shows a thermoreflectance measurement schematic. In this technique,
a reflective metal (e.g. Al or Au) is used as the thermometer because the metal
reflectance changes with the metal temperature, as heat dissipates from the surface. In
a pump-probe version of this technique, a pump laser heats the metal surface at high
frequencies and a probe laser is used to measure the changes in reflectance of the metal
surface.?® Since the laser power is known, the time-dependent temperature decay can be
used to calculate the thermal conductance of the sample. However, because there is the
additional metal interface with the surface of the sample, care must be taken to properly

extract the thermal properties. Thermoreflectance measurements are ideal for measuring

13
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Figure 1.8. Thermal and thermoelectric measurement methods. (a)
Thermoreflectance uses a laser to probe temperature changes in the cross-plane
direction through changes in metal reflectance.® (b) Raman thermometry uses
spectroscopic shifts to calculate temperature changes.* (¢) AFM probe thermometry
measures changes in temperature using AFM probe tip.3* (d) Suspended electrical
thermometry platform utilizes 1D heat conduction in the lateral direction to measure
thermal properties.® (e) Supported thermometry can use steady-state and AC methods

to probe lateral and cross-plane heat flow.3*%

planar samples, but the laser wavelengths can be quite large which makes the spatial
resolution of this method generally on the order of ~5 — 10 um.

Figure 1.8b depicts a Raman thermometry measurement set-up. Raman
spectroscopy measures the inelastic scattering of single energy photons with lattice
vibrations.*® Generally, the Raman technique can also be used to identify materials due

to their unique spectrum. As sample temperatures change, the phonon-phonon

14
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interactions will change, resulting in peak shifts which can be calibrated to temperatures.
Raman thermometry can be used to probe temperatures in samples that are self-heated
or heated with the Raman laser itself. Because Raman peaks are unique to materials, it
can be used to probe temperatures in encapsulated materials as well as heterostructures
of many materials. However, one of the major trade-offs of this technique is that the
Raman peak shifts with temperature are generally very small. In addition, most Raman
systems have spectral resolutions of about 1 cm™. This results in large uncertainties for
temperature measurements. Raman thermometry spatial resolution is also diffraction
limited and is usually ~400 to 500 nm depending on the excitation laser wavelength.
Finally, if the material of interest has no Raman signal for a given laser wavelength

(metals or amorphous materials), then this technique cannot be used for thermometry.

Finally, there are many AFM-probe based methods to measure temperature changes
with nanoscale spatial resolution.®*” In passive mode scanning thermal microscopy
(SThM), a resistive probe such as a Wollaston wire probe is scanned over the sample
surface while a small current is used to measure the probe tip resistance. As the tip scans
over regions of sample heating, the resistance of the tip will change due to the thermal
interaction between the surface and the tip. The resistance change can be correlated to
temperature rise after careful calibration.3! Alternatively, in scanning Joule expansion
microscopy (SJEM), a polymer with a large coefficient of thermal expansion is used to
coat a sample surface. As the sample heats through Joule heating, a probe in contact
with the surface can measure the temperature changes by probing the mechanical
expansion of the polymer.®” Since probe tip diameters can be ~20 nm, the spatial
resolution of these measurements is also tens of nanometers. However, sample topology
such as sharp changes in height can affect measurement results, therefore extra care

must be taken when interpreting nonplanar features.*

Electrical methods can be broken down into two main categories, suspended and
supported thermometry. Electrical thermometry methods rely on changes in electrical
resistance with temperature to measure thermal properties. Generally, a more complex

platform will result in a more straightforward analysis due to less unknown sources of

15



heat loss.®® Electrically-based thermal measurements are usually done under vacuum
which means the main source of parasitic heat loss is through conduction. In a
suspended thermal platform (Figure 1.8d),21? the sample will be suspended across two
metal thermometers that can heat and measure temperature changes. Since the sample
is not in contact with any substrate, there is no additional heat loss into the substrate that
needs to be considered. On the other hand, a supported platform®33* (Figure 1.8e) would
require additional finite element modeling to extract thermal conductivities since the
substrate (often a silicon wafer) is a massive heat sink compared to the nanomaterial
that is being measured. The large heat sinking substrate can be helpful for cross-plane
thermal measurements in methods such as the 3@ method.*>*° Electrical methods do not
require highly specialized measurement equipment, but the sample calibration and
sensitivities are very important. Compared to probe-based methods, electrical methods

cannot measure spatially varying changes in temperatures or thermal conductivities.

Each measurement method has its advantages and disadvantages. Therefore,
understanding how to select proper metrology is extremely important for studying

material thermal and thermoelectric properties.
1.5 Organization and Scope of Work

Chapter 1 motivated the need to study thermal and thermoelectric transport in
carbon-based nanomaterials as well as the different thermal metrologies that can be
used. This thesis will highlight three different measurement techniques applied to
different material systems. Figure 1.9 shows the tradeoff between measurement
methods and physical understanding. This thesis focuses on the construction and
utilization of three different thermal and thermoelectric metrologies to study material

transport from fundamental to applied device physics.

Chapter 2 discusses the design and construction of a 1D steady-state thermal
measurement tool (Figure 1.9). We design and build a tool to rapidly characterize
macroscopic samples. We use it to decouple thermal contributions from interfaces in a

Cu nanowire-based thermal interface material.
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Figure 1.9. Trade-offs between different measurement methods. Different length
scales of materials require unique measurement set-ups to study the transport physics.
Nanoscale thermometry methods can be used to study fundamental physics in
materials, whereas a macroscopic bulk measurement would be used to extract

material properties useful for applied physics.

Chapter 3 examines thermal transport in chirality-sorted CNT networks. To
accomplish this, we design and build a suspended infrared thermometry technique (also
shown in Figure 1.9). We discover that thermal conductivities in CNT networks are
highly tunable and mainly dependent on mass and CNT junction densities. The samples
measured turn out to have thermal conductivities on the order of metals while having

10x lower mass density.

Chapter 4 discusses the fundamental thermoelectric transport in sorted
semiconducting SWNT networks. We design and build an on-chip nanoscale
thermometry platform as shown in Figure 1.9 to measure ultra-high purity networks.

We measure record high Seebeck coefficients and study the fundamental thermoelectric
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and electrical transport in these networks over a temperature range of 80 — 600 K. We
uncover that junctions in thermoelectrics are beneficial and can be leveraged to design

high performance CNT-based thermoelectrics.

Chapter 5 summarizes the main contributions of this thesis and places the results in
a greater context. We discuss the limitations of TE harvesting technologies for power
generation and the use of flexible, low cost CNT-based thermoelectrics for niche

applications.
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CHAPTER 2

Chapter 2
One-Dimensional Steady State
Thermometry

This chapter presents a one-dimensional (1D) steady state thermometry platform
built to rapidly characterize bulk samples that range from hundreds of microns up to
millimeters thick. This section will discuss measurement technique, sample limitations,

and applications of this tool.
2.1 Bulk Thermal Conductivity Measurements

For macroscopic samples, we can use a standardized method to measure thermal
conductivity. Commercially available systems are built following the ASTM
International standard. The ASTM D-5470 is the test standard for measuring thermal
properties of a variety of materials ranging from liquids to solids.*! This measurement
method is a one-dimensional, steady-state measurement method which means it cannot
measure spatial variations in thermal conductivity or material heat capacity. The
advantage of this technique is that it can rapidly characterize thermal conductivities of
samples, making it useful for material property optimization. In this chapter, we explore

different applications and limitations of this tool.

One common commercial application of this measurement set up is to measure
thermal interface materials (TIMs). Typically, the thermal interface between two

macroscopic surfaces has poor thermal transmission (large thermal boundary
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Figure 2.1. Diagram showing the effect of surface roughness on temperature profile
(red line) across an interface. Figure reproduced from Ref. 42. Thermal boundary
resistance between surfaces in contact generally arises from the roughness and lack
of surface conformity. This results in a finite temperature drop at the contacts which

is detrimental for heat conduction.

resistances) due to surface non-conformity as shown in Figure 2.1. TIMs are designed

to fill in gaps between surfaces to enhance conduction.

In addition, interfacial heat conduction is dependent on the contact pressure of two
surfaces. As pressure increases, the surface contact area increases which improves
thermal conduction. We discuss later how to extract intrinsic thermal conductivities in
these measurements. Figure 2.2 shows a custom-built measurement rig. The sample is
placed between two copper blocks and compressed. A heater located in the top contact
generates a heat flux that flows down across the sample to the bottom Cu block. The
heater in the top contact establishes a temperature gradient along the top Cu contact

which is measured using thermocouples placed along the bar. As discussed in Section
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Figure 2.2. Custom-built ASTM thermal conductivity tool and 3D design schematic.

Sample is placed between two Cu blocks and compressed while heat is generated at

the top meter bar.

1.4, the important factors in measuring thermal conductivity are the input power,
thermal conductivity, and temperature gradient. This technique uses an external heat
source to apply a heat flux across the sample, allowing us to measure thermal

conductance. Later, we will discuss applications for this method.
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2.2 Experimental Methodology

2.2.1 1D Steady State Thermal Measurements

The thermal conductivity measurement tool has two reference bars made of copper.
The reference bars are 1 cm diameter cylindrical rods with four thermocouple (TC)

holes positioned along the rode in equidistant spacing in each rod. The TC closest to the

S < ]
. o oy O
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25 1 2 3 4 5 6

Position along apparatus [cm]

Figure 2.3. Temperature profile along the reference bars. The measured temperatures
of the top and bottom reference bars are depicted in red and blue respectively. Figure

reproduced from Ref. 43.

sample surface sits at approximately 1.5 mm from the surface of the Cu contact which
allows precise measurement of the temperature difference across the sample without
significant loss in the Cu contact. We choose Cu for the reference bars due to its high
and well-known thermal conductivity. A ceramic cartridge heater inside the upper Cu
bar is controlled using a proportional-integral-derivative (PID) controller. The bottom
Cu bar is connected to a large Cu block with channels drilled through the block for water
cooling. The heater is placed in the upper meter bar such that the heat flow from the top

to the bottom contact is due to conduction and not convection. A load cell is placed
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above the upper meter bar to measure the pressure applied on the sample. Figure 2.3
shows the linear temperature gradient along the reference bars. The slopes (which is the
thermal conductivity) should be identical for both reference bars. Once we know the
heat flux, we can apply the same calculation to extracting thermal conductivity from the

sample. However, one source of parasitic heat loss is the thermal contact/boundary

resistance discussed above.
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RTI M, total

TIM

TIM-Si

x P XDV D
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Thermocouple
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CHAPTER 2
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Figure 2.4. Thermal resistance schematic to showcase the complexity of different
samples. In this case, the vertically aligned Cu nanowires are directly deposited on a
layer of gold on top of a Si substrate. Therefore, there are interfaces between

substrate, gold layer, Cu nanowires that are within the lumped resistance

Therm:)couple
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measurement. Figure reproduced from Ref. 43.
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From Figure 2.4, we can see that the thermal resistance sensed by the measurement
is a lumped resistance that includes the sample interfaces as well as the contact
resistance between the reference bar and the sample. The intrinsic thermal resistance
(Rs) of the sample is:

R, = i 2.1)
where t is the sample thickness, k is the sample thermal conductivity, and A is the sample
cross-sectional area. However, the presence of many interfaces makes intrinsic thermal
conductivity extractions complicated because the tool measures Rt = Rs + Rc. (where Rt
is the total resistance, Rs is the sample resistance, and R is the contact resistance). We
can account for R¢ using two methods. We can measure samples of various lengths and
estimate the thermal contact resistance using a thermal transfer length method (TLM)
measurement as shown in Figure 2.5. As the thickness of the sample increases, the
thermal resistances will scale linearly assuming a uniform sample thermal conductivity

and the same contact resistances.
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Figure 2.5. Thermal TLM measurement where the linear fit of the resistance vs.
thickness of glass and Teflon sample is used to extract thermal conductivities. The
contact resistance is extracted from the y-intercept of the linear fit (blue line). The

sample thermal conductivity is extract from the slope of the fit.
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The contact resistance can be extracted using the y-intercept of a thermal resistance
versus sample length linear fit (like an electrical TLM). The y-intercept point, which
will be a finite positive value, represents the resistance in the limit of a sample with zero
thickness. Once we know the contact resistance, we can calculate the sample thermal
conductivity directly using Equation 2.1 or by using the slope of the linear fit which is
1/(kA). In most cases we cannot measure many samples of different thickness.
Therefore, we must use a pressure-dependent measurement to extract the thermal

contact resistance.

