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Abstract

Although there has been extensive research on the thermoelectric effect, there have only been some
reports on the photo-thermoelectric effect in carbon nanotubes, i.e. the conversion of light to heat to
electricity. A device capable of producing a thermoelectric voltage by light irradiation on a forest of aligned
multi-walled carbon nanotubes has not yet been reported. The work presented in this thesis first outlines
the growth conditions by which millimetre-long CNTs were grown by catalytic chemical vapour deposition
(CVD). Two novel thermoelectric devices were fabricated based on two intrinsic properties of CNT forests.
(1) Using the “Heat Trap” effect (light-induced heat localization), the first device induced a potential
difference (few hundred pV) from low incident laser power. The temporal dynamics of the induced voltage
were understood to be due to a competition of the temperature gradients within the device materials. A
finite element analysis model was simulated the thermal and electrical characteristics. The temperature-
dependent thermal conductivity of CNTs was derived based on the experimental induced voltage and was
seen to fall-off with temperature, confirming a previously-suggested mechanism for the effect. (2) Since
the thermal conductivity of CNTs can be 1-2 orders of magnitude smaller in the direction perpendicular to
the nanotube axis, a second device was fabricated to achieve a higher temperature gradient. Under a few
hundred mW of laser power, a few mV of potential difference was induced, indicating power conversion
efficiencies in the 10° % range. A finite element analysis model was created, which by using the
experimentally-derived thermal conductivity from the previous device, predicted the induced voltage to
within 10% at high laser powers. Calculation of the room temperature figure-of-merit ZT was low (10
range), however no device optimization had been performed in these proof-of-concept prototypes. If CNT-
based thermoelectric devices are to be used at higher temperatures, the three temperature-dependent
material parameters enhance ZT and the efficiency. CNTs can be a promising material choice if cost and
low toxicity are concerns, since the CVD process is fairly inexpensive and carbon-containing precursors

are abundant. Moreover, CNTs have a high power-to-weight ratio and CNT forests are sparse.
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Chapter 1 — Introduction

1.1. Motivation

Industrial waste heat is an inevitable by-product of industrial processes and can take the form of hot
gases evacuated to the atmosphere, finished products with residual heat leaving the industrial process, or
heat transferred off of hot equipment surfaces. According to the United States Department of Energy, as
much as 50% of the energy consumed by manufacturing processes ends up as waste heat in the form of hot
gases or liquids, and in the form of heat conduction, convection, and radiation from hot equipment surfaces
[1]. Recovering waste heat has the potential to lower industrial operating costs by reusing the heat for
preheating gases or furnace loads, space heating, or generating usable electrical energy. All at the same

time, this has the benefit of reducing the industry’s ecological footprint.

Thankfully, two forms of heat recovery technologies are already in practice. In the case of industrial
power plants, heat engines take advantage of the Rankine cycle. This uses the phase change of an operating
fluid (e.g. water to steam) to drive a turbine and generate electrical energy. The organic Rankine cycle uses
the same working principle, but uses organic fluids with high molecular masses and low boiling points so
that lower temperature waste heat can be recaptured. The problem with this technology is that electric
energy is recaptured using machinery with moving parts that are subject to wear and tear. The other form,
the thermoelectric effect, uses either a pair of dissimilar metals or a semiconducting p-n junction.
Thermoelectric devices allow for the direct conversion of heat, which could originate from lower grade
(lower temperature, under 100 °C) solar energy, geothermal energy, or waste heat, and into usable electrical
power. Because there are no moving parts, its advantage over heat engines is a lower maintenance
requirement, zero noise operation if using heat sinks, and a higher modularity. Although at higher
temperatures the Carnot efficiency of a heat engine is improved, the mechanical parts could fail more easily
and lubricants can reach their dangerous flash point temperatures. This is again where thermoelectric

devices have an advantage.

With the onset of sensor and actuator technologies, the need for regenerative and decentralized small
power sources has risen. For example, NASA’s Voyager and Cassini missions already utilize the Seebeck
effect (direct conversion of heat to electricity) in their radioisotope thermoelectric generators (TEGSs) [2].
On a larger and more widespread scale, waste heat is also given off in the form of automotive engine or
radiator heat, which can potentially be recaptured and reused. TEGs offer the ability to convert waste heat

into microwatts to milliwatts of usable electrical energy, which could be sufficient to power a microcircuit.



1.2. The Thermoelectric Effect

Parts of Chapters 1.2-1.5 have been adapted with permission from Khoshaman, et al. [3]. The simplest
schematic of a thermoelectric device comprises of a segment of one metal (A) joined at both ends by two
pieces of a different metal (B). The first of the thermoelectric effects was discovered by Seebeck, who
showed that if the two junctions between metals A and B are held at different temperatures (AT = Ty — Tc
=T, — T1), an open-circuit electromotive force (EMF) is produced at the two free ends of metal B (AV = Vy
—Vc¢), which are held at the same temperature (To). The voltage developed follows Equation (1-1) and is
schematically shown in Figure 1 below. When one of the junctions is heated, electrons are able to surmount
the potential energy barrier and travel from the material in which they have lower energy and into the
material in which they have higher energy, and this leads to an electromotive force in the load. This is the
Seebeck effect or the power generation mode. The appropriately named differential Seebeck coefficient
(also known as the thermopower) is shown below in Equation (1-2) and has units of V/K. The Seebeck
coefficient is typically in the ones to tens of pV/K for metals and tens to hundreds for semiconductors. By
convention, the coefficient is positive if the electromotive force drives an electric current through conductor
A from the hot to the cold junction [4]. The Seebeck coefficient represents the magnitude of the induced

voltage as a result of a temperature difference across a material.

Ty T, T,
AV:jE-dx:Ja(T)Z—Iz f ag(T)dT + j a,(T)dT + f ag(T)dT
T, T T
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Figure 1: Schematic of Seebeck effect with metal A and B




The Seebeck effect is implemented in thermocouples to measure a temperature difference quantifiable
by a voltage, and if calibrated correctly with a standard or reference, it can be used to measure the absolute
temperature. By applying a temperature difference across a thermocouple, charge carriers are forced to
diffuse from the hot to the cold side, creating a net buildup of charge carriers or an electric potential. A
further increase in the temperature difference would continue to build up more charge carriers on the cold

side and, therefore, continue to induce a larger thermoelectric voltage.

The related, but opposite thermoelectric effect was later discovered by Peltier using the same device
schematic as Seebeck's. By applying an external electromotive force to the two free ends of metal B, an
electric current (1) causes a heating at one junction (+Q) and a cooling at the other junction (-Q). As current
travels from one metal into a different metal, the potential energy of the electrons becomes altered, and this
results in either a heating or cooling, depending on the direction of current flow. The Peltier effect or
refrigeration is defined by the Peltier coefficient (IT) as:

I 45 =% (1-3)

, with units of W/A or V. By convention, the Peltier coefficient is positive if the junction where current

enters metal A is heated and the junction where current leaves metal A is cooled [4].

Shortly after, Thomson (Lord Kelvin) realized that the Seebeck and Peltier effects are dependent on
one another and can be defined by the Thomson relations, as shown below in Equations (1-4) and (1-5). He
also realized that there is reversible heating or cooling in homogeneous conductors when there is both a
flow of current and a temperature gradient. The Thomson coefficient (1) is the rate of heating per unit length

per unit temperature resulting from passing a unit of current along a conductor where there is a temperature

gradient.
HAB = O(ABT (1-4)
da
= Tﬁ (1-5)

The majority of commercially-available thermoelectric devices comprise of an array of thermocouples
arranged electrically in series and thermally in parallel, sandwiched between a thermally conductive (and
electrically insulative) hot and cold plate. Each individual thermocouple is made up of a semiconducting p-
type leg and an n-type leg, since a is positive in p-type materials and negative in n-type materials. A
schematic of a single p-n thermocouple is shown below in Figure 2 (© 2014 IEEE, with permission from
Khoshaman, et al. [3].) for both power generation (Seebeck) on the left and refrigeration (Peltier) on the

right. A single thermocouple is capable of producing tens to hundreds of uV per degree of temperature



difference, so this is why many elements are required to generate the operating voltage of transistors for

electronic applications, for example.

The current commercially available thermoelectric materials are split into three categories, depending
on the operating temperature range. Bismuth (Bi) alloys with antimony (Sb), tellurium (Te), and selenium
(Se) are low temperature (up to 450 K) and are typically used in Peltier refrigeration. Lead telluride (PbTe)
devices are intermediate temperature (up to 850 K). Silicon germanium (SiGe) alloys are high temperature
(up to 1,300 K) [5].

Heat Source Heat Absorbed
P n P n
i 1 i/ 1
Heat Sink Heat Rejected
ANAA_L— |—

|

'

Figure 2: Schematic diagram of (left) Seebeck power generation device and (right) Peltier refrigeration device, © 2014 IEEE,
with permission from Khoshaman, et al. [3]

1.3.  Quantifying the Performance of the Thermoelectric Effect

The thermoelectric effects themselves are thermodynamically reversible. However, practical devices
always contain some form of electrical resistance and thermal conduction losses. The performance of a
thermoelectric device can be quantified as a function of the Seebeck coefficient and the electrical and
thermal conductivities of the two connected materials. For optimal performance, there needs to be a pair of
materials with high electrical conductivities to allow for easy passage of charge and low thermal
conductivities to enable the device to operate under high temperature gradients. The dimensionless figure-
of-merit for a single thermoelectric material can therefore be defined as:

a?oT

K

7T = (1-6)

, where a is the Seebeck coefficient, o is the electrical conductivity, T is the absolute temperature in Kelvin,
and « is the thermal conductivity. The efficiency of thermoelectric power generation device (Seebeck effect)
is defined as the ratio of energy supplied to the load to the heat energy input, which can be shown to be

equal to [6]:



Ty — T¢ 1+ZTm—1_ 1+Z7T, -1
Ty E = Ncarnot E (1-7)
Ty Ty

n:

1+ 2T, + 1+ZT, +

, where Ty and Tc are the hot- and cold-side temperatures and T is the average of the two temperatures. It
can be seen that by increasing ZT, the device efficiency can approach the theoretical Carnot efficiency. In
an ideal and reversible Carnot cycle, input heat at a higher temperature is rejected at lower temperature, and
since not all the heat can be used to do work in a heat engine (Second Law of Thermodynamics), the Carnot
efficiency places this upper limit.

Figure 3 below shows a plot of efficiency versus ZTn, for increasing values of temperature differences,
assuming a cold side temperature of 300 K. For a given ZTn, as the temperature gradient is increased, the

device efficiency is also increased.
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Figure 3: Power generation efficiency vs. ZTm at varying Thot

Unfortunately, the efficiency () of thermoelectric generators based on bulk materials is still
intrinsically low. In classical bulk thermoelectric materials, the three components of the figure-of-merit (Z)
are interdependent on one another. The numerator of Z, also known as the power factor, is mostly dominated
by charge carriers. The denominator, which is just the thermal conductivity, is mostly dominated by heat

conduction by acoustic phonons in semiconductors [7] and by electrons in metals.

Unfortunately, there is an impeding optimization of the three components of Z. An increased electron
density (n) results in an increased electrical conductivity o, but a decreased Seebeck coefficient (o).
Electrical conductivity can also be increased through a longer electron mean free path (le) and this does not
decrease the Seebeck coefficient. However, crystals with low defects are usually required, which implies a
longer phonon mean free path (l;n) and consequently an increased thermal conductivity (x), which is

undesirable. Thermal conductivity contains components of heat transfer through contributions by electrons



(xer) and by phonons (kpn), where both should be suppressed as much as possible. The Wiedemann-Franz
Law (ke = oNLT), where Ny is the Lorenz number and T is the temperature, states that there is a trade-off in
optimizing ZT since any desirable reduction in ke Would result in an undesirable reduction in 6. Through
quantum confinement, ke can be controlled and minimized. However, reducing «ph is a challenging task,
since phonon heat flow from the hot to the cold junction contributes to reducing the temperature gradient.