The contact pressure plays an important role on thermal contact resistances.
Increasing contact pressure (P) will decrease the measured resistance of a sample.
Assuming a rigid sample, this will mainly be due to the microscopic increases in contact
area at high pressures. This means that we can extract thermal contact contributions by
plotting the thermal resistances of a sample versus the inverse of the applied pressure
(R vs. 1/P). In this case, the fit should be linear, and the y-intercept resistance (Ry-int)
will give the thermal resistance in the limit of infinite pressure (zero contact resistance).
The sample thermal conductivity can be extracted from the y-intercept value (using
Equation 2.1) since this is the intrinsic sample resistance. It is important to note that
sample thickness changes during pressure-dependent measurements will create errors

in the thermal conductivity extraction.

It is also important to note that for the thermal TLM measurement, the applied
pressure must be very large and around the sample pressure for all the samples. For our
measurement rig, we use several materials with known thermal conductivities to test the
system for accuracy (shown in Figure 2.5). We measure glass, Teflon and stainless steel
that are identical in cross-section to the metal rods. The samples are 5, 10, and 15 mm
thick. We extract a thermal conductivity of 1.01 W/m/K for the glass, 0.23 W/m/K for
the Teflon, and 16.2 W/m/K for the stainless steel. The error for the calibration samples
ranged from ~4 to 8%. In the next section, we will discuss some possible sources for

these errors.
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2.2.2 Sensitivity and Sample Limitations

There are limitations for sample dimensions for this measurement tool and
technique. In this section, we discuss the limitations on sample thickness, which is
dependent on the sample thermal conductivity. The first scenario is for samples that are
thermally resistive such as aerogels which ultra-porous (~97% air). In this case, there is
a maximum thickness for the sample before losses from the sides of the sample become
significant. A sample that is resistive and thick will have such a large thermal resistance
that conduction through the sample cannot be measurable by the tool. Figure 2.6a
presents the thermal circuit that illustrates the heat loss mechanisms at play. We assume
that the temperature of the cold contact (Tc) is the temperature of the ambient
environment (To). We set a percentage heat loss that we are willing to tolerate as ¢. The
thermal resistances for conduction would need to balance with radiation and convection

in the following equation:

R Ruag
€ conv__‘ra =R 29
R + Rrad cond ( )

conv

where Rrad and Reonv are the thermal resistances due to radiation and convection
respectively. The thermal boundary/contact resistance (Rtgr) is ignored in this case
since the sample thermal resistance is much greater. The final expression for maximum

sample thickness is:

t _ 6ksample\NL (2 3)
" 2(W L) (D +4056T7 ) '

where ksample, W, and L are the thermal conductivity, width, and length of the sample
respectively. The expression includes the convective heat loss (hconv) and radiative heat
loss (4oseT0°) contributions as well. Figure 2.6b shows the range of thicknesses that are
measurable by the tool. The upper and lower bound of the ranges are 10 and 20% loss
respectively through the sides of the sample. If we consider both convective and

radiative heat loss, the sample will have to be around 1 mm thick for something as
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Figure 2.6. (a) Thermal circuit for heat flow from a thermally resistive sample. (b)
Sample thicknesses must fall in the range of the upper and lower limits for error
tolerance. In the blue region, both convection and radiation are heat loss mechanisms.

The red region signifies convective heat loss only.

resistive as aerogel. However, if the sample is ~ 0.2 — 0.5 W/m/K (such as polymers or

papers), then we can have samples that are few millimeters thick.

There are a few ways to reduce losses through the sides of the sample. Around room
temperature, the radiation and convection heat loss coefficients are about equal (~ 5
W/m?/K). Therefore, reducing radiation would increase sample thickness tolerance
significantly. To reduce radiative heat losses, we can use a passive radiation shield
which is typically made of highly polished metals with low emissivities.** Convective

loss can be reduced by putting the entire system under some amount of vacuum.

For a highly conductive sample, we have a minimum sample thickness requirement.
If the sample is highly conductive and thin (i.e. an undoped silicon chip or Cu metal),
then thermal boundary resistances will be large enough to dominate the measurement.
The minimum measurable thermal resistance also depends on the thermocouple
sensitivity to small fluctuations in temperatures. Figure 2.7a is the thermal circuit for a

highly conductive sample. In this case, convection and radiation do not contribute
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Figure 2.7. (a) Thermal circuit for heat flow from a thermally conductive sample. (b)
Sample thickness requirements depend strongly on the thermal boundary resistances
between the sample of the Cu reference bars. For different sample thermal
conductivities, the ranges of minimum thicknesses will differ and must fall in the

shaded region.

significantly to loss from the sides of the sample since the sample thermal resistance
will be negligible.

There are two sets of conditions that are used to estimate the minimum thickness
requirements. First, the thermal boundary resistance (Rter) must be at least equal to the
sample thermal resistance (Rcond) Which gives us the expression Rter/Across = Rcond Where
Across 1S the cross-sectional area of the sample. Solving this expression gives the first
thickness expression:

t>k, R (2.4)

— Tsample " ‘TBR

where ksample IS the sample thermal conductivity. The second condition is that the sample
thermal resistance must be greater than the minimum measurable thermal resistance

(Rmin) of the system (limited by the equipment). This gives the expression:
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Solving for the thickness, we get an expression:
t>k ( Aross Rmin - 2RTBR ) (26)

The TBR plays a large role in how thin the samples can be. There are a few ways to
reduce the contact resistances such as increasing sample pressure or using a thermal
interface material. Estimates shown in Figure 2.7b are based on the thermal boundary
resistances for a dry contact.*? For a sample like Si (ksi ~ 140 W/m/K 8, the sample
would need to be more than 5 mm thick which is order of magnitude greater than the

thickness of a standard wafer (~500 um).

We have now established the sample and measurement limitations of this system.
The next few sections will discuss some materials that can be rapidly characterized by
this technique.

2.3 Vertically Aligned Cu Nanowire Forests

Experimental results in this section were published in M.T. Barako, S.G. Isaacson,
F. Lian, et al., “Dense Vertically Aligned Copper Nanowire Composites as High
Performance Thermal Interface Materials”, ACS Applied Materials and Interfaces, 9,
(48), 42067, 2017. All thermal measurements were done using the 1D steady state

thermal conductivity tool described above.
2.3.1 Sample Fabrication and Material Characterization

Commercial TIMs are generally greases with some nanoparticles. In 2009, DARPA
created a program to address thermal interfaces with the goal of achieving a low thermal
resistance TIM (< 1 mm2K/W).*® TIMs have two main requirements: mechanically
compliant and thermally conductive. To accomplish this, nanostructures such as Cu

nanowires (CuUNW) were studied for this application.®>“® In this work, we use vertically-
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Unfilled CuNW Arrays

PDMS-filled CuNW Arrays

Figure 2.8. SEM images of CuNW arrays before (top) and after PDMS (bottom)
infiltration. The NW diameters can be controlled by the membrane pore sizes. Figure

reproduced from Ref. 43.

aligned, dense CUNW arrays embedded in a polymer matrix to combine the high thermal

conductivity of Cu with the mechanical elasticity of polymers.

CuNWs were deposited in arrays using a templated electroplating method.*® A gold
seed layer is deposited onto the desired substrate. A porous polycarbonate membrane is
attached to the seed layer. Cu is deposited into the membrane until a Cu overplating
layer is formed on top of the NW and template membrane. The overplating layer can be
removed by mechanically peeling off the Cu film. The template membrane can be
dissolved using solvents leaving a standalone forest of NWs. This method of CUNW
deposition is scalable to large areas. Polydimethylsiloxane (PDMS) is drop-cast around
the nanowire arrays. After awhile, the PMDS will wick into the array as shown in Figure
2.8. To demonstrate these forests as viable TIMs, we bond the CuUNWs directly to Cu

target substrates using a flip-chip bonding method.*?
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Figure 2.9. (a) Thermal contact resistance of the Si-Cu and (b) Cu-Cu interfaces as a
function of pressure. Five Cu samples were measured with consistent results across

all samples. Figures reproduced from Ref. 43.

2.3.2 Results and Discussion

To study the thermal performance of these samples, we use a pressure dependence
study. Since the sample is grown on a Si substrate, a measurement of the as-grown
CuNWs on Si would have two interfaces: Cu-Si interface at the cold meter bar and the
Cu-Cu interface between the NWs and the hot meter bar (Figure 2.4). To account for
parasitic resistances, we conduct a series of pressure dependent measurements on
control samples (Figure 2.9). The Si-Cu interfacial resistance is estimated by using
different thickness of PDMS coatings on Si substrates. Assuming the PDMS is
thermally resistive (therefore TBR between PDMS and hot meter bar is negligible), the
Si-Cu resistance can be estimated. The Cu-Cu interface is estimated by measuring a 0.3
mm-thick Cu substrate. Cu is thermally conductive (k ~ 385 W/m/K), therefore, the
measurements would be contact resistance dominated. Since we are trying to estimate
the TBR and not measure the thermal resistance of the Cu itself, this sample thickness

is valid.

We estimate the uncertainty for the sample resistance (CuNW array) to be < 5% for

all samples based on the difference between the heat flux of the top and bottom Cu meter
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As-fabricated Composite After Compression

Figure 2.10. SEM image of the composite before and after about 3.5 MPa
compression. The NWs are still intact despite large forces due to the PDMS matrix.

Images reproduced from Ref. 43.

bars. However, the contact resistance is still the dominant source of uncertainty since
the CUNWs are intrinsically thermally conductive. In this study, the measurement relies
on the resolution of the tool which is limited by the thermocouple placement and
sensitivity. Figure 2.10 shows the post compression scanning electron microscope
(SEM) images. The PDMS array dissipates the compressive strain on the NWs and
keeps them from collapsing. Finally, we measure the bonded samples (shown in Figure
2.11) and compare them to the commercially available TIMs. We were able to
demonstrate scalable CuNWs-based TIMs with ten times better performance than

commercial TIM materials.
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Figure 2.11 Figures adapted from Ref. 43. (a) Optical image of the cross-section of
a bonded sample. The polymer embedded CuNWs are bonded to a Cu substrate using
a SnPb solder. (b) Thermal resistances of the measured samples compared as a

function of pressure.

2.4 Concurrent Seebeck Measurements

As discussed in Chapter 1, a Seebeck coefficient is the electrical potential across a
material in the presence of a temperature gradient. In the 1D measurement method, a
temperature gradient must be established to measure thermal conductivity. If the sample
also has a Seebeck coefficient, we can measure this by connecting the top and bottom
meter bars to a voltmeter. Therefore, we can simultaneously measure the Seebeck
coefficient and thermal conductivity of a sample. Figure 2.12 shows the rapid
characterization of the Seebeck coefficient and the thermal conductivity of metal

organic frameworks (MOFs).

MOFs are made by joining inorganic metal ions/clusters with organic linkers. MOFs
are highly porous and can be designed at the molecular level. These materials are
chemically synthesized, allowing a bottom-up approach to engineering macroscopic
materials for different applications. One application of interest is to use MOFs for
thermoelectrics. The as-synthesized MOFs can be compressed into macroscopic pellets
that are ~100 um thick. Compared to bulk metals, MOFs have two orders of magnitude
higher Seebeck coefficient (Sznnag ~ 230 uV/K, Szn ~ 2.4 pV/K %) (Figure 2.11b).
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Figure 2.12. (a) MOF structure.*” (b) Thermal resistance and concurrent Seebeck

coefficient measurements.

However, more work needs to be done to improve the electrical conductivities of these
materials. Due to the porous natures of these materials, the thermal conductivity is
naturally low making them a promising candidate for thermoelectrics assuming the

improvements in electrical conductivity can be achieved.

Another material system that is of interest for thermoelectrics are polymer-based
thermoelectrics. Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate)
(PEDOT:PSS) is a popular polymer for thermoelectrics due to its high electrical
conductivity and Seebeck coefficient. Many researchers have studied the use of PEDOT
as a polymer matrix for other nanomaterials such as CNTs.*® Two existing issues
PEDOT are costs and mechanical strength. Cellulose fibers, which are based on plant
cell walls, can be introduced into PEDOT to provide additional mechanical strength for
flexible thermoelectric applications. Figure 2.13a shows the PEDOT:PSS and cellulose
composite. In this case, we can use a concurrent Seebeck measurement (Figure 2.13b)
to rapidly characterize the performance of the PEDOT:PSS-cellulose (PPC) composites.
Since these materials are polymer-based, we expect the thermal conductivity to stay
relatively low. Therefore, the focus should be on optimizing the thermoelectric and

electrical performance.
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Figure 2.13. (a) Left panel shows a transmission electron microscope image of a
cellulose fiber, middle panel shows a PPC composite, and right panel shows an SEM
image of the cellulose wrapped with PEDOT:PSS. (b) Thermal resistance and

Seebeck measurement of the PPC composite.