Historically, the thermoelectric effect was discovered and studied in metals since metals were the only
conductors properly known at the time. Unfortunately, all metals exhibited ZT values much less than 1 for
all temperatures. loffe showed that by using the free electron gas model and varying the electron density,
there exists a maximum in the Z vs. n curve in the region around n = 10* cm, which is in the regime of
doped semiconductors [8]. The power factor of Z can be optimized in narrow-bandgap (Eg = 10kgT) doped
semiconductors [7]. The bandgap needs to also be sufficiently large in order to minimize the minority carrier
contributions to the overall Seebeck coefficient [9]. High mobility carriers are desirable in order to achieve

the highest electrical conductivity for a given carrier concentration.

1.4.  Nanostructured Thermoelectrics

With the onset of semiconductor research in the mid-1900’s, thermoelectric devices using
semiconductor materials proved to be more practical due to their enhanced thermoelectric properties. With
that being said, nanostructured materials can potentially offer a method for optimizing the ZT through
effects such as quantum confinement, modulation doping, and an increased influence from nano-interfaces
and nano-surfaces [10]. For example, a figure-of-merit greater than 1 has been observed in PbSeTe-based
guantum dot superlattices [11] and as high as 2.4 has been observed in Bi,Tes/Sh,Tes superlattices [12].
Most recently, a record high ZT of 2.6 at 923 K has been measured along the b-axis of the room temperature

orthorhombic unit cell of SnSe crystals [13].

Low-dimensional nanostructured materials (2D quantum wells, 1D quantum wires, or 0D quantum
dots) can be tailored to modify the interdependence of the three parameters quantifying the figure-of-merit
through two mechanisms: increasing the power factor through size quantization, and decreasing the lattice
thermal conductivity through boundary phonon scattering [7]. We can first define L as the relevant length
scale in low-dimensional solids (2D well width, 1D wire diameter, OD dot diameter). Through two
important realizations, L can be taken advantage of. Firstly, in the regime of diffusive transport, ¢ is
determined by the electron mean free path (l¢), and kpn (phonon component of thermal conductivity) is
determined by the phonon mean free path (l,n). Low-dimensional thermoelectric devices should be
fabricated with length scales L that limit Ion, but not le [7]. As a result, this can potentially reduce k without
decreasing . Secondly, size-quantization effects have the potential to increase o without affecting the

charge carrier density and o. The Seebeck coefficient is enhanced because it is a function of the energy



derivative of the electron density of states, which becomes more sharply peaked in lower dimensional
materials. However, the system must be free from disorder as much as possible so that the band structure
model holds true. Especially in small L nanostructures, there can be a high possibility that defects can

localize the electron wavefunction to one region of the device and impede electron transport.

1.5. Carbon Nanotube-Based Thermoelectrics

Carbon nanotubes (CNTSs) have gained widespread attention in the research community. Due to their
chemical stability, flexibility, strong mechanical properties, and superior electric properties, they are on the
path of becoming promising candidates for use in new types of electronic devices. The simplest CNT is a
single sp?-bonded sheet of graphene rolled into a seamless cylinder and stabilized by van der Waals
intermolecular forces. This is appropriately named a single-walled carbon nanotube (SWCNT). A SWCNT
can exhibit either metallic or semiconducting properties depending on its chirality. Multiple graphene sheets
can be rolled and concentrically aligned to form a multi-walled carbon nanotube (MWCNT), which is
always metallic. The electronic properties of CNTSs are not only sensitive to intrinsic properties, namely the
number of tubes, the chirality, and diameter, but also the extrinsic properties, such as defects, doping, and
the external environment. Carbon nanotubes are in essence a 1D material due to their very high aspect ratio,
and low-dimensional materials have been previously mentioned to have superior thermoelectric properties

compared with their bulk counterparts.

Although experimental studies on single-walled and multi-walled carbon nanotubes in bulk sheet or
vertically-aligned forest form have reported electrical conductivities as high as in the 10% - 10* S/m range,
Seebeck coefficients remain on the relatively low side in the 10 - 50 uV/K range [14-17]. Thermal
conductivity has been shown to be more sensitive to the sample geometry, namely whether measuring a
single tube, a bundle, or a film. Also, there is a strong influence of the nanotube chirality [18-20] and length
[19, 21, 22] on the thermal conductivity. Experimental reports have shown thermal conductivity to vary
extremely widely, in the 1 - 10* W-m™-K™! range [23]. In the best case scenario, the room temperature ZT
value has been measured to be as high as 10 for DWCNT bundles [24], MWCNT powders [14], CNT
sheets or papers [16, 25], or composites with polymers [26-28]. This is still a few orders of magnitude less
than well-established materials, such as the previously mentioned alloys of bismuth, lead-telluride, or
silicon-germanium. CNTs on their own are not the ideal choice for thermoelectric applications due to their
relatively low figure-of-merit and consequently low efficiency. However, CNTs can be fabricated from the
world’s many abundant carbon-containing derivatives at very low costs, which can potentially offset the
efficiency drawback. Also, since carbon has a very low atomic mass of 12 amu, carbon-based thermoelectric

devices can be a promising solution where a high power-to-weight ratio is desired.



1.6. The “Heat Trap” effect

One method to locally heat a material is by illuminating it with a beam of light. For example, this could
be performed with focussed light from the sun or from visible or infrared lasers in the lab. In practice,
localized heating is relatively straightforward to accomplish with insulators. However, much higher powers
of incident light are required to heat a metal to the same temperature. This is because metals do an excellent

job of dissipating the incoming heat to its surroundings, owing to their high thermal conductivities.

However, forests of CNTs are known to be strong absorbers of light and similar to an ideal black body
[29]. It has been shown experimentally that when a forest of multi-walled CNTs under modest- to high-
vacuum is heated by a low-power visible laser, the heat from the focussed laser is allowed to dissipate
longitudinally along the length of the nanotubes, and to a much less extent, radially or axially between
nanotubes. The temperature of the CNT at the heated spot slowly rises as one would expect. However,
beyond a certain laser intensity (threshold), the rate of heat generation surpasses that of the rate of heat
dissipation [30]. The result is a significant rise in heating at the laser spot, a quick rise in temperature, and
a reduction in thermal conductivity of that region, leading to the localization of heat to the illuminated spot.
As well, a bright and localized incandescent glow approximately the size of the laser beam spot becomes
visible on the sidewall of the CNT forest. This isolated and effective positive-feedback heating effect was
named the “Heat Trap” effect [30].

From molecular dynamics simulations reported in the literature, the longitudinal thermal conductivity
of a SWCNT (along its axis) at room temperature has been shown to be as large as that of diamond or
graphite [18, 19, 31] due to strong intermolecular bonds. However, the perpendicular thermal conductivity
(radially or axially) between nanotubes is much lower due to weak tube-tube van der Waals coupling
interactions [32], where one study has shown the perpendicular conductivity being as much as two orders
of magnitude smaller than the longitudinal conductivity [33]. At temperatures higher than room temperature
(up to 800K), the simulated and experimental thermal conductivity of an individual SWCNT has been
shown to follow a 1/T dependence due to Umklapp phonon-phonon scattering [31, 34-36] and a 1/(aT +
BT?) due to second-order three-phonon scattering [36] respectively. Although these trends were reported
for an individual SWCNT, the experimental “Heat Trap” effect in forests of MWCNTS has been explained

based on the very same fall-off in thermal conductivity at elevated temperatures.

Two intrinsic properties of CNTs can be taken advantage of if they are to be used as one material in a
thermoelectric device. Firstly, we know that there exists a fall-off in thermal conductivity at working
temperatures beyond the threshold for “Heat Trap” conditions. As a result, the region on a CNT forest that
is heated (by ~50 W/cm? laser) acts as a poor thermal conductor and reaches a temperature gradient as high

as 1,200 K/mm [37]. A bulk isotropic conductor in comparison would require over three orders of



magnitude higher incident light intensity to achieve the same temperature. Therefore, a localized and high-
temperature confined pocket of heat can thus be created. Secondly, due to the 1D nature of CNTSs, the
thermal conductivity of a CNT forest is highly anisotropic. The majority of heat dissipation happens along
the nanotube axes, rather than perpendicularly between nanotubes. A thermoelectric device using CNTs
should be constructed in such manner to maximize the temperature gradient between two junctions if one
wishes to optimize the device efficiency. Therefore, due to these aforementioned properties of carbon

nanotubes, CNTs can potentially be excellent candidates for thermoelectric energy conversion devices.

1.7. Comparison with Thermionic Energy Conversion

Thermionic energy conversion (TEC) is another process that involves the conversion of heat to
electricity (or light to heat to electricity) and has been studied for over a century. In a TEC device under
operation, electrons are thermionically emitted from the hot electrode (emitter or cathode) into vacuum.
The electrons then traverse the interelectrode distance, and with sufficient kinetic energy, eventually are
collected at the cold electrode (collector or anode). Eventually, a negative charge builds up at the anode and
hinders further electron collection; a zero net electron flux. A circuit could be connected to the two
electrodes, whereby electrons will flow through the load and back into the emitter, generating a steady-state

output voltage and current.

Thermoelectric energy generation is in essence quite similar to thermionic energy conversion, but
without an interelectrode gap. Therefore, a TEG has the advantage of not necessarily having to be operated
under vacuum (with the exception of the “Heat Trap” effect) and thus simplifying device prototyping. TEGs
have the advantage that electrical energy can be generated as long as there is a temperature difference
between the two junctions of dissimilar metals. TEC requires extreme temperatures in excess of 1000 °C
to “boil” electrons off the surface of the cathode (unless the cathode has an extremely low work function).
Therefore, TEGs can potentially be used to recapture low-grade or low-temperature waste heat in places
where TECs cannot. However, this comes at the price of a relatively lower efficiency compared with

thermionics.

1.8. Obijectives

The use of light to induce a thermoelectric voltage in carbon nanotubes has been previously reported in
the literature for a few applications. Devices based on the photo-thermoelectric effect of SWCNT sheets
include visible light detectors [38, 39], infrared detectors [40], p-n junction photodetectors [41, 42], and
field-effect transistors [43]. Pressed pellets of polyaniline with SWCNTs or MWCNTS have been studied
for their thermal diffusivity and thermal conductivity [44, 45]. Other devices include a position-sensitive
freestanding SWCNT film thermoelectric device [46]. Another device has been created using bismuth-

based thin films coated with a SWCNT light-absorption layer, where ultraviolet to near-infrared lasers can



induce an open-circuit voltage [47, 48]. Similarly, a novel photo-thermal hydrogel-CNT composite layer
has been deposited onto the hot interface of a bismuth-telluride module, where near-infrared laser radiation

can induce a photo-exothermic response [49, 50].

With regards to MWCNTS, the anisotropic thermal diffusivity [51-53] and thermal conductivity [54]
has been measured using the photo-thermoelectric effect. Upon laser irradiation, a thermal wave is first
produced in the sample and is detected using a fast thermoelectric effect at the junction between the sample

and a sharp probe.

However, to our knowledge, a device capable of producing a thermoelectric voltage by light irradiation
on a forest of aligned multi-walled carbon nanotubes has not yet been reported in the literature. The primary
objective of this project was to study the thermoelectric effect for energy generation using carbon nanotube
forests as the core material in a thermocouple arrangement. In this work, CNT forests were first
characterized in ambient conditions using direct heating, and then the fabricated devices were then
evaluated in vacuum using laser heating. Two novel thermoelectric devices were built based on two intrinsic
properties of CNT forests: firstly, the “Heat trap” effect, involving the localization of light-induced heat
and, secondly, the highly anisotropic thermal conductivity of CNTs. Both CNT material properties are
beneficial towards enhancing the figure-of-merit and the device efficiency. A finite element analysis model
was also created to simulate the thermal, electrical and thermoelectric properties of the fabricated devices.
The temperature-dependent thermal conductivity of CNTs was derived based on the experimental induced

voltage of the devices.