2.5 Conclusions

The 1D steady-state thermal measurement system allows us study bulk material
thermal and thermoelectric properties. The tool has certain limitations for extremely
thermally resistive or conductive samples but can also be applied to measure novel
materials such as polymers and MOFs. Improvements can be made in the design and
implementation of the tool such as adding radiation shielding or reducing convective
heat losses. This tool allows us to rapidly characterize sample properties. However,
decoupling physical transport mechanisms would require additional modeling and/or

samples.
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Chapter 3
Suspended Infrared Thermometry of
Chirality-Sorted Single-Walled Carbon

Nanotubes

In this chapter, we present a study on thermal transport in chirality-sorted SWNT
networks. We discuss the design of an infrared suspended thermal platform and
thermometry technique for rapid thermal characterization of conductive materials. This
chapter is adapted from F. Lian et al., “Thermal Conductivity of Chirality Sorted Carbon
Nanotube Networks”, Applied Physics Letters 108, 103101 (2016).

3.1 Thermal Conductivity in Carbon Nanotube Networks

Carbon-based nanomaterials have a wide range of thermal conductivities due to its
various allotropes and atomic structures. In sp- and sp®-hybridized carbon lattices (e.g.
graphene and diamond), thermal conductivities (k) can exceed 3000 W/m/K.
Amorphous carbon, which is consists mainly of air, has k ~ 0.01 W/m/K (Figure 3.1).%°
Individual CNTs have excellent thermal and electrical conductivities. However, how
morphology plays a role in thermal transport in CNT networks is not well understood.
Tuning the thermal properties of CNT-based materials would allow us to engineer
materials for applications ranging from heat spreading to thermoelectrics or thermal
insulators. With the use of sorting to separate metallic (m-) and semiconducting (s-)
SWNTs, it is unclear if the electronic type of a SWNT would play a role on thermal

transport.
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Figure 3.1. Thermal conductivities of carbon materials. Diamond and CNTSs have the
highest intrinsic thermal conductivities. Amorphous carbon has extremely low
thermal conductivity due to its porosity and lack of crystallinity. CNT-based materials
have highly tunable thermal conductivities based on their morphology and junction

density.

In CNT networks and films, the effective thermal conductivity of the network is
much lower than the thermal conductivity of individual CNTs. This is due to the high
inter-tube junction thermal resistance.**>° Previous studies on thermal conductivity in
CNT networks have found k to reduce by almost three orders of magnitude depending
on the CNT junction density in the network.>! Prasher et al. estimated the thermal

conductivity of dense beds of SWNTS to be a function of the volume fraction ¢:

Koeq =1/ 3Kepr b (3.1)

Volume fraction can be altered by mechanical pressure or by using solvents to densify

the network °1.
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Previous work shows that electrical conductivity scales as a function of the average
nanotube bundle length, La/!“, since longer tubes will have fewer junctions in order to
cross a surface.> For thermal conductivity scaling with nanotube morphology, Volkov
et al. explored the thermal transport of networks and the effect of nanotube density and
average length using a combination of theoretical analysis and mesoscopic
simulations.>*®® Assuming that nanotube chirality is the same throughout the network
and the mass density is 0.2 g/cm?, the thermal conductivity scales as k ~ L? for 3D bulk
films and for quasi-2D films where L is the nanotube length. Zhong and Lukes have
shown through molecular dynamics simulations that the thermal interfacial resistance
of CNT junctions decreases as nanotube overlap area increases.*® However, although
previous works have shown that junction type, e.g. between metallic (M) and
semiconducting (S) CNTs, affect electrical transport, no study has explored the thermal

transport in networks with controlled junction type, bundle diameter, and bundle length.
56,57

Furthermore, with the advancement of sorting SWNTSs, building unique bulk
materials from nanotubes requires some form of solution processing in which the
nanotubes are first dispersed in a solution and later deposited either directly onto a
substrate or filter to form free standing films. Previous measurements on low thermal
conductivity carbon nanotube ‘mats’ were based on dry nanotube samples which were
mostly air and very low density.>! This study looks at creating free standing films from
solution processed, sorted SWNTSs and studying the thermal and electrical properties of

these macroscopic materials.

3.2 Experimental Methodology

3.2.1 Sample Preparation and Suspension

We use 90% semiconducting (IsoNanotubes-S), 90% metallic (IsoNanotubes-M),
unsorted and purified (PureTubes), and unsorted HiPco SWNTs purchased from
Nanolntegris.>® The IsoNanotubes and PureTubes have SWNT diameters ranging from

1.2-1.7 nm with a mean of 1.4 nm. The metallic tubes have a mean length of 0.5 um.
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Figure 3.2. Profilometer measurements of the SWNT films on Si substrates.
Thicknesses (trim) were used for extracting thermal conductivity in the model.
Metallic films had more surface roughness, but their overall film thickness is
estimated to be 400-500 nm. The mass density of the film is also calculated from the

thickness and the mass of the SWNTSs used in the film assembly.

The semiconducting and purified tubes have a mean length of 1 um. The HiPco
SWNTSs have diameters ranging from 0.8-1.2 nm with lengths ranging from 0.1-1 pm.
The unsorted HiPco and purified tubes have a semiconducting to metallic ratio of 2:1,
i.e. ~33% metallic. We assemble the SWNTSs into films on nitrocellulose membranes
(MCE MF-Millipore 47 mm diameter, 0.025 pm pores) using vacuum filtration. The
filters are dissolved using two 30-minute, heated acetone baths, leaving only the

freestanding films.
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Figure 3.3. SEM images of our solution-assembled SWNT networks. (a) — (c) show
SEMs of the center of the film for semiconducting, metallic, and unsorted networks,
respectively. Figures (d) and (e) show the edge of the film for the semiconducting and
metallic networks respectively. The edge roughness of the film is due to the cutting

of the film following the vacuum filtration assembly.

The SWNT films are then suspended across the thermometry platform by directly
removing them from the acetone using the measurement platform. Film thickness
measurements were done using profilometry on SWNT films transferred onto Si
substrates as shown in Figure 3.2. We found the metallic films to have much higher
surface roughness and overall film thicknesses for all samples to be around 400-500 nm.
We use the thickness for the thermal conductivity and mass density extractions which

will be discussed below.

Scanning electron microscope images of the solution-assembled films reveal
bundling in the networks and quasi-alignment laterally as shown in Figure 3.3. The
nanotube bundles lay randomly in-plane. Due to solution processing, the bundles are

very large in these films. Figure 3.3d and e show the edges of the film after the network
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was cut for measurements. The edge roughness of the films is less than the spatial

resolution of the infrared microscope and therefore does not affect the measurements.
3.2.2 Suspended Infrared Thermal Microscopy

We use the Quantum Focus Instruments (QFI) InfraScope to measure the
temperature of suspended SWNT films at slightly elevated background temperature, To
= 80 °C, which improves the signal-to-noise ratio.>*%! Suspending the samples across
the thermometry platform enables 1D heat flow and sufficient mechanical support for
the suspended film.%2%3 (This is in contrast to our earlier work®%®* that used much thinner
samples on SiO»/Si substrates, where the parasitic heat flow path into the substrate could
not be avoided, preventing an analysis of the in-plane thermal conductivity.) The large
contacts are electrochemically polished Cu blocks coated with 200 nm/150 nm electron-
beam evaporated Ti/Pd, Pd being in contact with the SWNTSs. Thin ceramic washers
electrically isolate the contacts and control the gap distance (L) between the Cu blocks.

To calibrate our samples, we begin by taking an unpowered reference radiance
measurement of the film. Emissivity values are calculated by the scope and later used
to calculate the radiative heat loss from the SWNT films. Once a reference image is
taken, a background temperature map is captured where there is no heat flow (shown in
Figure 3.4b). We apply a voltage bias to flow current (in the y-direction) through the
suspended sample, to induce Joule heating and map the temperature in real time, as
shown in Figure 3.5a,c. The SEM image in Figure 3.5b reveals some local alignment
and bundling of SWNTSs in the network, which we attribute to the vacuum filtration
assembly method of the films. Otherwise, the SWNTs are randomly oriented in the (x-
y) plane of the filter, with fewer SWNTSs crossing over in the z direction.
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Figure 3.4. (a) Reference radiance measurement of unsorted film from IR scope.
Values for emissivity (¢) are used to calculate the radiative heat loss from the SWNT
film. The average emissivity of the SWNT films are listed in Table 3.2. We directly
measured the emissivity of the Pd coated Cu contacts to be ¢ = 0.16, as expected. (b)
Background temperature measurement performed without any applied bias across the
SWNT film. Slight color difference at edges of metal contacts are due to reflection

from the edges of the contacts.

Temperature maps like the one in Figure 3.5c are taken while the device is biased
as shown in Figure 3.5a. The temperature is averaged over a range of pixels in the x-
direction, across the inner rectangle in Figure 3.5¢c. As shown in Figure 3.5d, the
temperature profile peaks in the center of the suspended film with negligible heating at
the contacts, indicating good heat sinking by the Pd-coated Cu blocks. We
simultaneously obtain electrical measurements of the samples, including the electrical
contact resistance using the transfer length method (TLM), by measuring samples with
varying suspended separations (L = 0.7-2.0 mm) between the Cu blocks. We combine
the thermal imaging maps with a computational model to simultaneously extract the
thermal contact resistance and the thermal conductivity from the measured temperature

profile. As it turns out, accounting for both electrical and thermal contact resistance is
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Figure 3.5. (a) Schematic of the thermometry platform and the experimental set up.
SWNT films are suspended across two Pd-coated Cu blocks that are electrically
isolated by ceramic washers. (b) SEM image of the SWNT film after vacuum
filtration. The SWNTSs are bundled and randomly in-plane oriented. (c)Temperature
map of the SWNT film across the metal contacts. White dashed lines show the edges
of the SWNT film, and current flows in the direction of the arrow. (d) The zoomed-
in temperature profile of the suspended SWNT film across the gap. The 1D

temperature profiles in Figure 3.9 are averaged along the x-direction of such maps.

important for obtaining the intrinsic thermal conductivity of the suspended SWNT
films. Figure 3.6 shows the temperature profiles and SEM images of the (a)
semiconducting, (b) unsorted, and (c) metallic films. The top and middle rows show two
different biases and dissipated power, respectively, as labeled in the figure insets. The
direction of current flow in Figure 3.6a is from the top to the bottom contact (shown by
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Figure 3.6. Temperature profiles and SEMs of (a) semiconducting, (b) unsorted, and
(c) metallic SWNT. Top and middle panels correspond to higher and lower power
applied to the networks, respectively. The insets list the applied voltages and the
power dissipated in the suspended portion of the films, excluding contact resistance,
(VIR)?(R — 2Rc). The vertical arrow shows the current flow direction. Some bowing
in the films from the transfer process can be seen in the SEMs for the metallic and

unsorted networks.

the arrow), with no measurable change in the temperature profile when reversing the
current flow direction. The semiconducting film was the most resistive and therefore
had the least heating, largely due to its contact resistance (Figure 3.7). This is not
unexpected, because the films are suspended and cannot be gated. Given the voltage
biasing scheme, the Joule heating in this film (< V4/R) is mainly in the percolation paths
that include the less resistive, ~10% metallic SWNTs.%% The metallic networks have
lower electrical resistance and a higher temperature rise for the same applied potential.
For the unsorted SWNT films, the temperature rise is in between the metallic and
semiconducting films, which is expected since the metallic-semiconducting nanotube

junctions have higher electrical resistance and there are an “intermediate” number of
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Figure 3.7. Transfer length method (TLM) plot of electrical resistances of the films
(multiplied by their width) as a function of suspended film length. Symbols are
experimental data and lines are linear fits. The vertical intercept represents twice the
electrical contact resistance (2RcW), the slope represents the SWNT film sheet
resistance (Rsh), and the horizontal intercept represents an estimate of the transfer
length (2L7). Multiple measurements were taken at several voltage biases, and the
equation of the linear fit to each is given in the inset. The unsorted samples were
biased at 0.5 V and 0.3 V, and the metallic samples were biased at 0.75 V, 0.5V, and
0.3 V with no noticeable change in resistance of either sample. The semiconducting
sample was biased at 0.75 V and 0.5 V and a slight decrease in resistance was
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observed at the higher bias.

metallic percolation paths in this film.>"%* Contact resistance is most significant for the
semiconducting network and varies depending on the surface roughness of the contacts,
as well as the presence of residue between the SWNT film and the metal surface. (We
measured the RMS roughness of the metal contacts to be ~165 nm.) We believe the

unsorted networks have lower contact resistance since they have much less damage (no
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sorting) and much less residue. Importantly, the electrical contact resistance was always

considered in all power input calculations for the extraction of thermal conductivity.

To extract the thermal conductivity of the sample, we use a finite element analysis

of the 1D heat transfer equation:%
o, 0T
AL KE |+ p—g[T(y)-T,]=0 (3.2)
ay[ ayj | ]

where A = Wtsim is the cross-sectional area of the film, k is its in-plane thermal
conductivity, p’ is the Joule heating power per unit length, g is the heat loss coefficient
per unit length to the air or to the contacts (discussed below), To = 80 °C is the
background temperature of the device, and T(y) is the temperature at location y along
the film. This approach implies uniform thermal conductivity and power distribution
along the film, which are found to be reasonable assumptions given the uniform density
of SWNTs (Figure 3.5b) and the good fit to the measured data, as we will see below.
Since the thermal measurements are done in air, we account for heat loss due to
convection and radiation using the heat loss coefficient gs for one surface of the SWNT

film exposed to air:
g, =Wh,,,, +Weos | T(y) +T7 [[T(y)+T,] (3.3)

where heony is the heat convection coefficient per unit area®®, ¢ is the emissivity of the
film as measured by the IR scope (Figure 3.4a), and os is the Stefan-Boltzmann
constant. heony is taken between 5 to 10 W/m?/K for natural convection in air® and the
uncertainty to k introduced by this range is small, less than 2% as shown in Table 3.1.
Because the IR scope captures a spatial temperature map of heating in the film, we can
use the measured temperature values to calculate gs at each point “y” along the sample
to directly calculate the heat loss due to radiation. For the suspended portion of the film,
g = 2gs since both top and bottom surfaces should be taken into account; p' = (V/R)*(R
— 2Rc)/L, where R is the measured total electrical resistance of the film and Rc is the

electrical contact resistance (Table 3.2).
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k
parameter (trim (NM)W (mm)| 2R: (Q) |hconv (W/MHK) &
(W/m/K)
515
input error | 400+50 | 2.5+0.1| 35.9+1.0 0.58+0.01
90%-S (174 — 220 (i.e. 0-10)
k uncertainty| ~12% | ~4% ~3% ~2% ~0.1%
515
input error | 430+50 [3.6+0.05 6.35+0.1 0.37+£0.01
90%-M (107 — 137 (i.e. 0-10)
k uncertainty| ~25% | ~1% ~1% ~2% ~0.1%
515
input error | 500£50 [3.3+0.03|0.34+0.005 0.57+0.01
Unsorted286 — 368 (i.e. 0-10)
k uncertainty| ~10% | ~1% ~1% ~2% ~0.1%

Table 3.1. Calculated uncertainty analysis for the extracted SWNT film thermal
conductivity (k) in our measurements. We consider the errors from the film thickness,
contact resistance, and convection and radiation losses. The main uncertainty resulted
from the thickness of the film which can be seen from Figure 3.2. We note that the
true cross-sectional area of the SWNT film is not Wtsim because the SWNTSs are not
fully packing the rectangular parallelepiped with volume WLtsim (see Figure 3.5). We
can estimate the fill factor by two means: 1) the estimated mass density is ~1.1 g/cm?
which is approximately 50% that of graphite, indicating about 45% fill factor in the
network. 2) the estimated thermal k is approximately 10% that of graphite. We regard
the former estimate as more accurate for the fill factor, and attribute the thermal k

being lower than 0.45Kgraphite to the effects of intertube junctions and misalignment.

We find that accounting for Rc is essential in such Joule self-heating studies, because
excluding it would lead to an overestimation of the power input and corresponding

overestimation of the extracted k, which may have been the case in a previous study.®
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In this work, neglecting Rc would result in an estimated 60% higher k for the metallic

networks.

For the portion of the film supported by the contacts, p' =0 and g = gs + Whc = Whe,
where hc is the thermal contact conductance per unit area between the film and the
Pd/Ti/Cu contact. To extract the thermal conductivity of the SWNT film, Eq. (1) is
solved by using k and hc as fitting parameters for the best fit to the average temperature
profile of the film obtained by the IR scope. We verify our results by comparing the 1D
model with a three-dimensional (3D) COMSOL thermal model of the SWNT film,
shown in Figure 3.8.
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Figure 3.8. (a) Shows a comparison of a 3D finite-element (COMSOL) model (top)
with the measured temperature profile at 5x magnification (bottom). Non-
uniformities in the measured profile are an artifact of the IR scope due to the spatial
resolution of the objective. (b) Temperature profile of the films at 10x and 15x%

magnification.
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The uncertainty in the extracted k due to assumptions about radiation and convection is
less than 2%, as discussed in Table 3.1. These are smaller than the uncertainty in film
thickness due to surface roughness (Figure 3.2), which has between 10-25% effect on

the extracted k values.

Figure 3.9 shows the thermal model fitted to the temperature profiles of the different
SWNT films [averaged along the x-direction of the rectangular region in Figure 3.5(c)].
For the semiconducting, unsorted, and unsorted HiPco films, the model shows excellent
agreement with the measurements, validating our assumptions of uniform thermal
conductivity and uniform heat generation. For the metallic film, we noticed
discrepancies between the model and the experimental data near the contacts. For a
better fit, we can slightly increase the gap distance L in the model because the physical
length of the suspended SWNT film may be larger than the contact separation (the
buckling of metallic films was greater during transfer and suspension, as seen in Figure
2¢). Thus, we extract a range of thermal contact conductance hc = 2x10° to 3.5x10*
W/m?/K for all films, recalling that the contacts are at the ambient temperature To = 80
°C. These values are nearly four orders of magnitude lower than those between
individual SWNTs® or graphene®® and SiO-, ostensibly due to partial contact between
the SWNT network with Pd, due to process and transfer residues, and due to some
surface roughness of the metal contacts. The thermal contact conductance of the
unsorted films is also at least a factor of two larger than those of the sorted films, which
are expected to have some residue from the sorting process (Table 3.2).
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Figure 3.9. Averaged temperature profiles (symbols) fitted by the model (lines) for
(a) the semiconducting film, (b) metallic film, (c) purified unsorted film, and (d) as-
grown HiPco film. The upper panel in (a) illustrates the role of the electrical and
thermal contact resistance. In (b), there is a slight discrepancy between the model and
the measured temperature profile for the metallic film. The light blue dashed line
shows the model using the measured gap distance (L = 0.67 mm) as the length of the
suspended portion of the film. The black dashed line denotes the model adjusted using
a larger gap distance (L = 0.86 mm). The blue dashed line shows the effect of fixing

the thermal contact conductance while using the physical gap distance.
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c k tsi he
Film Rsn 2RcW Lt ¢ fim 1 Mass P

. 2
Type (S/m) (@/o) | (@mm) | (mm) (W/m/K) | (nm) (H9) (g/cm?) (r\r;\/l)</
450 3.0x10°

90%-S ~ 8.34x10* ~26 ~35.0 ~0.65 ~0.74 +50 400 ~0.51 -
- 1.6x10*
430 6.0x10°

90%-M ~1.17 x10° ~20 ~6.35 ~0.16 ~1.07 +50 800 ~1.07 -
- 8.0x10°
500 1.5x10*

Unsorted | ~1.22 x10° ~16 ~0.34 ~0.10 ~1.10 +50 500 ~0.58 -
- 2.0x10*

Table 3.2. Electrical and physical properties for the 90% semiconducting, 90%

metallic, and purified unsorted films. Electronic contribution to thermal conductivity

is estimated using the Wiedemann-Franz Law, ke = oLoT where o is the electrical

conductivity extracted from the TLM measurements, Lo is the Lorenz constantand T

is the temperature. The unsorted, purified tubes are higher quality than the sorted

semiconducting and metallic networks, leading to the higher electrical conductivity.

The mass density of the metallic network is also twice as high as the semiconducting

and the unsorted networks, which leads to higher junction density. We believe the

higher junction density and shorter SWNT lengths (also indicative of more damage)

are responsible for the thermal conductivity of the metallic networks being somewhat

lower.

3.3 Experimental Results

In Figure 3.10, we compare our measured thermal conductivity values with literature

values of different carbon nanotube materials, at or near 300 K. Suspended, individual

SWNTs® " have a very high thermal conductivity near room temperature, ~3000
W/m/K. A study of aligned multi-wall nanotube (MWNT) films® reported the highest

in-plane thermal conductivity of such composites to date, ranging from 472766
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W/m/K. (However, this study®® did not account for the effects of electrical contact
resistance, potentially overestimating the thermal conductivity of the films, as we

discussed above.

The SWNT films in this work have thermal conductivities ranging from
approximately 80-370 W/m/K when both electrical and thermal contact resistances
were carefully considered. The highest thermal conductivities were achieved in our
purified, unsorted SWNT films, from 117-368 W/m/K. Our metallic SWNT films have
extracted thermal conductivities ranging from 106-137 W/m/K, which is lower than the
sorted semiconducting and the purified, unsorted solution processed films. We attribute
the differences to SWNT length (metallic ones being shorter, as stated earlier), possible
damage from the sorting process, and the presence of surfactants on the metallic
SWNTSs. The as-grown HiPco SWNT films have the lowest thermal conductivities
ranging from 81-97 W/m/K. The semiconducting SWNT film thermal conductivities
range from 174-220 W/m/K. The ranges of these measurements correspond to values

measured across multiple samples.

Using the Wiedemann-Franz Law, we estimate the electronic contribution to
thermal conductivity to be ke < 1.1 W/m/K in all our SWNT films (Table 3.1). Thus, we
find that the thermal conductivity has essentially no dependence on the chirality or
electronic type of the SWNTSs, confirming that heat flow is predominantly carried by
lattice vibrations (phonons) rather than electrons and that the phonon dispersion changes
very little between SWNTSs of different chirality.”* 7 Instead, our results are consistent
with the view that the thermal conductivity of SWNT films depends more strongly on
the SWNT junctions and the mass density of the films (which also controls the junctions
and the SWNT segment lengths between junctions’®). Previously reported solution-
processed SWNTs’*" found cross-plane thermal conductivity around 1.68 W/m/K for
millimeter-thick SWNT films’ and 2.24 W/m/K for MWNT films’® with mass densities
around 0.47 g/cm?. (The cross-plane thermal conductivity is expected to be lower due
to the layering of SWNTSs during the assembly process.) The mass densities of the quasi-
aligned MWNT film study®® were greater than 1 g/cm®. Our SWNT films had mass
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Figure 3.10. Summary of thermal conductivities of carbon nanotube films and
composites near room temperature, including the results of this work: unsorted
SWNT films, 90% semiconducting (SWNT-S) films, 90% metallic (SWNT-M) films,
and HiPco as-grown (AG) films. The thermal conductivities of aligned MWNT
films,® thick SWNT™ and MWNT films,* and SWNT and MWNT dry beds®*! are
also shown for comparison. (L) denotes cross-plane thermal conductivity from their
respective references. The SWNT composites are separated into solution-processed
films and dry-assembled mats; large diameter (d) mats have diameters ranging from
60-100 nm.

densities ranging from 0.5 — 1.1 g/cm? (Table 3.1). In comparison with the thermal
conductivities of dry SWNT beds®! that have thermal conductivities ranging from 0.13
to 0.19 W/m/K (with mass density 0.2 to 0.45 g/cm?®), the solution-processed films
studied here are more thermally conductive in the in-plane direction. This can be

attributed to many factors such as the higher mass density of our films, the length of the

53



SWNTSs, bundling of the SWNTSs, and the intrinsic thermal conductivity of individual

nanotubes within the network.

Our experimental findings are consistent with theoretical values predicted by
Volkov and Zhigilei,>*>* who explored the strong influence of the mass density, length
and thermal conductivity of individual SWNTSs on the network thermal conductivity. In
this context, part of the difference in thermal conductivities between the various
nanotube films in our study may be due to different intrinsic k of the SWNTSs in the
films. For example, it is known that the effective k for both SWNTs and graphene
depends on their length when it is comparable to the phonon mean free path.2*7%7® The
metallic SWNTs are shorter (~0.5 pum) and potentially more damaged than the
semiconducting or purified SWNTs (~1 pum) after the sorting process, which is
consistent with the observed lower overall k for the metallic SWNTSs films.