1.9. Thesis Outline

At first, Chapter 2 provides a description of all the equipment and apparatuses that were used and
optimized towards growing carbon nanotube forests in the lab. The nanotubes grown by the method
described in this chapter were used to fabricate the thermoelectric devices used and tested in the following
chapters. Chapter 3 describes the theory and methodology behind how the three relevant parameters
necessary to quantify a thermoelectric device’s figure-of-merit and device efficiency are measured, which
are the Seebeck coefficient, the electrical conductivity, and the thermal conductivity. Chapter 4 is dedicated
to the experimental results of measuring the Seebeck coefficient and thermoelectric performance in ambient
conditions, and the photo-voltages of the two novel devices in vacuum using various sample holders. Lastly,
Chapter 5 introduces the theory behind the thermal and electrical physics modules used in the finite element
analysis software, then describes a number of simulated models with increasing complexity. Both devices

are modelled, where the thermal conductivity of CNTs is derived from experimental photo-voltages.
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Chapter 2 — Carbon Nanotube Fabrication

2.1. Introduction

CNTs are commonly “grown” by catalytic chemical vapour deposition (CVD). For CVD growth, a
hydrocarbon vapour is first thermally dissociated (pyrolysis). Incoming vapour carbon species dissolve into
the hot metal nanoparticle catalysts lying on a substrate, which is typically a silicon wafer, but can also be
quartz. After surpassing the carbon-solubility limit of the metal, which is temperature-dependent, carbon
species begin to precipitate and crystallize outwards in a cylindrical network (nanotube) without forming
any dangling bonds [55].

2.2.  CNT Growth

In the early stages of nanotube research, it was proposed by Smalley et al. that new carbon atoms could
be added directly onto an open edge of a growing (10,10) SWCNT. This was coined the “scooter
mechanism” [56], whereby the chemisorbed metal nanoparticles "scoot” around the nanotube open edge
and keep the tube end open. This mechanism suggests that as the metal nanoparticles zip around, they
catalytically anneal any defects and re-arrange pentagons into hexagons, thus increasing the nanotube
length. Doing so, the metal nanoparticles inhibit fullerene or nanotube closure and termination by partially
terminating the dangling bonds and exchanging spots with the incoming carbon species [57]. However,
once the metal nanoparticles have reached a critical size, they get detached from the tube or become

saturated with carbon, and the growth is terminated.

There are two other possible and well-accepted growth mechanisms that help explain the precipitation
of CNTs [55]. In the first case, if the substrate-catalyst interaction energy is weak, the metal nanoparticles
form acute contact angles with the substrate. Incoming carbon species diffuse from the top surface of the
metal nanoparticles down towards the substrate. CNTs precipitate downwards and lift the metal
nanoparticles up and away from the substrate. This is the “tip-growth” method which raises the catalyst
nanoparticles upwards. If the tops of the metal nanoparticles are exposed and the metal isn’t yet fully
saturated with carbon, then the CNT will grow longer and longer. The catalytic activity of the metal slows
down and eventually stops once the metal nanoparticles have been completely covered and saturated with

carbon species. At this point, growth also stops.

In the other method, the substrate-catalyst interaction energy is strong and the metal nanoparticles form
obtuse contact angles with the substrate. Just like before, carbon species diffuse into the annealed and
reduced metal nanoparticles and a graphene cap on the catalyst is formed. However, this time, CNTs cannot

push the metal nanoparticles up, so CNTSs precipitate out from the top surface of the nanoparticles emerging

11



from the metal’s apex. Growth begins as a carbon-containing hemispherical dome. Further carbon species
diffusing at the lower peripheries of the catalyst are added into the network, which extends upwards into a
seamless graphitic cylinder. This is the “root-growth” or “base-growth” method, which leaves the catalyst
nanoparticles attached to the substrate.

The growth of both single-walled and multi-walled nanotubes can occur by these methods. It has been
suggested that the size of the nanoparticle catalyst determines the size of the graphitic “filament,” whereby
as the diameter of the metal particle is decreased, the filament curvature is increased, which places a strain
on the basal planes of the crystallites [58, 59]. The energetically-favourable and continuous shape of a
MWCNT is formed. As the diameter is decreased even more, SWCNTs are formed. It has been
experimentally shown by one study that SWCNT to FWCNT (few-walled carbon nanotube, < 7 walls)
structures less than 5 nm in diameter grew by “root growth” from small cobalt, iron, or nickel nanoparticle
catalysts also less than 5 nm in diameter [60]. Conversely, it was also shown that MWCNT structures
greater than 15 nm in diameter grew by “tip-growth” from larger (> 15 nm diameter) nanoparticles of the

same metals.

lijima has reported an astounding 96% empty space in the footprint of a SWCNT forest [61]. The low
packing density of CNTs in “root-growth” mode is believed to be essential for carbon radicals to arrive at
the catalyst/CNT interface at the substrate [62]. On the other hand, an excessively high packing density of
CNTs would inhibit the diffusion of carbon radicals to the interface. In general, carbon species cannot
penetrate to the bottom of the forests if the mean free path of the gas is much larger than the distance
between nanotubes [63]. Also, an insufficiently high packing density would result in CNTs either not
growing vertically and/or forming a lump or mat [61]. This would cover the catalyst and effectively cease
growth. Therefore, in order to grow tall CNT forests, both the catalyst and growth conditions must be

optimized.

The primary role of the catalyst is to decompose the hydrocarbon molecules at temperatures lower than
that required for the spontaneous decomposition of the hydrocarbon. Typically, transition metals such as
iron, cobalt, or nickel are used. It has been explained that the non-filled 3d orbitals in these transition metals
overlap with those in the adsorbate hydrocarbon and favour the dissociation reaction [64]. There is
electronic interaction between the “donor” adsorbate hydrocarbon and the “acceptor” metal. Compared with
other transition metals, these three are considered to have higher adhesion with the growing CNT network
and are more efficient in forming high-curvature (low-diameter) CNTs [65]. For the CNTs grown for this
work, iron was chosen for its high carbon-solubility, high carbon-diffusion rate, high melting point, and
low equilibrium vapour pressure [55], which works well for the temperatures required to dissociate carbon

precursors (e.g. methane, ethylene, acetylene, benzene, xylene, or carbon monoxide). However, bulk iron
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cannot catalyze the decomposition reaction of a hydrocarbon gas to form carbon filaments because it has
to be dispersed. The iron layer deposited by electron-beam evaporation is a thin film. Annealing in the
presence of argon and hydrogen allows the iron atoms to move to the most energetically favourable
positions and to form nanoparticles [64]. In order to grow CNTSs, rather than amorphous carbon, small
diameter metal nanoparticles are required. Small diameters (< 5 nm) produce SWCNTs [66], large
diameters (> 10 nm) produce MWCNTSs, and medium diameters produce a mixture of the two [60, 67].
Hydrogen decomposition should only happen on the metal surface, and this can be controlled through fine-
tuning the selection of the hydrocarbon source and its vapour pressure, choosing the right catalyst

concentration, and optimizing the CVD reaction temperature [55].

To create a thin film of catalyst, | have deposited a 10 nm alumina buffer layer, followed by a 1 nm
iron catalyst nucleation site layer under electron-beam evaporation (+ 0.1 nm) on a number of 4” diameter
and 500 pm thick p-type (p = 0.001-0.005 Q-cm) silicon wafers. The alumina buffer layer prevents the
formation of iron silicides at temperatures greater than 750 °C [68]. The wafers were then diced into “chips”

approximately 6x6 mm? in footprint, whereby an isolated forest can be grown on each chip.

2.3.  Chemical Vapour Deposition Apparatus

In order to study carbon nanotube-based thermoelectric energy generation, an atmospheric-pressure
chemical vapour deposition (APCVD) reaction apparatus was used to grow the CNTs. The in-house CVD
apparatus was initially built by previous students [69], based on the designs by Hart et al. [70], and further
improved and optimized by myself with assistance from my colleagues. It consists of a custom-designed
quartz reaction vessel connected at the gas inlet by a 1” outer diameter graded quartz-to-metal junction, and
at the exhaust outlet and electrical feedthrough by a 2” inner diameter custom-machined aluminum end cap.
The gases used are argon (Ar, 5N, carrier), hydrogen (H., 5N, carrier, reducing agent), and ethylene (CzHsa,
2.5-5N, carbon precursor). Using Viton (inlet) and silicone (outlet) O-rings, the system is sealed from
flammable gas leaks at atmospheric pressure. Figure 4 below illustrates the gas plumbing schematic,
whereby optional components are shown in the dashed boxes. Ball flowmeters can optionally be installed
downstream from the MFCs as a visual indication to the user that a gas is flowing. A roughing pump and
pressure controller connected downstream from the CVD reaction vessel can be optionally installed to

create a low-pressure CVD (LPCVD) apparatus.
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Figure 4: CVD gas plumbing schematic

At the inlet side of the CVD reactor, the quartz tube is heated by a digital tubular furnace to a constant
850 °C. This is designated as Zone 1 and can be seen in photo in Figure 5 below. Near the outlet side, a
suspended silicon wafer (p-type, p = 0.001-0.005 Q-cm) heated platform is mechanically attached to the
end cap and electrically connected via the electrically- and thermally-insulated electrical feedthrough. By
passing a large constant current through the wafer, the wafer then undergoes resistive Joule heating and
allows one to heat the substrate. This is designated as Zone 2 and shown in the left of Figure 8 below. The
temperature at Zone 2 is typically held constant at 740-760 °C £1 °C, which is measured by an Omega
infrared thermometer. By using a 2-Zone setup, C2H4 can first be activated (pyrolyzed) in Zone 1, whereby
then traversing a relatively short residence distance towards Zone 2 ensures minimal “sooting” on the quartz
sidewalls. Once the carbon radicals have reached Zone 2, the substrate heater has provided sufficient
activation energy to the growth catalyst and has prepared the substrate for CNT growth. By decoupling the

two processes at potentially different Zone temperatures, a higher level of growth control can be attained.
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Figure 5: Photo of CVD apparatus in lab

2.4. Gas Flow Rate Calibration

Flows of argon, hydrogen, and ethylene gases can be controlled either manually by ball flow meters or
electronically by analog MKS 1179a mass flow controllers (MFCs), the latter having a precision of £1% of
full scale. A digital MFC has the advantage that it can be re-programmed for any gas, does not lose its
calibration over time, and typically is more accurate and faster to achieve a setpoint than its analog
counterparts. By first connecting the ball flow meters in series with a downstream digital Horiba SEC-N100
MFC with a precision of £0.3% of full scale, the flow meters can be calibrated to ensure correct flow rates
and reproducibility. As seen below in Figure 6, the red X’s represent the manufacturer’s reported flow rates
corresponding to the arbitrary flow meter scale, whereas the blue O’s represent the actual flow rate
measured by the digital MFC. Flow rates are well in agreement for argon shown in part (a). However,
hydrogen and ethylene flow rates in parts (b) and (c) respectively diverge from their reported values by as
much as 20% at maximum flow rate. From the blue O’s in the plots below, calibrated look-up tables can be

created for each gas.
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(a) Argon Ball Flowmeter Calibration (b) Hydrogen Ball Flowmeter Calibration
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Figure 6: Ball flow meter flow rates reported by (red X’s) manufacturer and (blue O’s) measured for (a) Ar, (b) Hz, (c) C2H4

By then connecting the analog MFCs in series with a downstream digital MFC, the analog MFCs can
also be calibrated. As seen below in parts (a) through (c) of Figure 7, the same three gases were calibrated
through their respective analog MFCs. Although linear in this range, the flow rate setpoint entered into the
MKS flow controller does not correspond to the actual measured flow rate. Therefore, a look-up table can
be generated given the following relations, shown as Equations (2-1) to (2-3) below, where setpoint SP and

desired flowrate FR are in units of sccm.

SPs = (0.5101 % FR) - 10.28 (2-1)
SPy, = (0.9981 * FR ) + 5.62 (2-2)
SP¢,u, = (0.9388 * FR) - 2.69 (2-3)
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(a) Argon MKS MFC Calibration (b) Hydrogen MKS MFC Calibration
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Figure 7: Analog MKS MFC flow rates measured using digital MFC at varying setpoints for (a) Ar, (b) Hz, (c) C2H4
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2.5.  CNT Growth Recipe
From a literature survey of MWCNT growth by APCVD, as shown below in Table 1, all growth

parameters vary widely and appear to be specifically tuned to a given reaction vessel. Nevertheless, these
parameters offer a good starting point towards developing our own growth recipe. For completeness, a
similar literature survey was conducted for SWCNT growth by APCVD, as shown below in Table 2.
Although the in-house CVD apparatus does not currently have the capability to grow SWCNTSs, only a
water bubbler and perhaps some additional process gases would be required. Smaller catalyst nanoparticles
would need to be deposited onto the silicon substrates as well. A more systematic approach towards

characterizing and calibrating the electron beam evaporator deposition of catalyst layers would need to be

undertaken for such a task.
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Table 1: MWCNT growth parameters from the literature

Catalyst Process Gas Flow Substrate Growth Time |Max Height |Ref.