3.4 Conclusions

In summary, we used a combination of IR thermometry and electrical
measurements to characterize solution-processed films with controlled density of
metallic and semiconducting SWNTSs. Metallic films have higher electrical conductivity
than semiconducting films (as expected) but lower thermal conductivity due to shorter
tube lengths, which also leads to greater SWNT junction density. More importantly, the
thermal conductivity of solution-processed SWNT networks is higher than that of dry-
assembled SWNT beds®® due to the vacuum filtration assembly process. Overall, we
find that chirality plays essentially no role on thermal, which are controlled by the

individual SWNT lengths, and overall junction and mass density of the SWNTSs.

From a metrology standpoint, this study highlights the importance of adjusting for
electrical and thermal contact resistance in measurements on such self-heated suspended
films before intrinsic thermal parameters can be the deduced accurately. From a
practical standpoint, these are important findings for lightweight heat spreaders and for
thermoelectric energy harvesters. In particular, for thermoelectric applications’” our

results underscore that the figure of merit (ZT) of a SWNT sample cannot be estimated
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based on previously measured results on different samples.>! Rather, the thermal
conductivity of SWNT thermoelectrics must be measured independently, because these

quantities are sensitive to the morphology of the sample.
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Chapter 4
Nanoscale On-Chip Thermoelectric
Measurement of Sorted Semiconducting

Carbon Nanotube Networks.

This chapter presents a comprehensive study on the thermoelectric properties of
ultra-high purity sorted semiconducting single-walled carbon nanotube networks using
an on-chip nanoscale thermometry platform. Sections of this chapter were taken from
F. Lian et al., “High Electron and Hole Thermopower in Ultra-Pure Carbon Nanotube

Networks” (manuscript in preparation).

4.1 Thermoelectric Properties of Sorted Carbon Nanotube

Networks

The unique physical and electronic structure of carbon nanotubes makes them a
particularly interesting material to study for thermoelectric transport due to the
enhancement of the Seebeck coefficient (S) from quantum confinement.’? Recent
calculations show the S of individual semiconducting single-walled carbon nanotubes
(s-SWNTSs) to have a strong dependence on the tube diameter as shown in Figure 4.1a.
Hung et al.”® predict that the S of a single nanotube can be as high as 2 mV/K which is
an order of magnitude higher than Bi,Tes.” However, in a SWNT network, the S have
been measured to be almost an order of magnitude lower than the predicted

values 48,77,80-84
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The National Renewable Energy Lab has published several comprehensive studies
on thermoelectric transport in various s-SWNT networks.?38 Their first study on

polymer wrapped, polymer sorted s-SWNTs compared a variety of nanotube diameters
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Figure 4.1. (a) Diameter dependence of Seebeck coefficient for an s-SWNT (b)
temperature and Fermi energy (chemical potential) dependence of Seebeck
coefficient. The Seebeck coefficient shows both electron and hole behavior since s-

SWNTs have ambipolar transport characteristics. Figures adapted from Ref. 78.

and used triethyloxonium hexachloroantimonate (OA) to charge transfer dope sorted
networks. They were able to achieve power factors greater than 340 uW/m/K2.8 In
follow-up studies, polymer-free s-SWNT networks were studied with OA doping® as
well as various n- and p- type dopants®* to achieve up to 700 pW/m/K?2 with a material
ZT ~ 0.12. Through the course of these studies, it was noted that the nanotube network
morphology may play an important role in the transport properties.

Another study examined the role of junction type on Seebeck coefficients by varying
concentration of metallic to semiconducting nanotubes in 300 nm filtration-assembled
networks.® It was found that the network thermoelectric transport was junction
dominated and that experimentally extracted Sjunction ~ 1 mMV/K. A simple model was

developed to calculate the Seebeck coefficient based on the fraction of s-SWNTSs for a
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mixed thin film. However, the s-SWNT network Seebeck coefficient was Ss-swnT ~ 88

uV/K which is much lower than the predicted values for a single s-SWNT.

Experimentally studying fundamental thermoelectric transport in s-SWNT networks
proves to be difficult due to a few key technical challenges. As synthesized, carbon
nanotubes are either semiconducting or metallic, which leads to challenges for carbon
nanotube-based materials where electronic type is crucial for material performance.
Ultra-high purity (> 99%) sorting of semiconducting from metallic SWNTSs and other
impurities such as amorphous carbon requires a process that allows the removal of
sorting polymers post separation in addition to preserving the excellent electrical
properties of the tubes. Subsequently, uniform, dense deposition of s-SWNTSs is also
required for good electrical conduction and repeatable measurements. Finally, to study
dependence of TE transport on both temperature and Fermi energy, measurements must
take extra care due to the resistive nature of the s-SWNT networks which will be

discussed later.

4.2 Nanoscale Electrothermal Platform

4.2.1 Platform Design and Calibration

There are many techniques to measure Seebeck coefficient. However, for samples
that are a few nanometers thick, an electrothermal measurement technique can be used.
By utilizing an on-chip method, we can tune the Fermi level of the material while
conducting the measurement. There are a few main technical challenges to accurately
measuring the Seebeck coefficient of a nanoscale material: accurate temperature

measurements and reliable low voltage measurements.

We use a differential electrical resistance thermometry technique in which the
change in electrical resistance is calibrated to temperature changes and used to measure
on chip temperature gradients.®”8 We use three metal lines, a heater and two
thermometers, to perform thermometry as shown in Figure 4.2. The metal lines can be
placed on top or under the sample of interest. The heater is electrically isolated from the

sample and placement from thermometers depends on the heat spreading of the
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Figure 4.2. Thermometry platform layout. Each metal line uses a four-probe design
to account for metal contact access resistances. Current is sourced through the heater
and temperature is measured by the two thermometers. Thermometry platform is

patterned on a thick oxide to provide large lateral heat flow.

substrate. In this case, there is a tradeoff between lateral heat spreading and electrostatic
gate control. Thinner oxide would provide better gate control (carrier doping) at lower
voltages. If the oxide is too thick, there will be a larger temperature drop (AT = Tv—Tc)
but, the voltages required for gating the semiconducting sample into the ON-state will
be too high. We tested two oxide thicknesses: 300 nm and 550 nm. For the 550 nm thick
oxide, gate voltages (V) needed to turn the sample ON were on the order of £60 V. For
300 nm thick oxide, we were able to gate the material ON within a range of £40 V. This
becomes especially important when the threshold voltage (Vr) shifts during
measurements due to hysteresis which will be discussed later in this chapter.

For the thermal gradient, we need a uniform temperature profile across the width of
the sample. To achieve this, the heater to thermometer ratio needs to be greater than
10:1.%° This is often not utilized in thermometry design for many 1D and 2D material

measurements which may result in some errors since the measurement assumes a 1D
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uniform temperature profile. In the case of our thermometers, we use a serpentine heater
design to increase the electrical resistance of the heater. This allows us to achieve higher
Joule heater power input (Q = I°R) to increase sensitivity of the platform. The heaters
in our platform are effectively 400 um long (actual metal length is longer due to
serpentine structure) while the thermometers are 20 um and placed at the center of the
heater. We use a four-probe design for the heater to bypass the resistance of the metal
access lines which can be used to calculate the input power across the sample. The
thermometer closest to the heater is located 1 pm away and measure the hot side
temperature (TH). The second thermometer is placed at distances of 10, 20, 30, 40, and
50 um and measure the cold side temperature (Tc). There are no general limitations for
the spacing between the thermometers if the Ty thermometer is close enough to the
heater to sense a temperature rise. If the second thermometer is many thermal healing
lengths away from the first, it can often be ignored in the measurement, but careful
calibrations are required to verify the thermometer sensitivities. A variety of metals are
generally used for differential thermometry such as Au, Pt, Pd, or other relatively inert
metals. Since the thermometers are also electrical contacts to the sample, it is important

to select a metal that would provide good electrical contact to the material.

Temperature calibrations are done in a Janis ST-100 Optical Cryostat. The chip is
mounted to a dual in-line package (DIP) carrier and a Si diode is placed in contact with
the carrier to measure temperatures during calibration. The sample is held under vacuum
(~3x107° Torr) while the sample was cooled or heated. For each temperature, we collect
4 to 5 calibration sweeps. We use two SR 850 Lock-in Amplifiers to source and measure
the thermometers. The circuit schematic for connecting the equipment to the device is
shown in Figure 4.3a. We source a DC current In ~10 — 50 pA to the heater to measure
the intrinsic resistance of the heater. The voltage is measured using a Keithley 2000
which can be connected at the same pad as the current source and ground pad or in the
center voltage pads. Each thermometer is measured using a lock-in amplifier. The lock-
in can source a sinusoidal voltage signal which is dropped across a large series resistor.
Using the series resistor, we can change the current dropped across the device and

resistor. We want the current to be on the order of microamps, so a resistor must be
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Figure 4.3. Thermometer calibration set-up. (a) Diagram to show measurement
scheme for DC calibrations. (b) Temperature dependence of resistance for
thermometers. (c) AT between thermometers located 10 pm apart for different heater
currents. Since input power is Joule heating (I1°R), we expect and parabolic
temperature rise. (d) AT for same device as a function of the square of the heater
current. This should exhibit linear temperature dependence. Blue circles are

experimentally measured points, red lines are fits with 95% confidence.

chosen accordingly. The voltage response signal is measured across the inner electrodes
of the thermometers. The output signal is first fed into an SR 560 Low Noise
Preamplifier in DC mode. We amplify the differential signal by about 100 times and

then send it into the lock-in. Since the calibration is done simultaneously across both
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thermometers, we choose frequencies carefully to minimize crosstalk between lines.
The preamplifier is especially important in our set up for measuring high impedance

samples which will be discussed later.

For the low power sweep, we measure resistances of all metal lines at low currents
to prevent Joule heating in the lines. This measurement is used to calculate the
temperature coefficient of resistance (TCR) and the resistance response to temperature
(R vs. T) for the metals as shown in Figure 4.3b. We expect the metal resistance to have
a linear response with temperature increase. The TCR that we measure varies depending
on metal deposition method, tool, and conditions. Therefore, it is critical to calibrate all
devices to ensure accurate thermal characteristics. We perform a batch of current sweeps
where we increase the power in the heater line to induce Joule heating and measure the
resistances of the two thermometer lines (with low currents) to calculate the temperature
gradient across the two thermometers. Figures 4.3c and 4.3d shows the AT measured
from the two thermometers for given heater excitation currents. Figure 4.3d shows the
general AT vs. I2 linear trend which confirms the temperature rise is due to Joule heating.
These calibrations must be performed for all temperatures at which the sample will be

measured to improve accuracy.

Generally, the largest source of error for Seebeck voltage measurements will result
from the calibration measurements. These include metal resistance changes, cryostat
stage temperature drifts, or thermal grease changes depending on vacuum conditions.
First, the metal lines (especially heater lines) may experience current anneal effects
depending on how much power is pushed through them. If this does happen, the
resistance of the lines will change which would lead to issues with TCR measurements.
Therefore, it is important to monitor the resistances of the metal lines before and after
pushing large amounts of current through them. We generally take a low current
measurement before and after two or three high current sweeps to get a large set of data.
The second issue is the temperature inside the cryostat may drift. The temperature
controller (Lakeshore 335) for the cryostat relies on Si diodes located in the heating

element and on the DIP carrier. The PID controller tunes the heating power by
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monitoring the fluctuations in the sensor of the heating element. This results in a lag for
temperature stability in the sample. The thermal resistance of the ceramic DIP carrier is
large enough to result in about 20-30 K temperature drop across the top and bottom of
the sample carrier. This results in a large time constant for the temperature to stabilize.
It usually takes about 15 — 20 minutes for the temperature to stabilize if there is no liquid
helium flow through the system. To make sure temperatures are stable, we use a
LabView script to monitor the fluctuations in the temperature at the DIP carrier sensor.
We set the stabilization conditions by making sure the standard deviation of 10
temperature readings (taken 10-30 seconds apart) are less than a certain threshold
(~0.1%).

The final source of error can result from how the chip and temperature sensors are
mounted onto the DIP carrier. The chip can be mounted onto the carrier by thermal
grease or silver paint. There are several kinds of thermal grease that can be used.
However, depending on operating temperature, the thermal properties of the grease can
change greatly. A cryogenic grease (Apiezon N) can remain viscous even at 4 K. At
high temperatures, the grease becomes too viscous and can leak from between the carrier
and the stage. The Janis ST-100 Cryostat has an operating temperature range of 4 K —
500 K. The low temperature limit is determined by the DIP carrier as mentioned earlier.
There is no single thermal grease that can operate within these temperature limits.
Furthermore, we found that high temperature thermal grease (Apiezon H) cannot go up
to temperatures above 350 K in our vacuum system due to the vapor pressure limits. At
high temperatures and low pressures, the grease begins to evaporate and coat the
chamber and samples. We found that silver paint (PELCO High Performance Silver

Paste) was best for mounting the same onto the DIP carrier.
4.2.2 DC vs. AC Seebeck Voltage Measurement

A Seebeck voltage is the open circuit voltage of a material in the presence of a
temperature gradient. For this measurement, there are two approaches, a DC and an AC
measurement. Figure 4.4 shows the circuit diagram for the DC measurement. We can

do this measurement by sourcing a DC current using the Keithley 6221 while measuring
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Figure 4.4. The DC measurement technique circuit diagram. DC current is sourced
across the heater line while an open circuit voltage is measured across the two

thermometer probes.

an open circuit voltage across the sample. There are a few choices for voltmeters to
measure the voltage across the sample of interest. The Keithley 2000 that is used to
measure the heater line resistance may seem like an obvious choice. However, the
voltage resolution is quite poor. When the sample impedance is on the order of MQs,
the Keithley 2000 voltage readings become too noisy. To increase the measurement set-
up impedance, we use can use an SR 560 Low Noise Preamplifier in series with the
voltmeter. While doing the DC Seebeck measurement, it is important to sweep the
current to make sure the measured voltage is induced by the temperature gradient. In
this case, the change in voltage versus the heater current should be parabolic due Joule

heating. The DC Seebeck voltage is expressed as

Vi

. (4.1)

SDC ==
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where AT is the calibrated temperature gradient from the previous measurement and Ve

is the open-circuit voltage measurement across the sample (as shown in Figure 4.4).

DC Seebeck measurements are relatively simple to set up, but if there is an
additional need to measure Seebeck voltage while varying electrostatic potential (gate
voltage), then this measurement becomes too slow. This is because for every gate
voltage, a DC Seebeck versus In measurement must be taken. Additionally, the sample
may experience some hysteresis where the threshold voltage drifts as the Seebeck
measurement is being taken. This would result in inaccurate results for the electrostatic
potential during the measurement. One way to get around these issues is to use an AC

measurement method.

For the AC measurement method, we apply an w1 frequency signal to the heater
and measure the 2w: signal which results from the temperature rise in the substrate.
Figure 4.5a shows the circuit diagram for the AC measurement. In this case, we use a
Keithley 6221 to source an AC current at frequency w1 across the heater lines. We can
also measure the AC voltage at the inner electrodes to estimate the power dropped across

the serpentine portion of the heater. This heating current can be expressed as
I, =1, cos(at) (4.2)

where |, is the amplitude of the sinusoidal signal. The temperature rise form this heating

current would be given as
IZ
AT =« (?"] (4.3)

where a is the proportional increase in temperature for a given lo2. The temperature rise

results in a second harmonic voltage which can be expressed as

2

L (4.4)

200, 2
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sourced at the heater line. The 21 voltage is measured at the across the sample. A
simultaneous conductance signal at . can be measured across the sample. (b) Signals
diagram® showing a l® current signal inducing a 2o heating power which results in
a 2o temperature signal that is a direct result of the Joule heating from the heating

current.

where S is the Seebeck voltage of the material. To measure the AC Seebeck voltage, we

use an SR 850 triggered by the current source. The Seebeck voltage is then given by

_ 2,

AT (45)

where Vi is the root-mean-squared voltage measured by the lock-in amplifier. In our
set-up, we feed the signal from the sample to a voltage preamplifier to amplify the signal
that is measured by the lock-in (signals shown in Figure 4.5b). One important note is
that the Seebeck voltage is measured by the lock-in at a 90° phase shift from the current
signal. If the heater current phase is 0°, then the Y signal is the thermoelectrically

induced voltage. If the ratio of Y/X is large (phase differs greatly from 90°), then there
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are errors in the measurement the voltages cannot be trusted. This will be discussed

more in Section 4.2.3.

For the sample conductance, a second lock-in can be used in parallel. A sinusoidal
voltage signal at o, frequency is sourced across a large resistor in series. The voltage
signal from the sample is connected to an SR 560 preamplifier, amplified by 100x and
then sent back into the lock-in. Since the second lock-in amplifier is operating at a
different frequency (it is important to select a fundamental frequency that prevents
crosstalk), these two measurements can be done simultaneously. In this case, the heater
would be held at a constant AC current and only the gate voltage would be swept while
the Seebeck and conductance voltage would be measured. Compared to the DC method,
the AC technique is much faster for measuring gate voltage dependent Seebeck voltage
which can take only a few minutes for the AC method. This helps reduce errors from
sample hysteresis that would otherwise occur during a slow sweep. Since both the
conductance and Seebeck voltage can be measured at the same time, this is a more

reliable way to study any thermoelectric transport dependence on carrier densities.
4.2.3 High Impedance Samples and Measurement Validation

The nanoscale electrothermal platform has become a popular choice for measuring
different low-dimensional materials such as MoS», phosphorene, and other novel
nanomaterials. However, there are a few weaknesses to this measurement technique will

be addressed in this section.

For samples that are resistive, great care must be taken to ensure accurate open
circuit voltage measurements. In general, most multimeters such as the Keysight 34460
digital multimeter (DMM) or a Keithley 2000 has an input impedance of about 10 MQ.
If you are measuring a semiconducting sample in the off state, the sample resistance can
be on the order of GQ. In this case, the DMM would be unable to measure the sample
accurately as the equipment would be lower resistance and provide a leakage path.
Therefore thermoelectric measurements of low-dimensional semiconductors that are not

gated ON may result in errors due to the high sample impedance.®
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In the case of DC thermoelectric measurements of high resistance samples, it is
difficult to check when the measurement is accurate. Two pieces of equipment can be
used: a nanovoltmeter (Keithley 2182) or a high impedance semiconductor parameter
analyzer (SPA) such as a Keithley 4200. The nanovoltmeter has an impedance of 50
GQ and an SPA has input impedances on the order of TQ. However, some samples with

very high resistance have unstable DC open circuit voltage readings.

The lock-in amplifier for the AC method has an input impedance of 10 MQ, but by
sending the differential voltage through a voltage preamplifier (whose input impedance
is 100 MQ), we can boost the entire system impedance by an order of magnitude. In
addition, the AC measurement method has a built-in validation parameter that was
mentioned earlier. The thermally induced Seebeck voltage should be 90° out of phase
with the heating current (signal should only have a Y component). This allows us to
monitor the ratio between the Y and X component of the voltage to measure the error
of the measurement. We can see a dependence of the error on the gate voltage because
the gating turns on the network and induces more carriers which would decrease the
sample resistance. Figure 4.6a shows the gate dependence of the Seebeck voltage and
the error signal. In the case of our measurement, we define the error as the ratio X/Y.
When taking AC Seebeck measurements, it is crucial to monitor errors to make sure
they are within reasonable range. When the error is > 20%, the measurement is most
likely inaccurate. In Figure 4.6b., we can see that the error signal shows noise for regions
where the semiconductor is turned off. We can use the error signal and the Seebeck

voltage measurements to estimate the threshold voltage of the device.

To validate our platform and measurement method, we check our set up using both
the DC and AC technique. We use Ge>ShoTes (GST) which is a phase change material
commonly used in memory applications.®?> We sputtered a 45 nm film of GST onto
prepatterned electrodes. We baked the sample at 150 °C for 10 minutes to ensure the
film is in the face-centered cubic phase. In the FCC crystalline phase, the resistance was

on the order of kQs which is lower within the range of the equipment impedances. We
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Figure 4.6. (a) Seebeck voltage measurement as a function of applied gate voltage
(Ve) for a p-type semiconducting SWNT network. (b) Measurement error as defined
by the ratio of the X- and Y-component of the voltage signal. When the
semiconducting material is in the OFF state, the sample impedance is too high for the
system to reliably measure the open circuit voltage resulting in a large error. As the
sample is turned ON, the error becomes reduced. Once the sample resistance is within

the measurable range of the equipment, the error becomes close to zero.

use a Keithley 2182 Nanovoltmeter to measure the DC Seebeck coefficient while
sweeping the heater current. Figure 4.7 shows the linear dependence of Seebeck
coefficient on the square of the heater current. This is due to the linear increase of AT
with heater power. The calibration measurement in DC and AC gives a Seebeck
coefficient of ~570 uV/K for the FCC GST. This falls within the range of measured

values for GST of this resistivity.5®

Once the test platform and measurement set-ups are validated, we can measure the

Seebeck coefficient of other low-dimensional nanomaterials such as s-SWNT networks.
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Figure 4.7. Open circuit thermoelectric voltage (Voc) measured by the nanovoltmeter
for a 45 nm GST film. As the heater current increases, Voc increases linearly with the
square of the heater current. For larger sample lengths the temperature gradients

across the sample increase which leads to a length dependence for Voc,

4.3 Sample Preparation

4.3.1 Sorting Carbon Nanotubes

To use SWNTSs for any electronic or thermal electric applications, electronic-type
purity is crucial. For transistors and thermoelectrics, any metallic tubes will cause a
short between the contacts which would lead to poor performance. Therefore, SWNT
sorting quality is extremely crucial for studying fundamental transport in s-SWNT
networks. There are a few methods that have been explored for sorting SWNTS such as
density gradient ultracentrifugation,®®> DNA wrapping,®* chromatography,®® and
polymer wrapping.®® The most scalable method for sorting SWNTS is polymer wrapping
since it can be done relatively quickly and has high selectivity. However, a few main

issues are sorting purity, sorting polymer removal, and overall cost for sorting.
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Figure 4.8. Semiconducting SWNT sorting process from Lei et al.% Starting from the
top panel, a conjugated polymer is synthesized and sonicated with raw SWNTSs.
Sonication wraps the polymers around the SWNTs which can then be sonicated to
separate the semiconducting SWNTSs from the unwanted metallic SWNTs and other
carbon impurities (with an overall yield of about 20%). After sorting, the s-SWNTSs
are deposited onto substrates and the polymer can be decomposed with acid and

reused.

For the SWNTSs in this work, we begin with plasma torch synthesized SWNTSs.
Plasma torch SWNTSs are generally 1.1 — 1.5 nm diameter and have mobilities ranging
from about 20 — 40 cm?/V/s.?” 5 mg of PF-PD and 15 mg of raw SWNTs (RN-020,
Raymor Industries) were mixed in 25 mL of toluene and ultrasonicated for 30 min at an
amplitude level of 45% (Cole Parmer ultrasonicator 750 W) while externally cooled
with a dry ice bath (-78 °C). The mixture was centrifuged at 8000 rpm for 5 mins at
16 °C to remove most of the un-dispersed residues. Then the supernatant was
centrifuged again at 17 000 rpm (22 000 g) for 25 min at 16 °C. 90 % of the supernatant
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was collected and stored at 4 °C to induce further aggregation of the residual metallic
SWNTs. After SWNTs were slightly aggregated, the solution was sonicated in a bath
sonicator for 10 mins and then centrifuged at 17 000 rpm (22 000 g) for 30 min at 16 °C
to further remove the race amount of metallic tubes. 80 % of the supernatant was
collected for later deposition and device fabrication. Figure 4.8 shows the process for

sorting and separating the nanotubes.
4.3.2 Platform and Sample Fabrication

Thermometry platforms were fabricated at Northrop Grumman. Patterns were
defined using wafer-scale photolithography. 5 nm/40 nm of Ti/Pt were deposited on 300
nm SiOz/p++ Si using physical vapor deposition. Before s-SWNT deposition,
prepatterned chips are H passivated to improve hysteresis during measurements. The
chips were placed on a quartz boat and annealed in a planarTECH 2’° diameter furnace.
The temperature was ramped up to 400C from room temperature in 15 min and then
annealed under vacuum for 60 min. 100 sccm H2 was flowed and tube pressure was
around 0.964 Torr. After annealing, the furnace was cooled under vacuum to room

temperature before venting to atmosphere.