Thickness (nm) | Rate (sccm) Temperature (°C) |(min) (um)

Al;O3 Fe |Ar H, |CoH.

10 1 100 400 |115 810 15 1500 [70]

10 3 350 |200 |150 775 15-90 1500 [71]

2-20 (Al) |<10 (1000 |O 1000 {750 10 100 [72]

20 1.2 (200 |500 |100 750 15-60 1000-2000  ([73]
? ? 0 1000 |700 15-60 100-200 [74]

10 1 140 [400 |115 Up to 850 15 100-1000 [75]

10 1.2 |600 |400 |150 770 15 650 [76]

Table 2: SWCNT growth parameters from the literature

Catalyst Process Gas Flow Rate |Other Process Substrate |Growth |Max Ref.

Thickness (sccm) Gases Temp. (°C) | Time Height

(nm) (min) | (um)

AlL,Os |Fe Ar |H; C.H. [He |H2O Vapour

15 10 1300 100 80 sccm 750 ? 100-500 |[62]

40 0.8-3 |0 900 100 {1000 |100 ppm 755 10 Thin [77]

film
10 1 0 80 15 120 |150-500 ppm |810 30 min- {7000 [78]
12 hrs

1.2 10 100 |500 200 (99% Ar 750 30-135 |2000- |[79]
/1% Oy) 5000

35 ? 0 1000 100 100-150 ppm | 750 10 1500 [80]

(with He)

The following growth recipe has been optimized by myself with assistance from my colleagues. From
a cold-start, Zone 1 is heated up to 850 °C and the current delivered to the substrate heater is ramped up at
1 AJs until the measured temperature reaches around 750 °C. While the two zones are being heated up, a
small flow of Ar (200-300 sccm) is delivered through the CVD reaction vessel. The purpose of the argon
flow in this step is to purge the CVD vessel of oxygen while temperature reaches 700-800 °C. At these
temperatures and in the presence of oxygen, the copper wires and electrodes connected to the Zone 2 heater
can oxidize and the connections can potentially fail. At temperatures of 900 °C and higher, silicon can also
oxidize, which can lead to cracks in the Zone 2 substrate heater. During this time while the CVD reactor is
allowed to thermally stabilize for 5 minutes, the catalyst chips are prepared. Squirting a few drops of
Isopropanol onto the catalyst surface and drying them clean with nitrogen removes most dust and organic

contaminants.
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The following steps outline a warm-start, which is performed between growth runs. Ensuring that H;
and C.H. flows are off and only Ar is flowing, the rubber stopper protruding from Zone 2 is removed, 1-4
catalyst chips are placed at the centre of the substrate heater, and the stopper is replaced. This step must be
performed quickly so as to minimize the amount of O; and H,O vapour entering the CVD tube. During this
step, it is normal to observe the copper slabs, which are electrically connected to the silicon wafer Zone 2
heater, to become oxidized to a green-brown rainbow-like appearance. Next, Ar flow is increased to 1250
sccm. 10 seconds later, Hz flow is set to 1400 sccm, followed by immediately increasing the current to the
substrate heater at a rate of 5 A/s until the temperature reaches 740-750 °C. This annealing step changes
the thin iron film into nanometric iron islands or nanoparticles. Annealing has been argued to also help in
strengthening the CNT-substrate adhesion post-growth [73]. In the presence of high temperature and
absence of oxygen, it is also normal to observe the copper slabs become reduced to their original colour.
After annealing for 1 minute, the flow of C;Hs is set to 800 sccm and CNT growth immediately occurs,
which can be seen as a thin black film. Typically, a forest 500 pum tall can be grown in 15 minutes, while a
forest greater than 1 mm tall can be grown in excess of 30 minutes. Maintaining the flow of Hz during CNT
nucleation and growth has been argued to act as a “vapour etching” reducing agent to desorb amorphous
carbon fragments from the catalyst surfaces [76]. By doing so, Hz helps to reduce the gas-phase pyrolysis

of the C2H, so crystalline nanotubes can be grown.

When the desired forest height has been achieved, H> and C,H4 gas flows are stopped. To ensure
minimal sooting of amorphous carbon in Zone 2 and over the grown samples, the substrate heater is
maintained at its usual temperature for 30 seconds while the flammable gases, including pyrolyzed
hydrocarbons, are purged from the CVD tube and sent to the laboratory exhaust. The current to the substrate
heater is then reduced at a rate of 5 A/s down to 0 A. Ar flow is decreased to 100-200 sccm and the samples

can be extracted from Zone 2, as shown in the right of Figure 8 below.

Figure 8: Photos of (left) CNT forest samples growing in Zone 2, (right) high aspect ratio fully grown CNT forest
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2.6. Temperature Optimization

Using a custom-designed LabVIEW program developed by my supervised undergraduate summer
student, heating of the substrate heater in Zone 2 can be precisely controlled. LabVIEW has the ability to
connect with the Zone 2 substrate power supply through IEEE-488 general purpose interface bus (GPIB)
and to the infrared thermometer through RS-232 communications. The program was designed to have cold-
start and warm-start capabilities, where setpoint temperature, current ramp-up and ramp-down rates, and
growth time can all be specified. A screenshot of the program is shown below in Figure 9. The current
delivered to the substrate heater is controlled by a 2 second response time negative feedback loop. By using

an automated program, the in-house CVD system can move one step further towards growth reproducibility.

A series of temperature sweeps was performed using the LabVIEW program and shown below in Figure
10. The measured voltage, applied current, and calculated electrical power are shown in parts (a), (b), and
(c) respectively as functions of the Zone 2 substrate setpoint temperature. The setpoint temperature was
varied from 720-780 °C, while gas flow rates and growth times were held constant. Depending on the length
(L), width (W) and resistivity (p) of the 500 um thick (tn) silicon heater, the amount of current and therefore
power required to achieve a certain substrate temperature can vary, since R = pL/Wtn. Power was seen to be
nearly linear with increasing temperature setpoint. Using the open source ImageJ image analysis software,
the heights of the CNT forests were measured and shown in part (d) of the same figure, assuming a 500 um
thick silicon wafer as a reference. As shown in the CNT sidewall photos below in Figure 11, there was a
maximum in CNT growth height at 760 °C. At low temperatures, the iron nanoparticles were lacking in
sufficient thermal energy to promote carbon diffusion and precipitation. At high temperatures, the iron

nanoparticles sintered into larger particles, which was detrimental towards nanotube growth.
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Figure 9: Screenshot of LabVIEW CVD program in "Process Run" mode
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Figure 10: (a) Voltage, (b) current, (c) power, (d) average CNT height as functions of measured Zone 2 temperature

Figure 11: Photos of CNT sidewalls grown at varying Zone 2 temperatures
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2.7. Results of CVD-Grown CNTs

The CNT forests were first imaged by scanning electron microscopy (SEM) by my colleagues, Mr.
Mike Chang and Mr. Amir Khoshaman. Operating parameters can be found at the footer of the images
below in Figure 12. The top two images are zoomed-out views of the sidewall of a CNT forest sample that
show the high anisotropic nature of the forest. On the left is a pristine sample, showing the high degree of
alignment. On the right is a sample with a cracked edge from mishandling the sample. The bottom two
images are close-ups of a CNT forest that show individual bundles of CNTSs. On the left is a pristine sample
and on the right is a set of bundles that was damaged and ablated by the high temperatures of laser

irradiation.

Sample ID = EHT = 3.00 kV Date 4 Jul 2012 Mag =

M X 0 pm 54X Date :3 Aug 2012
Tumgi= 00 Pixel Size=888.2nm WD = 84mm _ Time:s:n32 Pixel Size =2.083 um

Sample D=2

Mag= 11.75KX EHT= 3.00kV  oxe27 202
Pixel Size = 9.502nm WD = 6.5 mm Time :14:50:55

Sample ID = pid il Ay
Date :17 Dec 2012

Mag =
Pixel Size = 1314 nm_ =11T

Figure 12: SEM micrographs of MWCNT forest sidewalls showing (top left) high anisotropic nature of CNTs, (top right) cracked
sidewall edge, (bottom left) close-up of bundles of CNTSs, (bottom right) damage from laser irradiation
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The CNT forests were then imaged by transmission electron microscopy (TEM) operating at a 200 keV
(using a field-emission gun) with 0.23 nm point to point resolution. These images were taken through a
collaboration with Professor Karen Kavanagh’s group at Simon Fraser University. The following images
were provided by their group. In order to image the CNTSs, clumps of CNT forests were manually exfoliated
from their silicon substrates and placed in a folding blank copper grid. The images below in Figure 13 were

taken using bright field TEM and suggest an average CNT diameter of 6-8 nm with several walls.
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Chapter 3 — Experimentally-Measured Thermoelectric
Parameters of the Carbon Nanotube Forest

3.1. Introduction

In order to characterize the figure-of-merit of the carbon nanotube forests, information on the Seebeck
coefficient, electrical conductivity, and thermal conductivity must be known. The purpose of this chapter
is to introduce the basic theory behind how these parameters were experimentally measured for this work.
The custom-made apparatuses to measure those parameters are described. This is then followed by an

analysis and comparison of the results with literature values.

3.2.  Theory Behind the Seebeck Coefficient

Since thermoelectric devices consist of two or more different materials, care must be taken when
calculating the overall or effective Seebeck coefficient of the device. If we assume that each material (i =
1,2,3,...) has length (L), cross-sectional area (A;), Seebeck coefficient (a;), electrical conductivity (oi), and
thermal conductivity (k;), then these material parameters can be combined to calculate electrical resistance

(Ri) and thermal resistance (r;), as in Equations (3-1) and (3-2), respectively.

L;
R, =
¢ O'iAi (3_1)
L;
ri - KiAi (3-2)

The effective Seebeck coefficient of the thermoelectric device can be approximated in a manner
depending on whether the materials are placed electrically in series or in parallel. Equations (3-3) through
(3-6) were adapted from [81]. For a device with its elements connected in series, the effective Seebeck

coefficient uses a weighted average of the thermal resistance.

1
Qeff = ;2 ria; (3-3)

4

T z & (3-4)

4

For a device with its elements connected in parallel, the effective Seebeck coefficient uses a weighted

average of the electrical conductance.
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Ters = ZR_ (3-5)
L

32

Thermoelectric circuits taking advantage of the Seebeck effect obey three basic laws that are as follows.
The Law of Homogenous Materials states that a circuit of a single homogenous material cannot sustain a
thermoelectric current. In other words, two dissimilar materials (e.g. metal A and metal B) are necessary
for a net current to exist. As a consequence to this first law, it can be said that if there exists one junction
of dissimilar homogenous materials held at T and a different junction held at T», the resulting thermal EMF

is independent of temperatures elsewhere in the circuit (e.g. Tz and T4).

The Law of Intermediate Materials states that the sum of the thermal EMFs in a circuit made up of any
number of dissimilar materials is zero if the circuit is held at uniform temperature. As a consequence to this
second law, a third homogeneous material (e.g. metal C) could be added anywhere in the circuit, but

produces no effect on the net thermal EMF if both of its ends are at the same temperature.

The Law of Successive or Intermediate Temperatures states that if a pair of dissimilar homogeneous
materials produces an EMF of E1» when its junctions are at temperatures Ty and T,, and produces an EMF
of E»; when its junctions are at temperatures T, and Ts, then the total EMF generated when the junctions
are at Ty and T3 will be Eiz + Ezs.

In practice, the absolute Seebeck coefficient of a single material is rarely measured. This is because the
electrodes of a voltmeter must probe the material, whereby the temperature gradient across the material will
induce a thermoelectric voltage across the voltmeter leads as well. This will lead to an erroneous
measurement of the Seebeck coefficient, since the Seebeck coefficient of the voltmeter leads will be

included in the measurement.

3.3.  Experimental Measurement of the Seebeck Coefficient

Of the three parameters necessary to quantify the figure-of-merit, the Seebeck coefficient is the easiest
to measure. To measure the Seebeck coefficient, the sample material under test is sandwiched between two
contact electrodes. The contact electrodes should ideally be a material with a high thermal conductivity so
that all or most of the temperature gradient is along the material under test. Copper electrodes were used
for these measurements, although gold electrodes are also commonly used in the literature. One contact
(heat source) is slowly heated up, while the other contact (heat sink) is maintained at 300 K, for example.