Following s-SWNT deposition, electron beam lithography was used to define
channels. Chips were first coated with a bilayer of PMMA (495 A2 and 950 A4).
Channels were patterned over the thermometers using the JEOL JBX-6300 FS. We use
a Cu hard mask to protect the s-SWNTs in the channel during O plasma etching. In this
case, the Cu mask step is crucial for preventing polymer residue. When resists are
exposed to plasma during etching steps, they are often crosslinked and hard to remove
using solvents. For O, sensitive materials such as carbon nanotubes, post-etching
polymer resist residue can degrade device performance. Chips were etched in an Oxford
PlasmaPro 80 for 2 minutes to remove unwanted s-SWNTs. The Cu hard mask was
subsequently removed using Cu 49-1 Etchant from Transene. Following the Cu Etch,
the s-SWNTs were soaked in acetone to remove acid dopants. Finally, before

measuring, S-SWNTs are baked in air at 200 °C for 10 minutes.
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Figure 4.9. (a) Plasma discharged SWNTs are sorted using PF-PD. Unwanted tubes
and amorphous carbon are centrifuged, separated and removed leaving a solution of
> 99.9% s-SWNTs. (b) Photoluminescence excitation maps of the chiralities of
SWNTs in the sorted solution. (c) Optical lithographically to pre-pattern thermometry
platforms on 300 nm SiO2/p++ Si wafers. (d) On-chip thermometry platform
schematic shows the metal heater lines and thermometers design. An s-SWNT
network is blanket deposited on the entire chip and then etched into channels across
the thermometers (Tw and Tc). (¢) SEM image of the final device with s-SWNTs
channel.

4.4 Results and Interpretation

For the s-SWNT networks in this study, we measure the temperature and gate
voltage dependence of the Seebeck coefficient under vacuum. Figure 4.10a. shows the
measured Seebeck coefficient while varying over drive (Vg — V1) voltage for 80 — 450
K. At 300 K, the Seebeck coefficient peaks at ~260 uV/K which is comparable to a
previously measured single s-SWNT.8” We measure 2-terminal electrical conductance
(G) of the s-SWNT networks as shown in Figure 4.10b and show ON/OFF ratios > 108
which decreases with increasing temperature. From 80 K to 450 K, the s-SWNT
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networks exhibit p-type transport which we attribute to atmospheric dopants on the s-
SWNTs.29 Calculations predict that the Seebeck coefficient would decrease with

increasing temperatures (as shown in Figure 4.1b).

However, if the semiconductor is degenerate, we begin to see Mott-like
thermoelectric transport which is characteristic of a metal.%°! Figure 4.10c shows the

temperature dependence of the Seebeck coefficient for different overdrive (Vg — V1)
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Figure 4.10. (a) Seebeck coefficient. (b) Electrical conductance as a function of gate
overdrive (Voo = Ve — V) for 80 — 450 K. (c) Seebeck coefficient as a function of
temperature for fixed overdrive voltages of Vop =0, -10, -20, -30 V. (d) Temperature
dependence of the electrical conductivity is consistent with hopping transport from
80 — 300 K. Above 300 K, de-doping of the s-SWNT networks cause conductivity to

decrease while Seebeck coefficient continues to increase.
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Figure 4.11. (a) Electrical conductance and (b) Seebeck coefficient versus gate
voltage at 550 K and 600 K. As p-type dopants are driven off the s-SWNT network,
we see the p-type conduction decreasing and n-type conduction increasing from 550
K to 600 K. The asymmetry in the Seebeck coefficient at 550 K stems from the

presence of impurity charges in the channel.

voltages. S increases with temperature for overdrive voltages lower than the threshold
voltage indicating Mott-like transport. We observe that at temperatures above 300 K,
the network electrical conductivity begins to decrease (Figure 4.10d). We attribute this
decrease to the de-doping of the network in vacuum which further enhances the Seebeck

coefficient at high temperatures.

At above 450 K, enough of the p-type dopants are driven from the network surface
such that ambipolar behavior can be observed electrically. In this measurement set-up
ambipolar transport is not measurable thermoelectrically until enough electrons are
conducting in the network at positive gate bias. Figure 4.11a shows the electrical
conductance as a function of gate voltage at 550 K and 600 K. Conduction at the contacts
are expected to be asymmetrical due to contact metal type since Pt contacts generally
favor hole conduction. In our devices, we see improved electron conduction which can
be explained by the H> passivation of the platforms before s-SWNT deposition which

leads to a decrease in the metal work function.
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From the Seebeck coefficient measurements, we clearly see the dopants being driven
off the channel allowing ambipolar conduction (Figure 4.11b). In the low bias state, the
s-SWNT network has a broad minimum conductivity around the Dirac-point at 550 K.
Similar conduction behavior has been seen in graphene and can be attributed to the
presence of charge impurities.®® At 600 K, the Seebeck coefficient transitions sharply
from maximum to minimum around the charge neutrality point which indicates a
decrease in charge impurities or dopants. This is also shown in the conductance
measurement (Figure 4.11a) where the electron current increases and hole current

decreases relative to 550 K.

Despite our high measured Seebeck coefficients, our results are still not as high as
individual s-SWNTs. To understand reasons for the discrepancy between measurements
and theory, we look at morphology and junctions in the networks. Previous experiments
and models on thermoelectric transport in SWNT networks have shown that similar to
electrical and thermal conduction, Seebeck coefficient is also junction dominated.® Our
first hypothesis is the role of SWNT bundling in solution processed networks.
Previously reported s-SWNT networks had bundle diameters ranging from ~15 — 40
nm. Calculations have shown bundling to decrease the effective band gap of the s-
SWNT bundle®® which would result in a lower Seebeck coefficient. Using AFM (Figure
4.12a), we estimate the bundle diameters of our network to be approximately 2 — 2.4 nm
(Figure 4.12b) in diameter suggesting the network bundles consist of only ~ 1 — 2 s-
SWNTSs. We propose this bundling effect to be an important contributing factor for the

high Seebeck coefficients in these networks.
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Figure 4.12. (a) AFM scan of s-SWNT network. (b) Bundle diameter distribution
taken from AFM scans. The bundle diameters were calculated by averaging over 400
bundles across the AFM images, using the measured peak heights as the bundle

diameter values.

4.5 Compact Model for Junction and s-SWNT ZT

Compact physical models allow us to study different transport mechanisms without
relying on computationally expensive simulations such as molecular dynamics or
density functional theory calculations. In electrical and thermal transport, junctions limit
conduction, but their role in thermoelectric transport is still unknown. Here we present
a compact model for thermoelectric transport including electrical conductance, Seebeck
coefficient, and thermal conductance for individual s-SWNTs and a single junction
between two s-SWNTSs. We calibrate our model with experimental results and use it to
compare the ZT of a single s-SWNT and a junction. Using our models, we find that
junctions play an important role in s-SWNT network thermoelectrics and can be
leveraged to improve thermoelectric performance. Figure 4.13 shows the s-SWNT
junction schematic and physical parameters considered in our models. In the following
sections, we will discuss the model for the transport across a junction and along a single

tube.
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Figure 4.13. Schematic of a junction between two 1.3 nm diameter SWNTSs. y is the
angle between the tubes, dsep is the spacing between two tubes, and dswnt is the

diameter of a single tube.
4.5.1 Electrical Conductance

Semiconducting single-walled carbon nanotubes (s-SWNTSs) can have a range of
electronic band-gaps based mainly on the diameter of the nanotube. The model for
calculating the electrical conductance of an s-SWNT was previously published in the
Pop group.!* It is important to understand how the model works and since the
conductance plays an important role in the Seebeck coefficient calculations.

Furthermore, we develop junction electrical conductance model.

To calculate the electrical conductance, we can use the expression:*

A9’ o AMET) (o
6= h ZIO L+}L(E,T)( aE)dE (4-6)

where q is the elementary charge, h is the Planck constant, A is the mean free path, E is
energy, and fo is the equilibrium Fermi-Dirac distribution function. This model includes
multiple bands, so the summation is over all the sub bands. In our model, the charge

carrier density is given by
n=[g;(E)f,(E)IE (47

where gs is the density of states for a sS-SWNT. The density of states can be written as:
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A -1/2
gs(E)=gMZ(1—E'j u(E-4,) (4.8)
where gm = 4/(zhvr) is the single-band density of states for a metallic nanotube and vr

is the Fermi velocity. The band gap is calculated using:
E,=——F~——¢eV (4.9)

where d is the diameter of the nanotube in nanometers. The model shows good
agreement with experimental data and other simulations for carrier density dependent
mobility. Figure 4.14 (a) shows the electrical conductance of a single-SWNT as a

function of Fermi energy.
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Figure 4.14. Electrical resistance (1/G) for a single s-SWNT (red) and junctions of
1.4 nm (dashed) and 2.5 nm (solid) as a function of Fermi energy relative to the
middle of the band gap. The magenta lines are for junction separation distances of
0.27 nm and the blue lines are for separation spacings of 0.17 nm. The vertical green
dashed lines show the edges of the first and second sub-bands (longer lines are for the

2.4 nm diameter tube)
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Figure 4.15. Figure recreated from Fuhrer et al.’ (a) The current-voltage
characteristics of MM, MS, and SS junctions at 200 K. The MS junctions exhibit a
rectifying behavior due to the Schottky barrier (shown by the band diagrams in the

(b) — (d) ). (¢) AFM scan of the junction.

For electrical resistance in a network of carbon nanotubes, junctions dominate the
conduction due to its high resistance. Previous studies for a single junction between two
different tubes have found that depending on the junction type. SWNT junctions are
essentially tunnel barriers for electrons, but the resistance between metallic-metallic
(MM), metallic-semiconducting (MS), and semiconducting-semiconducting (SS) vary
due to the presence of an additional Schottky barrier between at an MS junction. MM
and SS junctions both exhibit high conductances (Figure 4.15). For tunneling, we use a
Wentzel-Kramers-Brillouin  (WKB) approximation to calculate transmission
probabilities for electrons. We assume that the spacing between two nanotubes forms a
junction with a potential height equal to the nanotube work-function (¢swnt). The

transmission probability (T;) can be written as:

T.(E)= exp(—2dsep J2Meo (doumr —E) / h) (4.10)

where dsep IS the junction spacing, meo is the effective mass of the electron. Based on

Landauer formula for 1D conduction, the conductance across the junction is given by:
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G =4—qij(E)[—i}1E (4.11)

where the coefficient outside of the integral is the quantized conductance. Experimental
results found that MM junctions have conductances ranging from 0.086 — 0.26 g/h. SS
junctions also exhibited relatively high junction conductances (0.01 — 0.06 g%/h) which
is likely a lower bound from measurements. However, when we find that our model
overestimates the junction resistance when we use junction separation spacing on the
order of 0.27 — 0.34 nm. We would expect the equilibrium spacing between two tubes

to be the same as the interlayer spacing in graphite (~0.34 nm). Figure 4.16 shows the

transmissions for different junction spacings. Fuhrer et al. also found that their models
estimated transmission to be around Tj ~ 2x10* for the 0.34 nm spacing, but when they
increased the contact pressure at the junction, Tj ~ 0.04 (which matched experimental
results). This increase in contact pressure is likely due to substrate interactions with the
SWNTSs. In our model, we use the junction spacing to tune the transmission to match

experimental results.
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Figure 4.16. (a) Transmission probability as a function of energy for junctions of 0.34
nm and 0.2 nm. (b) Schematic of ideal model for the junction (0.34 nm).5" (c)

Schematic of junction with increased pressure at contacts.>
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4.5.2 Seebeck Coefficient

In Section 1.2.1, we derived the equation for Seebeck coefficient from Boltzmann
transport which is given by*!:

(E-E;)( of
S:k_ja(E)kBT(—aE)dE

qB ja(E)(—ngjdE

(4.12)

where kg is the Boltzmann constant, o(E) is the differential conductivity, f(E) is the
Fermi function, and E is energy. We can calculate the Seebeck coefficient from the
conductances calculated in the above section. Our model agrees well with previous
calculations™ as shown in Figure 4.17. Unlike the analytical expression in Hung et al.,
our model correctly calculates the Seebeck coefficient approaching zero as the Fermi

level moves deep into the subbands.

For the junction Seebeck coefficient, we use the expression:

of
T(E)(E—EF)(—jdE
S june = = J cE (4.13)

ar jT(E)(—S{EjdE

We find that the Seebeck coefficient for a junction between two s-SWNTSs is comparable

to that of the tube itself. Using our model, we calculate the Seebeck coefficients for s-
SWNTSs and junctions of 1.3 and 2.1 nm diameters (which is the common range of
diameters in a sorted s-SWNT solution). As the diameter of the tube increases, the band

gap decreases which leads to a decrease in the Seebeck coefficient.
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Figure 4.17. Seebeck coefficient versus Fermi energy for a 1.3 and 2.1 nm diameter
tubes and their respective junctions. The peak of the 2.1 nm diameter Seebeck

coefficient is about 50% of the 1.3 nm diameter tube.