A pair of thermocouples should be in good thermal contact with the hot and cold sample junctions.
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While the absolute coefficient of copper is well-documented [82], the absolute coefficient of silicon
can vary depending on its resistivity, and in sign whether it is p-type or n-type. The absolute coefficient of
CNTs can also vary from sample to sample. The purpose of these measurements was, using copper as a
contact electrode, to determine the temperature-dependent Seebeck coefficient of our silicon and

MWCNTSs. Their values were used as inputs in a simulation model presented in Chapter 5.

In these experiments, CNT forests approximately 700 um tall were sandwiched between two identical
copper pads, as shown below in the left of Figure 14. The photo in the right of Figure 14 is that of a CNT
forest sample with identical silicon substrates on top of and underneath the nanotubes. Results from that
device are presented in Appendix A.

Electrically-insulative (grounded tip) K-type thermocouples were placed on the heat source and heat
sink surfaces. Adjustable needle-probes were electrically connected to the contact electrodes. Heat was
applied to the lower copper-CNT or silicon-CNT junction in these photos through direct heating by digital
hot plate or by passing current through a ceramic-insulated silicon wafer undergoing Joule heating, as
shown below in the left and right of Figure 14, respectively. The top junction was allowed to cool by
convection and radiation to ambient conditions. The resulting voltage developed across the two contact
pads was measured with a Fluke 187 digital multimeter with 1 uV DC resolution. The Seebeck coefficient
can be thus quantified as the potential difference divided by the temperature difference. For the remainder
of this work, the Seebeck coefficient will be reported as a function of the average temperature of the two

junctions.

Figure 14: Measuring Seebeck coefficient in ambient using (left) digital hot plate and (right) insulated silicon wafer heating
sources

The measurements performed under high-vacuum required a slightly modified sample holder, as shown
below in Figure 15. On the left is a photo of the sample holder resting in the vacuum chamber. On the right

is the electrical schematic, whereby the negative voltmeter lead was connected to the bottom (hot) copper
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electrode and the positive voltmeter lead was connected to the top (cold) copper electrode. When measuring
the Seebeck coefficient of CNTSs in the longitudinal direction, the bottom electrode was fixed in place and
electrically insulated from the aluminum sample holder and the entire vacuum chamber by a thin slab of
vacuum-compatible and high-temperature insulative polymer (PEEK, polyether ether ketone, 334-350 °C
melting point [83]). A similar connection was employed for the top electrode. However, the distance
between the top electrode and the sample could be adjusted by turning the stainless steel screw
appropriately. Two K-type thermocouples were fixed in direct contact with the two copper electrodes to
measure the hot and cold junction temperatures. In the schematic on the right, the green arrow represents
the laser beam path, and the ellipse represents the shape of the focused laser beam incident upon the junction

of the bottom silicon and the CNT forest sidewall.
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Figure 15: Measuring thermoelectric voltage in the longitudinal direction under high-vacuum, (left) photo of sample holder and
(right) electrical schematic, where the green ellipse represents the shape of the focused laser beam

A different sample holder was employed for measuring the thermoelectric voltage in the perpendicular
direction, as shown in the left photo and right electrical schematic of Figure 16 below. These measurements
were also performed under high-vacuum. Indium tin oxide (ITO) is a popular type of transparent conductive
oxide (TCO) thin film. When deposited on glass, one can essentially have transparent electrodes. ITO was
used as the hot electrode to allow the visible-light laser beam to travel through it and heat up the CNT-ITO
junction. Although not strictly necessary, ITO was also used as the cold electrode to complete a symmetric
device. The CNT samples were rested on a slab of Macor®, a high-temperature and vacuum-compatible
ceramic insulator. Portions of the test apparatuses were held in place with insulative Kapton® tape to ensure

vacuum compatibility and minimal outgassing, compared with regular adhesive tape.
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Figure 16: Measuring thermoelectric voltage in the perpendicular direction under high-vacuum, (left) photo of sample holder
and (right) electrical schematic, where the green ellipse represents the shape of the focused laser beam
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3.3.1. Effective Seebeck Coefficient
Room temperature reference values of the Seebeck coefficient, as well as the electrical and thermal
conductivities, of copper, silicon, and a MWCNT forest are shown below in Table 3. In the same table

below, L is the length (thickness, for this geometry) and A is the cross-sectional area of the material.

Table 3: Room temperature reference material parameters to calculate effective Seebeck coefficients

Parameter Copper Silicon CNT Forest
o (uV-K1) 1.83 [82, 84] 300 [84] (p-type) 24 (ID, 11 (1) [85]
o (S'm?) 5.79x107 [84] 4.00x10* (pm = 0.0025 Q-cm) | 1.8x10° (II), 120 (L) [85]
K (W-mt-K?) 401 [84] 148 [84] 0.5(ll), 0.06 (1) [85]
L (mm) 1.5 0.5 0.7
A (mm?) 6x6 (Cu-Si-Cu) 6x6 6x6
18x6 (Cu-CNT-Cu)

From Equations (3-3) and (3-4), the effective room temperature Seebeck coefficient can be calculated
for two different thermoelectric devices: Cu-Si-Cu and Cu-CNT-Cu, where the three materials within each
device were electrically connected in series. In the Cu-Si-Cu device, the thickness of copper was 3 times as
large as the thickness of silicon, however the thermal conductivity of copper was also approximately 3
times as large as the thermal conductivity of copper. Therefore, the thermal resistances for copper and
silicon were very close to one another, meaning the Seebeck coefficients will be weighted almost evenly.
The room temperature effective Seebeck coefficient of a Cu-Si-Cu device was 143.3 uV/K if we assume

zero electrical and thermal contact resistance losses.

In the Cu-CNT-Cu device, the cross-sectional area and thickness of the two materials were both
different, however, the L/A ratios were in the same order of magnitude. From the literature, the thermal
conductivity of a MWCNT forest is more than 800 times smaller than that of copper. Therefore, the room
temperature effective Seebeck coefficient was thus most heavily weighted by the Seebeck coefficient of the

CNT forest and equal to 23.9 uV/K. Again, this is if we assume zero resistance losses.

3.3.2. Experimental Results in Ambient

As a function of temperature, the absolute Seebeck coefficient of doped single-crystal silicon is linear
and increasing in the 300-500 K range [86]. Similarly, the absolute Seebeck coefficient of MWCNT forests
from the literature is linear and increasing in a similar temperature range [87, 88]. In order to verify these
trends, each material was sandwiched between copper electrodes. Copper has a well-established
temperature-dependent Seebeck coefficient [82], shown below in the left of Figure 17. The O’s are the
reference values and the solid line is an interpolated linear fit with an R? of 0.999. By performing these
experiments, we aim to produce temperature-dependent Seebeck coefficient curves for both silicon and our

MWCNT forest to use as an input for the simulations presented in Chapter 5.
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The temperature-dependent thermal conductivity of copper (red X’s) and silicon (blue O’s) [84] is
shown in the right of the same figure. Overlaid power law interpolation curves in solid lines fit the reference

data for copper with an R? of 0.969 and for silicon with an R? of 0.994.
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From the analysis of the room temperature effective Seebeck coefficient of the Cu-Si-Cu device, the
effective coefficient was nearly evenly weighted between the two materials. The thermal conductivity of
silicon falls faster than copper with increasing temperature, so at higher temperatures, the effective

coefficient of this device would have a slightly greater weighting on the absolute coefficient of silicon.

The room temperature effective Seebeck coefficient of a Cu-CNT-Cu device was shown to be nearly
exactly equal to the absolute coefficient of CNT due to the much lower thermal conductivity of a MWCNT
forest (reported between 0.02 - 1 at 300 K [85, 87, 88]). If the thermal conductivity of a forest of MWCNTSs
is smaller than that of copper and does not change much in the 300-600 K range [87, 88], the Seebeck
coefficient of our CNTs should always mirror that of the effective coefficient of the entire device in that

temperature range.

Figure 18 and Figure 19 below show the results from experiments performed on a Cu-Si-Cu and Cu-
CNT-Cu device, respectively. The left side plots show the raw data of induced voltage difference versus
applied temperature difference. The right side plots show the calculated Seebeck coefficient as a function
of the average temperature between hot and cold junctions. It can be seen that the magnitude of induced
voltage difference increased linearly with an increased temperature gradient applied across the device
consistently for both devices. Both devices showed a positive effective Seebeck coefficient, increasing in

magnitude with increasing temperature above room temperature.

29



Cu-Si-Cu Cu-Si-Cu

1400 200
1200 > /x/x
150 ‘ )(7eh<\e/e
1000 =
S 800 < st
€} 2 100
z 600 5
400 : 50 x Exp.1|]
200 : Exp.2
7 o Exp.3
0
0 2 4 6 ) 10 890 300 310 T 320K 330 340 350
AT (K) avg (K)
Figure 18: (left) Cu-Si-Cu potential difference vs. temperature gradient, (right) effective Seebeck coefficient vs. average
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Figure 19: (left) Cu-CNT-Cu potential difference vs. temperature gradient, (right) effective Seebeck coefficient vs. average
temperature

Using Equations (3-3) and (3-4) again, the absolute Seebeck coefficient of silicon can be extracted from
the Cu-Si-Cu device. The temperature-dependent interpolated curves for the absolute Seebeck coefficient
of copper, as well as the temperature-dependent interpolated curves for the thermal conductivity of both
materials, were incorporated into the equations. As a simplification to these calculations, we are assuming

Ohmic contact and perfect thermal contact.

In the top part of Figure 20, the red X’s are a collection of all the data points from part (b) of Figure 18.
Shown in green o’s is the Seebeck coefficient of copper, which only varies between 1.8 to 2.0 uV/K in this
small temperature range. From this, the temperature-dependent Seebeck coefficient of our silicon can be
calculated and shown in the blue O’s, with a value of approximately 280 uV/K at room temperature.
Because the coefficient was positive, this also confirms that the silicon was p-type. The black line indicates

a linear interpolation of the absolute Seebeck coefficient of silicon fitted with an R? of 0.889.
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Using the same method, the temperature-dependent Seebeck coefficient of CNTs can be calculated and
shown in the bottom part of the figure. Once again, the red X’s are all the data points from part (b) of Figure
19 and the green o’s are Seebeck coefficient of copper. Since the thermal conductivity of copper (401 W-mr
LK1 at room temperature) is greater than that of a forest of MWCNTS, the effective Seebeck coefficient is
dominated by the CNT coefficient. This effect would be quite pronounced if the thermal conductivity of
the forest is in the 0.01 to 10 W-m™-K"* range. Only at unrealistically high thermal conductivities of 100
W-m*-K* (purple +’s) and higher would we expect a more even contribution of both materials. Therefore,
we can conclude that the Seebeck coefficient of CNTSs is almost identical to that of the Cu-CNT-Cu device
at approximately 16.5 uV/K at room temperature. This is in agreement with the Seebeck coefficient of
MWCNT forests measured at room temperature and reported in the literature [85, 87, 89-91] as being
anywhere in the 2-40 uV/K range. The black line in the bottom figure indicates a linear interpolation of the
absolute Seebeck coefficient of the CNT forest fitted with an R? of 0.888.
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Figure 20: Extracting absolute Seebeck coefficient of (top) silicon (blue O’s) and (bottom) CNTs (various A’s and +’s) assuming
varying KcNt
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3.3.3. Experimental Results in Vacuum

It has been reported in the literature that the electronic properties (resistance, Seebeck coefficient,
density of states, etc.) of semiconducting single-walled carbon nanotubes in particular are quite sensitive to
gas exposure, where they have potential applications in thermoelectric-based gas sensors. Oxygen-saturated
SWCNT bundles and thin films have been shown to have a higher electric conductance than oxygen-
deficient SWCNTs under vacuum since oxygen has good charge transfer to the nanotubes [92]. The
Seebeck coefficient of oxygen-doped SWCNTSs is positive (p-type material) under ambient atmospheric
conditions. However, as a vacuum is allowed to remove more and more physisorbed oxygen, the Seebeck
coefficient transitions to a negative value (n-type material) [92]. Scanning tunneling spectroscopy
measurements reveal that the local density of states increases upon a CNT’s exposure to 0xygen (no states
are available in a degassed CNT). It has also been suggested that upon exposure to oxygen, there is weak
electron transfer from the CNT wall to the adsorbed oxygen, resulting in a negatively charged defect and
scattering channel [93, 94]. With elevated temperatures, other studies have shown the slight changes in the
Seebeck coefficient to be fully reversible upon the addition and subsequent removal of various gases
(hydrogen, helium, nitrogen) into the vacuum chamber [93, 94]. It was understood that the collisions
between gas molecules and CNTs generate non-thermal phonons and dynamic defects that lead to slight
increases in 4-point probe resistance and decreases in the magnitude of the Seebeck coefficient. However,
the Seebeck coefficient of boron-doped SWCNTSs in the literature has shown to be unaffected under vacuum

conditions, since substituted boron donates holes to the SWCNT and makes the material permanently p-
type [95].

Since the CNTs fabricated in this work are multi-walled and therefore always metallic, we do not expect
to observe a sign change in Seebeck coefficient upon removal of oxygen under vacuum. However, the
purpose of this measurement was to observe if there would be any changes in the Seebeck coefficient of
our MWCNTSs in a transition from atmospheric conditions, to high-vacuum conditions, and back to
atmospheric conditions. Shown below in Figure 21 is the measured absolute Seebeck coefficient of a
symmetric Cu-CNT-Cu thermoelectric device (several exfoliated MWCNT forest bundles placed between
two copper slabs). The coefficient was calculated as was before using the temperature-dependent Seebeck
coefficient and thermal conductivity of copper, while assuming a constant, but low room temperature
thermal conductivity of CNTs. Again, since the thermal conductivity of CNTSs is much smaller than that of

copper, the Seebeck coefficient of CNTs dominates the effective coefficient.

In this device configuration, heat and electricity both conducted in the perpendicular direction with
respect to the CNT growth direction. The thermoelectric device was loaded on top of the insulative silicon

wafer substrate heater shown previously in the right of Figure 14. Approximately 4 W of electrical power
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was applied to the substrate heater. At 0 minutes and at an average temperature of 355 K, the absolute
Seebeck coefficient of the CNTs was 12.5 uV/K or approximately half of the value reported previously at
a similar average temperature (extrapolated 27.2 uV/K at 355 K). The decrease can most likely be attributed
to the change in electrical conduction direction of the nanotubes (anisotropic Seebeck coefficient). A similar
2-times reduction in the Seebeck coefficient in the perpendicular direction of a CNT forest is reported in
the literature [85, 91, 96].

Within the first 20 minutes when the roughing pump was allowed to evacuate the chamber to milliTorr
pressures, a 25% decrease in the magnitude of the Seebeck coefficient was observed. Between 20-120
minutes, the turbo pump was allowed to further evacuate the chamber towards 10° - 10 Torr. A further
50% decrease in the magnitude of Seebeck coefficient was observed. In this regime, convective heat transfer
can hardly take place due to the very small amount of gas molecules in the chamber. The majority of the
heat from the substrate heater was conducted towards the thermoelectric device and radiated outwards,
whereby a steady-state situation could be attained after some time. At 120 minutes, the turbo pump was
allowed to slow down and an increase in the magnitude of the Seebeck coefficient was observed. Finally,
at 170 minutes, the roughing pump was turned off and the chamber was vented for 10 minutes. The Seebeck

coefficient was seen to increase in magnitude towards the original value at the beginning of the experiment.

In the literature, degassed mats of MWCNTSs have shown a negative Seebeck coefficient [97]. Upon
exposure to ambient conditions, the mats crossed-over to a positive Seebeck coefficient after several
months. When placed under vacuum at elevated temperatures, the mats again showed a negative coefficient
after 12 hours. The vacuum-dependence on the Seebeck coefficient of CNTSs is quite multi-factorial, i.e. the
Seebeck coefficient is dependent on the morphology of the sample (forest or mat or individual tube, single-
or multi-walled, etc.), the kinds and levels of defects on the nanotubes that could promote the formation of
locally electron-rich or electron-deficient regions for gas adsorption [97], what gasses were adsorbed to the
CNTs prior to degassing, the vacuum pressure, degassing time, and temperature, to name a few. We would
expect similar changes in the Seebeck coefficient of our MWCNTSs. However, for the purposes of
simplifying the simulation study in Chapters 5.3-5.4, we will be using the previously measured temperature-

dependent, but oxygen-rich (atmospheric conditions) Seebeck coefficient of a MWCNT forest.
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Figure 21: Time evolution of absolute Seebeck coefficient of CNTs measured under vacuum, where open circles indicate rough
and turbo pump on/off events

3.4. Experimental Measurement of Electrical Conductivity

The electrical conductivity is one of the parameters required to quantify the figure-of-merit of a
thermoelectric material. Although information on the electrical conductivity was not required for the
previous calculations of the Seebeck coefficient, it would be required for a thermoelectric device with
materials connected in parallel with one another, as shown in Equations (3-5) and (3-6). The purpose of
gathering information on the electrical conductivity here is to first calibrate and validate the test apparatus
by measuring the room temperature electrical conductivity of a known standard, i.e. copper. If the
measurements are in an acceptable range of accuracy, the room temperature electrical conductivity of a
forest of MWCNTSs can then be measured and used to calculate the room temperature figure-of-merit.
Although the temperature-dependent electrical conductivity of CNTs was not measured, this information

was borrowed from the literature [85, 87, 88] and used in the simulations presented in Chapter 5.

When measuring semiconducting materials, the resistance of probe contacts can become comparable
to the sample material resistance. While a two-point probe is much easier to implement, the probe contacts
providing current must be separated from those measuring voltage. By doing so, the measurement of contact
resistance alongside sample resistance can be eliminated. In a linear arrangement of the pins in a four-point
probe apparatus, current (1) is allowed to flow between the two outer probes, while voltage (V) is measured
between the two inner probes. Assuming an equidistant interprobe spacing (s) and the sample to be

measured is of semi-infinite volume, electrical conductivity () can be measured and calculated by:

1
7= 2nsVF

3-7)

, Where F is a unitless geometric factor that corrects for probe location near a sample edge, sample thickness,

sample diameter, probe placement, and temperature.
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Using micro-adjustable needle probes, a four-point probe station was created. Equidistant probe spacing
was verified by optical microscopy. Shown below in Figure 22 is a photo of CNT forest under test in the
probe station. A Hewlett-Packard 6624A digital power supply provided constant current through the outer
two probes, while voltage was measured across the two inner probes by a Fluke 187 voltmeter or a Keithley
2400 SourceMeter.

Figure 22: Photo of experimental four-point probe station

3.4.1. Experimental Results in Ambient

The room temperature electrical conductivity (o) of copper, silicon substrates, and carbon nanotube
forests was measured using the technique and apparatus described above. The temperature of the lab where
measurements were performed was measured to be at 22 °C and each material was tested three times.
Shown below in Figure 23 and Figure 24 is the voltage measured across the interior two probes while a
current was allowed to flow through the exterior two probes in the four-point probe apparatus, performed
on a slab of copper (left) and a silicon wafer shard (right). The electrical conductivity of a CNT forest
sample was measured in the same manner both in the longitudinal (along the direction of CNT growth) and
perpendicular (along the width of the sidewall) directions. In order to probe a CNT forest on its own, a
grown CNT forest on its substrate was first measured, then the forest was manually exfoliated from its

substrate and measured again.
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Figure 23: Measured voltage as a function of input current in a four-point probe setup for (left) copper and (right) silicon
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Figure 24: Measured voltage as a function of input current in a four-point probe setup for (left) silicon-CNT and (right) CNT
measured longitudinally (solid black line) and perpendicularly (dashed black line)

The interpolated slope of the V-1 curves shown above is (2rnscF)? and electrical conductivity can be
extracted, given an s = 0.5 mm probe spacing. The results are shown below in Table 4, where material
thicknesses (tn) were used to calculate the Haldor Topsge [98] geometric factors (F). Because large plane
slabs of copper and silicon were used for these measurements, the use of an infinite plane sample of finite
thickness can be assumed. Along the longitudinal direction of the CNT forest, a geometric factor accounting
for a probe array parallel to the sample edge was used. Similarly for the perpendicular direction, a geometric

factor accounting for a probe array perpendicular to the sample edge was used.

Interpolating for 22 °C, the reference value of the electrical conductivity of copper is 5.90x10” S/m
[84], and a close value of 6.21x107 S/m was measured experimentally. The electrical resistivity of silicon

was measured to be 0.0023 Q-cm, well within the range of resistivities of the wafers as reported by the
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manufacturer (0.001-0.005 Q-cm). Because our measured value of the electrical conductivity of copper was

just over 5% off from reference, we can safely assume that our test apparatus is sufficiently calibrated.

Between the longitudinal and perpendicular directions of the CNT forest overtop its substrate, there
was surprisingly not much difference in conductivity. The reasons for this were unclear, but it is possible
that, the silicon, being mostly electrically-isotropic, influences the forest overtop by providing a conduction
path through the silicon. With regards to the CNT forest on its own, the longitudinal direction showed a 3.6
times greater conductivity than the perpendicular direction, as expected. The longitudinal conductivity was
in a similar order of magnitude as those reported in the literature for MWCNT forests [87, 88, 91]. However,
there was as much as a whole order of magnitude greater conductivity in the longitudinal direction
compared to the perpendicular direction reported by one study [85]. Nevertheless, these were different

nanotubes grown in different conditions, so this result is reasonable.

Table 4: Experimental electrical conductivity measurements of thermoelectric materials

Material Interpolated Slope () [th (M) [s (M) F 6 (S/m)
Copper 5.244x10® 1.5x10 [0.5x10° [0.978 6.21x10’
Silicon 0.01097 0.5x10° |0.5x10° |0.665 4.36x10*
. -3 *
Slllcqn/C_NT 1994 3.5x10 0.5x10°3 0.988*0.9876 (averaged) |252.0
Longitudinal
— 3
S|I|con/C_:NT 1,297 3x10 0.5x10° 0.9599 (averaged) 274.8
Perpendicular
CNT Longitudinal |0.9263 3x10° |0.5x10° |0.988*0.9876 (averaged) | 352.2
CNT Perpendicular |3.422 3x10° |0.5x10° [0.9576 (averaged) 97.1

The temperature dependence of the electrical conductivity of all three of the materials was not measured
for this work. The temperature dependence of copper’s electrical conductivity is well known from reference
texts [84], as shown below in part (a) of Figure 25. For silicon, electrical conductivity is a function of the
concentration and mobility of electrons and holes, which are all temperature dependent. Assuming p-type
silicon doped by boron that has a room temperature resistivity of 0.001-0.005 Q-cm, conductivity was
calculated by the method described in [99]. The mobility models by Klaassen [100, 101] were used, which
reasonably fit literature experimental data between 100-500 K. The conductivity has been plotted below in
part (b) of Figure 25.

From the literature, the electrical conductivity of CNT forests follows a linearly increasing pattern in
the 300-600 K temperature range [87], shown below in part (c) of Figure 25. For the purpose of the
simulations presented in Chapters 5.2-5.4 the values from that reference were used, assuming a 10 times

reduction in conductivity in the perpendicular direction [85].
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Figure 25: Temperature dependence of electrical conductivity of (a) copper [84], (b) silicon at varying room temperature
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3.5.  Theory Behind the Thermal Conductivity

The temperature dependence of the thermal conductivity of copper and silicon is known from reference
texts. The purpose of this section is to give a background on how the thermal conductivity of carbon
nanotubes is measured in the literature. Thermal conductivity was not measured for this work. However,
using the experimental induced photo-thermoelectric voltage as a function of incident laser power presented
in Chapter 4, the CNT thermal conductivity was empirically-fit using a simulation model presented in
Chapter 5.

Suppose a sample has a cross-sectional area (A) and length (L). If a thermal gradient exists across the

sample (T1 and T>), then thermal conductivity is defined as the ratio of the heat flux to the thermal gradient.