4.5.3 Thermal Conductance

There have been many MD simulations**>° for SWNT junction conductances and a
few experimental measurements for a multi-walled carbon nanotube junction.0%10!
Here we develop a compact thermal model to calculate the thermal conductance of a
junction between two SWNTSs.

To calculate the thermal resistance between two SWNTSs, we begin with a Lennard-
Jones (LJ) potential for carbon atoms in a graphene-graphene structure that has been
approximated for two SWNTSs.1%2 The LJ potential is given as:

A B
(/)(I‘) =__6+T (414)
rrr
where r is the center-to-center inter-tube spacing, A = 15.2 ev-Af and B = 24100 eV-A®.

Using the potential, we calculate the force F(r,t) and potential ¢u(r,t) between to

equivalent SWNTs with radius (t). The potential is given by:

83



, .
9. (r1) = — (— Ay BgBj (4.15)

siny r? ré

where v ~ 0.393 is the mean surface density of carbon atoms (atoms per A?). The
additional terms can be found in the reference Zhbanov et al.1%? The force between two

SWNTs is given as:

v Af, Bf,
F(t’r)zsiny(_ r3A i rgB] (4.16)

Using this model, we can estimate the equilibrium spacing (where the force is zero)
between two SWNTs as shown in Figure 4.19a. The model estimates the equilibrium
spacing between two crossed SWNTSs to be around 2.92 — 2.93 A. Interestingly, two
parallel tubes have separation distances of ranging from 3.11 — 3.17 A and the spacing
between two fullerenes is about 2.95 A. We find that the equilibrium spacing does not
depend heavily on angle between the SWNTs (Figure 4.19b).
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Figure 4.18. (a) Force vs. separation distance between two tubes. (b) Equilibrium

spacing dependence on diameter for different angles between two tubes.

We calculate the spring constant between two SWNTs from the force calculations

by using k=dF /dr. We find our spring constant calculations are in good agreement

with experimentally estimated spring constant of a vdW junction between two boron
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nitride nanoribbons.!%® We use a modified Acoustic Mismatch Model*** (AMM) for

phonon transmission (tv-amm):

1
Ty_amMM — 2 (4.17)

1+4wKi(pr)2

where o is the phonon frequency, Ka is the spring constant, p is the mass density, and
vp is the phonon velocity. We assume the transverse acoustic phonon to be the main
mode of transmission. The junction thermal conductance can be calculated the

expression:

1 "evrdo (4.18)

junc ZE 0 “o'els

where ¢, is the phonon heat capacity, v, is the velocity, and 7z, is the phonon
transmission probability. The junction conductance is calculated by integrating over all
the phonon frequencies. Figure 4.19a shows the spring constant and Figure 4.19b shows
the junction thermal conductance dependence on SWNT junction separation. The lowest
thermal conductance is for an angle of 90° since the contact area and transmission would
be lowest between the two. We find there is a very small change (~120 — 140 pW/K) in
thermal conductance for different diameter SWNTs. As the spacing between two
SWNTs decrease, the junction thermal conductance saturates and reaches a “welded
limit”. MD simulations estimate a junction thermal conductance of about 130 pW/K

which is in good agreement with our model.>® Experimentally, only junctions between
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MWNTs thermal conductances have been measured. From these measurements,

SWNT junction thermal conduction was estimated to be around 20 pW/K.1%®
4.5 Implications for s-SWNT Thermoelectrics

To create bulk carbon-based thermoelectrics, we will likely rely on s-SWNT
networks in which junctions will dominate transport. Therefore, it will be important to
look at the figure of merit of a sS-SWNT junction. Our model can help us estimate the
ZT of a junction compared to an individual SWNT. We calibrate our models with
experimental results for the junction electrical and thermal conductances. Figure 4.20
shows the junction ZT for a 1.3 and 2.1 nm diameter SWNT. In this calculation, we
assume a junction spacing of 0.17 nm to match the junction electrical conductance to
published studies.®” For the thermal junction resistance, we take our calculated values
and scale them to match experimental results. Remarkably, the ZT of a junction is over
twenty times larger than a single SWNT. Despite a lower electrical conductance through
the junction, the thermal conductance is many orders of magnitude lower across junction
that it leads to an enhanced ZT. This is incredibly promising for SWNT-based

thermoelectrics since junction dominated transport will play a major role.
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Figure 4.19. (a) Spring constant and (b) Junction thermal conductance as a function
of separation distance between SWNTs. (¢) Junction thermal conductance

dependence on SWNT diameter and junction angle.
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Figure 4.20. ZT of a single s-SWNT compared to a junction for 1.3 and 2.1 nm
diameter tubes. The OD junction has orders larger ZT because the thermal resistance

of the junction compared to the s-SWNT is orders lower.

Engineering thermoelectric materials is a challenge due to the interdependent nature
of Seebeck coefficient, thermal conductivity, and electrical conductivity. However, in a
macroscopic material made up of 1D semiconductors such as an s-SWNT network this
can be overcome due to the presence of junctions. Future work can use this to tune
electrical transport across junctions while decreasing thermal conductance using
methods such as junction functionalization. This work provides valuable insight towards
engineering low cost, flexible, carbon-based thermoelectrics for Earth-based

applications.
4.5 Conclusions

In summary, we utilized a nanoscale thermometry platform to study fundamental
thermoelectric transport in high purity semiconducting single-walled carbon nanotube
networks. We measured record high Seebeck coefficients and uncovered the importance
of junctions through a comprehensive compact model. We learned that network
morphology (bundle diameter, tube diameter, junction density) will play a crucial role

for optimizing carbon-based thermoelectric design.
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Chapter 5
Conclusion and Perspectives

This chapter summarizes the contributions of this thesis and discusses future
research ideas. We discuss the use of carbon-based thermoelectrics beyond for

applications beyond wearable energy harvesting.
5.1 s-SWNT-Based Thermoelectrics

Fundamentally, carbon nanotubes and carbon nanotube networks have the potential
of changing the future of thermoelectrics. We discovered that nanotube composites have
highly tunable thermal properties by leveraging the junction and mass density. We also
uncovered the importance of junctions in a semiconducting carbon nanotube network.
Since junctions and morphology (bundle and nanotube diameters) play such a large role
in transport, we can tune the properties of these materials for a range of applications that
extend beyond thermoelectrics such as sensors and passive heat spreaders. There are
still quite a few technical challenges for working with carbon nanotubes for
thermoelectrics. One of the topics that was briefly covered in this thesis is the need for
both n- and p-type materials to make a thermoelectric generator. SWNTSs are naturally
doped p-type by water and oxygen. However, air stable n-type dopants still need

additional research.

As we develop ways to control these material properties, it is important to
understand various metrology limitations for studying thermal or thermoelectrical
characteristics in low-dimensional nanomaterials. We discussed the different thermal
metrologies that can probe properties on various length-scales ranging from nano- to
macroscale. Each metrology has its trade-offs and sensitivity limitations, therefore

carefully designing measurement rigs and samples is required for future work on
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Figure 5.1. Efficiencies of current power generation technologies compared to the
ZT required for a comparable thermoelectric generator. Figure reproduced from Ref.
8.

nanomaterials that push the limits of measurement resolutions (spatial, temperature, or

temporal).
5.2 An Inconvenient Truth About Thermoelectrics

In 2009, Cronin Vining wrote a Nature Materials commentary® titled “An
inconvenient truth about thermoelectrics.” He pointed out that it was highly unlikely
that thermoelectrics would ever make a large impact on climate change (reducing carbon
emissions). Figure 5.1 shows the ZT required for efficiencies to reach other power
generation technologies. For thermoelectrics to be competitive with current carbon

emitting technologies such as coal power plants, we would need a ZT ~ 20.

Even though thermoelectrics cannot replace power plants, the amount of heat loss
due to power generation inefficiencies is ~60 %. Every year, the US consumes ~100

quadrillion BTUs of energy. Low temperature waste heat (< 230 °C) is particularly
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challenging to recover for electricity generation due to inefficiencies of heat engines at
these temperatures.’®® Currently, we are looking at ~400 trillion BTUs of low
temperature waste heat from combustion systems (boilers) alone. % If we can harvest a
small fraction of that, the energy savings in terms of dollars and fuel would be
substantial. One trillion BTUs is the equivalent of about five hundred 100-ton train cars
of coal or one thousand 8000-gallon tankers of gasoline. At 1% waste heat recovery, we
could potentially save > $200 million of refined gasoline. However, for widespread
adoption of TEG for waste heat recovery, we would need to develop flexible, low cost

materials that can be inserted into existing waste heat sources.
5.3 Flexible Thermoelectrics

For low-cost, flexible TEGs, we can use polymers as a support matrix for embedded
nanoparticles.*®197:108 There has been extensive research on the use of polymers both as
a framework for embedding nanoparticles and as the active thermoelectric material. The
polymers can be broken down into insulating and conductive polymers. Polymers have
intrinsically low thermal conductivity due to its lack of a crystal structure. Therefore,
nanoparticle doping has mainly been focused on improving the electrical conductivities

of these composites.

PEDOT has been a focus for flexible TE research due to its high electrical
conductivity. The highest ZT achieved for PEDOT reached ZT ~ 0.42,'% but more work
needs to be done on n-type polymer thermoelectrics. SWNT-PEDOT composites have
also shown promising, however SWNTs were mainly used to improve electrical

conductivities and not Seebeck coefficients. 101

One major disadvantage to polymer TEs, however, is the thermal instability at high
temperatures. PEDOT, for example, breaks down at about 100 °C. Polymers that can
withstand higher temperatures such as polyvinylidene fluoride (PVDF) are insulating.
Therefore, they would require additional improvements in electrical conductivity in
addition to Seebeck coefficient. Studies have demonstrated a scalable low-cost fabric
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Figure 5.2. (a) PVDF-MWNT layered fabric for power generation. Figure

reproduced from Ref. 110. (b) n- and p- type SWNT fabrics on polyethylene
terephthalate (PET) substrates. Figure reproduced from Ref. 112.

based on MWNTSs and PVDF.1° However, performance is not optimized since MWNTS

are essentially metallic and have low Seebeck coefficients.

Finally, a major challenge with flexible, polymer-based thermoelectrics is designing
a device. Most studies have demonstrated flexible fabric-like thermoelectrics using a
lateral heat flow as shown in Figure 5.2. The temperature gradient would realistically
need to be in the cross-plane direction to optimize power density. A cross-plane
polymer-based device can be realized using additive manufacturing methods such as

screen- or 3D printing techniques.
5.4 Final Thoughts

The focus of this thesis was the development, validation, and utilization of different
metrologies for studying nanomaterial properties. However, there is still room for
improvements that can be made in metrology as well as fundamental physical
understanding. First, for the 1D steady-state thermal measurement tool, there is a need
to improve the losses due to radiation and convection. A smaller version of this tool can
be installed in a vacuum system to reduce convective heat loss. To measure samples
above room temperature, a series heater can be installed in the bottom meter bar to raise
the average temperature across the sample. This would create a more robust

measurement system overall.
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For the suspended IR thermometry, we have implemented the system to study
carbon nanofibers ~50 um wide as well as 50 nm PEDOT:PSS thin films. For the tool,
suspending samples is the main challenge since the Cu contacts are very large. However,
this measurement technique and analysis can be applied to any suspended structure,
therefore designing a Si-based platform would allow the study of smaller samples. A
Si-based platform would also help with measuring a continuous sample TLM to improve

contact resistance extraction.

In the on-chip thermoelectric measurements, additional improvements can be made
to extract sample ZT in one platform. By combining supported thermal conductivity
extractions® with the existing platform, we can extract all the sample properties
required for ZT calculations. The main requirement is a four-probe heater must be used
to measure the heat flux input. This type of measurement would need to be coupled with
finite element modeling to account for heat losses into the substrate.

As we move forward to study more materials for thermoelectric and other
applications, we will need to develop more metrologies to try and understand the
fundamental physics in these materials. Low dimensional materials such as 2D
transition metal dichalcogenides and 1D materials such as nanowires and nanotubes are
extremely sensitive to surface defects due to their high surface area to volume ratio.
This makes it crucial to understand how different factors will affect transport and how

to engineer composites for TEGs.

Finally, for wearable thermoelectrics, the main issue is that our bodies are adaptive
to temperatures. The human body responds to heat loss by trying to minimize losses.
There are places on the body where we can place thermoelectrics (arteries close to the
skin), but this may cause discomfort to the wearer. Since the temperature on the skin
surface changes as the body adapts, additional work needs to be done on the power

management circuits for thermoelectrics in which the thermal power source is unstable.
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