= Q/A (3-8)
AT/AL

In practice, thermal conductivity can be estimated simply by placing a heat source and thermocouple

to one side of a sample, and a heat sink and thermocouple to the other side, if sample dimensions and heat
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power are known. This however could pose a problem if the thermocouple probe has dimensions on a
similar order as a CNT forest, for example. Heat applied to the sample will be drawn away by the
thermocouple and interfere with measurements. The Quantum Design physical property measurement
system (PPMS) is able to measure the thermal conductivity of CNT forests using this method and alleviates
the aforementioned problem by using highly-accurate micro-thermocouples. Samples are attached to disk-

shaped gold-plated copper electrodes using silver epoxy [85].

Other methods to measure the thermal conductivity of CNTs have been reported in the literature. One
method uses the laser from a Raman spectroscope to focus a spot of known power to locally heat the CNTs
[102]. By comparing the Stokes and Anti-Stokes Raman spectra intensities, the temperature and thus the

thermal conductivity of the nanotubes can be measured.

A more common, but elaborate, method involves the measurements of density (pd), specific heat
capacity at constant pressure (cp) and thermal diffusivity (D) [14, 16, 88, 96, 103-105]. To measure the
density of bulk CNTs in the literature, it is common to hot press powders of CNTs into a dry pellet. Density
is first measured by Archimedes’s method, which requires measurements of the dry sample weight,
suspended weight, saturated weight, and density of the saturating/suspending liquid to calculate the bulk
density of the pellet [106]. Heat capacity is then measured by differential scanning calorimetry (DSC),
whereby a sample pan containing a known weight of CNTs and an empty reference pan are both heated at
the same rate. The amount of heat needed to increase the temperature of the sample pan and the reference
pan are measured as a function of temperature and the heat capacity is calculated as the amount of heat
supplied divided by the temperature increase. Lastly, thermal diffusivity is measured by a laser flash
apparatus (LFA), whereby a short laser pulse irradiates one side of a plane-parallel CNT sample. Heat is
allowed to diffuse through the sample and reach an infrared detector on the other side. This is measured as
a function of time, whereby ty, is the time to reach half maximum intensity. Thermal diffusivity shown
below in Equation (3-9) is a function of the sample thickness (tn) and the time (t,). These measured

parameters can be used directly to calculate thermal conductivity, as shown in Equation (3-10).

D =0.1388 th
By (39

Kk = Dpgyc, (3-10)

A literature survey was conducted to compare experimental results of measured thermal conductivities
using a few techniques. As seen below in Table 5, there is no observable trend in k as a function of CNT
height or measurement temperature. Thermal conductivity varies as much as three orders of magnitude and

the reasons behind this are not well explained or understood. We can assume that each measurement is
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performed on different nanotubes with varying chiralities, lengths, temperatures, purities, or defect levels,
all of which can affect thermal conductivity. As well, the different measurement techniques can cause

discrepancies if the equipment is not calibrated.

Table 5: Literature survey of experimental thermal conductivity of aligned MWCNTSs

Sample Measurement K T (K) |CNT Height |Ref.
Technique (W-m*.K?
MWWCNT forest (CVD) |LFA, hot disc 0.035-0.05 (atm) |300-500 |2 mm [87]
0.02-0.025 (vac)
MWCNT forest (CVD) LFA 3-6.4 (Il 300 >2mm [107]
0.08-0.14 (1)
SWCNT and MWCNT LFA 8.3 300 200 um [108]
film mixture (CVD)
MWCNT film (PECVD) |LFA 12-17 300 10-50 um [109]
MWCNT forest (PECVD) |LFA 450-1200 218-473 |20 pm [110]
MWWCNT forest (CVD) |Quantum Design PPMS | Increases linearly {2-300 | 1.5 mm [89]
to 2.5 at 300 K
MWCNT forest (water- Quantum Design PPMS |0.002-1 (Il 1.8-390 [2.5-5.9 mm |[85]
assisted CVD) 0.006-0.06 (L) 50-300
Spark plasma sintered Archimedes’ method, |0-32 (Il 10-320 |2-3mm [91]
MWCNT forest (CVD) Quantum Design PPMS |0-19 (1)
DWCNT bundles purified |DC T-type method 25-40 240-340 |8.3 mm [24]
from CVD film
MWCNT forest (CVD) Phase sensitive 250 1-100 um [111]
transient thermo-
reflectance

The thermal conductivity of carbon nanotubes can also be studied theoretically by classical molecular
dynamics simulations. Classical molecular dynamics solves Newton’s equations of motion for a given set
of atoms that interact with each other through empirical interatomic potentials (e.g. Tersoff, Brenner,
reactive empirical bond order (REBO), and adaptive intermolecular REBO (AIREBO)). However, electrons
are not explicitly modelled using this technique, so electron-electron and electron-phonon interactions
cannot be studied explicitly. Because the xpn of both SWCNTs and MWCNTS is dominant over e at all
temperatures, it is often safe to neglect the electronic portion of thermal conductivity when simulating this
material [112, 113].

As mentioned previously in Chapter 1.6, the thermal conductivity of SWCNTSs fit to experimental data
in the literature was seen to follow a 1/(aT + PT?) dependence due to Umklapp phonon-phonon scattering
and second-order three-phonon scattering [36]. Thermal conductivity was also seen to be a function of

nanotube length (L) in um, shown as a modified version of [36] as:

-1
K(L,T) = [aT + BT +y(1 +lO’Tph>T‘2] (3-11)
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, where 0.=3.7x107 W-m, B = 9.7x10° W-m-K™ and y = 9.3 W-m-K?2 are fitting parameters and lo pn
= (0.5 um is the room temperature phonon mean free path. From this expression, the dependence on CNT
height vanishes with higher temperatures as thermal conductivity is no longer limited by phonons scattering
with the sample boundaries, but only through phonon-phonon scattering. Although there are many reports
of the simulated thermal conductivity of SWCNTS, to our knowledge, there are no reports on the studies of
MWCNTSs. Perhaps this is due to the complexity of the system when many more atoms are needed to
simulate a MWCNT. Nevertheless, there certainly do not seem to exist any high temperature (e.g. T > 600

K) experimental or theoretical studies on forests of MWCNTSs.

3.6.  Summary

The absolute Seebeck coefficients of silicon and CNTs have been measured using the apparatuses
described previously. The dependence on temperature has been extracted, given known electrical and
thermal properties of the copper contact electrodes. The coefficient of CNTs agrees well with the literature
values. The room temperature electrical conductivity of all materials used in the thermoelectric devices was
measured. The results for the conductivity for silicon and copper were both in very good agreement with
their reference values. The room temperature electrical conductivity of the CNT forest exhibited an
enhancement in the longitudinal direction, similar to what is reported in the literature. The thermal
conductivity of silicon and copper is known from references. However, it was not experimentally measured
for CNTs in this work. Instead, a temperature-dependent model was empirically-fit and discussed in
Chapter 5.
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Chapter 4 — A “Heat Trap” Thermoelectric Energy
Converter Using Carbon Nanotube Arrays

4.1. Introduction

To better understand the “Heat Trap” effect in a forest of carbon nanotubes and whether it can be
utilized in thermoelectric energy generation, different experiments were carried out under vacuum. Samples
were placed in vacuum near a viewport to allow one to focus a visible laser onto the nanotube forest
sidewall. Two device configurations were investigated. One involved conduction along the nanotubes and

the other involved conduction perpendicular to the nanotubes.

4.2. “Heat Trap” — Localized Laser Heating Under Vacuum

Devices consisting of vertically-aligned carbon nanotube forests sandwiched between two electrodes
were loaded into a vacuum chamber using the custom-machined sample holder described previously in
Chapter 3.3. The vacuum chamber was pumped down to 10 Torr with an 80 L/s turbopump and to low in
the 107 Torr range with a 300 L/s turbopump. The chamber pressure was measured with an MKS cold
cathode pressure gauge. Rather than directly heating by a hotplate or resistive silicon wafer, the “Heat Trap”
effect [30] was utilized, which consists of localized heating of a CNT forest by focused light. The laser used
in the following experiments was an optically-pumped, single-mode, and continuous-wave semiconductor
laser, namely the Coherent Verdi V5 (532 nm). The schematic shown below in Figure 26 is a top-down
view of the experimental setup. Due to the position of the laser on the optical table, several mirrors were
installed to steer the beam towards the vacuum chamber, through the viewport, and at the thermoelectric

device-under-test.
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Figure 26: Top view schematic of photo-thermoelectric experimental apparatus
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Average laser power was first measured with a Newport optical power meter. The left of Figure 27
below shows the measured optical power as a function of the setpoint power that the user sets at the laser
control panel. Linearly-interpolating for this curve, there was consistently 73.2% power transmission,
meaning that nearly 27% of the light leaving the laser was lost due to absorption or stray reflections by the
mirrors and lens. This was confirmed by measuring the optical power before and after the various optical
components. Considering that the final viewport window was made of BK 7 borosilicate glass with 92.3%
transmission at 532 nm [114], the two transmission coefficients can be multiplied together. Therefore,
67.5% of the setpoint power is what enters the UHV chamber and irradiates the device-under-test. The
photo on the right of the same figure shows the 1”’x1” plano-convex cylindrical lens mounted on an optical
holder (foreground). The green light from the laser was focused through this lens, which then passed

through the BK 7 viewport window (background), and onto the thermoelectric device-under-test.
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Figure 27: (left) Measured laser power as a function of laser setpoint power, (right) photo of mounted plano-convex cylindrical
lens focusing laser through vacuum chamber viewport and onto thermoelectric device-under-test

The purpose of using the plano-convex cylindrical lens (f = 150 mm) was to heat the lower junction
between the silicon slab and the sidewall of the CNT forest uniformly, or as uniformly as possible. Since a
plano-convex cylindrical lens focuses incoming light only in one direction, the radius of the laser spot size
in the x-direction (r,) is actually equal to the original beam radius, ro = 1.125 mm [115]. The half-divergence
angle of the laser beam can be calculated as [116]:

o, - 2M?22
/2" m(2ry)

(4-1)

, Where M? is a spatial characteristic for the laser beam quality and A is the wavelength (532 nm). From this
equation, the half-divergence angle is 0.15 mrad, assuming M? = 1 for the perfect TEMoo lowest order laser
mode. Since the laser manufacturer reports a half-angle of less than 0.25 mrad [115], the upper limit of the

reported angle can be used (rather than the calculated value) for a more conservative approximation. The
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radius of the laser spot size in the y-direction (ry), focused with a lens of focal length f = 150 mm, is simply
equal to -0, [116] or 37.5 um. This focused line width was sufficient to heat the silicon-CNT junction on
each “chip.” However, to observe ‘“Heat Trap” conditions, at least an order of magnitude more optical
power was required due to the unfocused spot shape in the x-direction, compared with a traditional circular

lens that focuses light in both directions to an overall smaller spot size (higher heat intensity).

4.3. Longitudinal Conduction

In the first experiment, incident light from the laser source was directed towards the lower junction of
a silicon-CNT-silicon sandwiched configuration, as schematically shown below in Figure 28. Copper
contact electrodes placed above and below the device served as the probes to measure the induced voltage
in the longitudinal direction. Vacuum-compatible wires wrapped with insulative Kapton® tape were
electrically connected from each copper electrode to the electrical feedthrough for voltage measurements

outside the vacuum chamber. In the same schematic, temperatures can be assigned to each face or junction.
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Figure 28: Experimental schematic for longitudinal conduction with symmetric copper electrodes, where the green ellipse
represents the shape of the focused laser beam

Shown below in Figure 29 is a plot of the induced voltage as a function of time upon heating at varied
laser powers. For all upcoming discussion and plots, the laser power referred to is the actual amount of laser
power incident upon the thermoelectric device, taking into account the net transmission coefficient. An
incandescent glow was visually seen on the CNT sidewall beyond 67.5 mW, which confirmed that “Heat

Trap” conditions were met at this threshold.

Under no laser heating, there was no temperature difference across the device, so there was no induced
potential difference, as expected. As soon as the laser was allowed to illuminate the lower silicon/CNT
junction, there was a rapid drop to a negative value, followed by a slow and gradual decrease in magnitude
of the voltage. The magnitude of the negative peak increased consistently with increasing laser power. From
the measurements of the Seebeck coefficients presented in Chapter 3.3.2, the absolute Seebeck coefficients
were positive for all three materials, meaning the electromotive force should drive the current through the

materials from the hot to the cold junction. In other words, current should travel from the hot lower junction,
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through the CNTs longitudinally, and towards the cold upper junction. There should be a positive voltage
formed across the junction in this thermoelectric device schematic. The negative voltage plotted below
showed the opposite trend, as if the upper junction was “hotter” than the lower junction. However, this is
fundamentally not possible. The laser was aimed at the lower junction, so the lower electrode should always
be hotter and therefore a positive voltage should always be induced. Below, we will show that this

expectation is based on an oversimplified view of the device and, in fact, the situation is more complex.
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Figure 29: Sample 1 — Induced voltage as a function of time for varying incident laser powers with symmetric copper electrodes

In order to better understand the temporal effects of this device, the overall thermoelectric circuit can
be broken down into its components. We assume that all contacts between materials were Ohmic contact:

Vnet = VCu,bottom + VSi,bottom + VCNT + VSi,top + VCu,top (4'2)
T, T, T3 Ty Ts

Vnet = J aCu,bottode + f aSi,bottode + f aCNTdT + f aSi,topdT + f aCu,topdT (4'3)
T, Ty Ty Ts Te

Vet = acy(Ty — T2) + agi (T, — T3) + aenr (T3 — Ty) + a5 (Ty — Ts) + acy (Ts — T) (4-4)

, where T; through Te have been previously schematically shown in Figure 28. Since the Seebeck
coefficients of all three materials were positive, the sigh of Ve is ultimately determined by the temperature
gradients across each material. Naturally, T3 should be the largest since that is the junction upon which the
laser is centred. T3 should be larger than T,, which should be larger than T:. Since the Seebeck coefficient
of copper is much smaller than that of silicon in this configuration, the voltage across the bottom silicon
should be negative, and the voltage across the bottom copper should be less negative. In the other direction
of the device, the temperatures at each junction or face should follow a similar behaviour, which should be
Tz > Ts > Ts > Te. If we at first assume that the thermal conductivity of the CNT forest is small, the

temperature gradient across the forest should be large, and the induced voltage should be large and positive.
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The voltages across the top silicon and copper electrodes should also be positive, but much smaller as a

result of a much smaller temperature gradient.

Given this information, we now focus our attention to the temperature gradients across the lower 3
materials, since the temperature gradient across the top 2 materials can be assumed to be negligible in
comparison. Immediately after the laser is allowed to heat the lower Si-CNT junction, we would initially
expect an abruptly large temperature gradient across both lower copper and silicon electrodes, which would
result in similarly abrupt negative voltages. Because of their fairly high thermal conductivity (> 100 W-m-
LK at 300 K for both materials, from Figure 17 in Chapter 3.3.2), we would predict that the temperature
difference across these materials would decrease (fairly slowly) and their induced negative thermoelectric

voltages would diminish towards zero as well.

As a toy example, let’s consider a small slab of copper (6x6x1.5 mm?®) sitting at Ti = 300 K and heated
from a source that is set at Ty = 500 K. The following equations can be used to estimate how long this body
would take to be uniformly heated to 500 K:

hA(Ty — T)dt = mc,dT (4-5)

—ha | —ktp , —
P75 = ppaveyt = 7O~ Tn (4-6)
T =Ty

, Where h is the heat transfer coefficient, k is the thermal conductivity, m is the mass, c; is the specific
heat capacity at constant pressure, pq is the volumetric mass density, t, is the thickness, A is the cross-
sectional area, and V is the volume. Material parameters for copper are presented later on in Table 7 in
Chapter 5. Assuming no heat is lost by the copper slab, it would take around 3 seconds for the copper slab
to reach 500 K. However in reality, this would take much longer due to the heat transfer from copper to its

surrounding materials and radiation into the vacuum chamber.

At the same time and immediately after the laser irradiates the lower portion of the CNT forest, we
would also initially expect a sudden large temperature gradient across the CNT forest longitudinally. This
would in turn induce a sudden large positive voltage. However, since the Seebeck coefficient of silicon has
been previously shown to be much larger than the Seebeck coefficient of a MWCNT forest, the induced

negative voltage from silicon would initially outweigh the positive voltage from the CNTs.

Over time and upon low incident laser powers, where there is no “Heat Trap” effect, the thermal
conductivity of the CNT remains relatively high over time. Although high, the thermal conductivity is still
lower than that of copper and silicon. During this time, the temperature gradient across all materials should

be decreasing, where the gradient across copper and silicon would decrease faster than that across the CNTs.
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Therefore, we would expect the negative contributions from the copper and silicon to reduce in magnitude
more quickly than the positive contributions from the CNT forest. As a function of time, the net induced
voltage across the entire device should start off at 0, jump to negative values, and then decrease in

magnitude towards less negative values or even zero.

Upon higher incident laser power (above 67.5 mW of power), the “Heat Trap” effect happens very fast
whereby the thermal conductivity of CNTs drops quickly. Therefore, the temperature gradient across CNTs
should be very high and fairly constant time. This would translate to a positive and relatively constant
contribution to the net induced voltage across the entire device. Discussed earlier, the temperature gradients
across the copper and silicon should decrease with time as the materials eventually reach a thermal
equilibrium. Those two materials would contribute a negative and decreasing in magnitude contribution to
the net induced voltage. At some point, the positive voltage contributions from the CNT forest could
overtake the two negative and decreasing contributions from both lower copper and silicon electrodes, and

we could observe a crossover to positive voltages.

To test this theory again, a different CNT device was loaded into the same test apparatus. The power
sweep was repeated with one additional higher power (607.5 mW). The laser was left to irradiate the lower
junction, but for a much longer period of time, as shown below in Figure 30. With the second device, we
observed a nearly identical behaviour to the first device within the first 10 minutes (which was the duration
of the experiment for the first device), as shown in the left. As shown in the full time-scale plot in the right,
we observed a crossover to positive voltages at only the higher laser powers (202.5-607.5 mW), which was
sustained over time. The characteristic incandescent glow of the hot spot on the sidewall of the CNT forest

was also clearly observed at these laser powers.

We believe that beyond a threshold of 67.5 mW, we were operating under true “Heat Trap” conditions,
where due to a sudden drop in thermal conductivity of the CNT forest (in all directions), we maintained a
localized heat spot at the lower silicon-CNT junction. This created a large temperature gradient across the
nanotube forest that induced a positive voltage larger than the two negative voltage contributions from the
two lower electrodes. The induced voltage reached a steady state in excess of 30 minutes, when we believe
the thermal conductivity and the temperature gradients of all materials had reached a thermal equilibrium.
However, the open-circuit voltage at 607.5 mW of laser power was lower than expected. We believe that
at such large laser powers, the CNT forest was likely damaged by irradiation, causing irreversible decreases
in thermoelectric output. At the lower powers, we believe that the positive voltage from the CNT forest
nearly balanced the negative contributions from the lower electrodes. This might explain why we observed
a decay to close to 0 mV = 10 pV at steady-state. A more in-depth simulation of the temporal behaviour

based on thermal effects will be presented in Chapter 5.3.4.
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Figure 30: Sample 2 — Induced voltage as a function of time for varying incident laser powers with symmetric copper electrodes
plotted on a (left) reduced time scale and (right) full time scale

Since this is a thermoelectric device that converts a temperature difference into an induced potential
difference, we could also suggest that there are some electrical temporal effects at play as well. In a way,
this exponential fall and rise was reminiscent of electrically discharging and charging a capacitor. The
voltage curves from before can be fitted by exponential functions, as shown in Equation (4-7) for
discharging and Equation (4-8) for charging. Table 6 below summarizes the fitting parameters used, where
dVoq and dVo are the (mV) voltage offsets for discharging and charging, respectively, d and c are the
exponential multipliers, tq and 1 are the electrical RC time constants, and t* is the turning point time in
seconds.

Common to both equations, the vertical offset and exponential multiplier coefficients in general
increased to larger magnitudes with greater incident laser powers. The RC time constants for discharging
increased in magnitude with increasing laser power, then abruptly decreased at 607.5 mW. We attributed
this to the likely damage occurring at this very high power. The RC time constant for charging was more
than an order of magnitude larger and showed the opposite trend. There was a decrease in magnitude with
increasing incident power, followed by an abrupt increase at 607.5 mW. At first glance, it is not clear why
the time constants were larger for charging. Perhaps the internal resistance of the device increased as a
consequence of the device reaching a thermal equilibrium. There was however no obvious trend in the
cross-over time, which was around 2 minutes for all laser powers. The overlaid exponentially-fitted curves

are plotted in Figure 31 below.

AV =Voq+d- (%), (0 <t <t (4-7)
AV =Vy.+c-(1—e %), (t" <t < o) (4-8)
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Table 6: Exponential fitting parameters used to determine RC time constants

Laser Power (mW) | Vo4 (Mmv) |d (mv) |74 (S€C) Voc (mv) |c(mv) 7c (sec)  |t* (sec)
6.75 -0.00920 |0.01527 |18.35 -0.01393 |0.01983 |721.5 120
20.25 -0.03811 [0.04722 |18.59 -0.05352 |0.05242 |615.1 140
33.75 -0.07148 |0.07030 |18.76 -0.0949 0.08709 |612.5 105
67.5 -0.1238 |0.1152 |20.57 -0.1726 0.1728 |587.4 125
202.5 -0.3585 |0.3618 |21.06 -0.5100 0.5083 |523.6 130
337.5 -0.5542 |0.5716 |22.72 -0.8264 0.8538 |481.6 135
472.5 -0.6508 |0.6708 |25.72 -1.002 1.178 480.0 135
607.5 -0.8367 |0.6043 [11.10 -1.151 1.266 675.5 105
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Figure 31: Sample 2 — Induced voltage as a function of time for varying incident laser powers with symmetric copper electrodes,
with fitted exponential functions overlaid (black)

Including all wiring from the thermoelectric device to the measurement tools, the internal resistance
was on the order of 1.5 kQ. Using the RC time constants above, we can estimate the capacitance of the
device to be on the order of tens of milliFarads for discharging and hundreds of milliFarads of charging.
Reported in literature, forests of MWCNTSs have been shown to be promising candidates for supercapacitor
electrodes, where specific capacitances can be in the 27-365 F/g range [117-119]. In order to estimate the
mass of the CNT forest, we have to make an assumption on its packing or array density. For this calculation,
we are assuming our CNT forest to have a 10% density [69, 111] in each of the directions perpendicular to
the growth direction (i.e. 1% carbon forest density or 22.6 kg-m). As a quick comparison, MWCNT forests
in literature have been reported to have a 60 kg-m array density [85], or in other words, 2.7% carbon
density. Using reference values for the specific capacitance, our forest should be on the order of 15-207
mF, assuming a bulk volume of 6x6x0.7 mm?. This agrees very well with the estimate of the capacitance

from the experimentally-fitted RC time constants.
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4.4. Perpendicular Conduction

Since we know that the thermal conductivity of carbon nanotube forests in the perpendicular directions
can be 1-2 orders of magnitude smaller than that in the longitudinal direction, as previously shown in Table
5, and that thermoelectric device efficiency is enhanced when thermal conductivity is reduced, a new
thermoelectric device was fabricated to attempt to take advantage of this intrinsic and anisotropic material
property. In the dimensionless figure-of-merit, shown previously in Equation (1-6), the square of the
Seebeck coefficient, the electrical conductivity, and the absolute temperature are in the numerator, while
thermal conductivity is the denominator. From the literature, the room temperature Seebeck coefficient of
a MWCNT forest in the perpendicular directions is half of that in the longitudinal direction [85]. From the
same report, the room temperature electrical conductivity is one order of magnitude smaller in the
perpendicular direction. Therefore, if the perpendicular thermal conductivity of CNTs is more than 40 times
smaller than the thermal conductivity in the longitudinal direction, ZT and the overall energy generation

efficiency will be enhanced.

To ensure sufficient electrical contact with the nanotube forest sidewalls and to still allow the laser
beam to heat one junction, indium tin oxide (ITO) transparent electrodes with 84% visible light transmission
at 532 nm [120] were used. In the perpendicular direction, the hot junction is therefore the region between
one ITO electrode in contact with one of the four CNT sidewalls, and the cold junction is the region between
another ITO electrode in contact with the CNT sidewall on the opposite face of the forest. Shown below in

Figure 32 are the device schematics.

From before, 73.2% of the power that the user sets at the laser control panel after reflecting off all the
mirrors and through the plano-convex cylindrical lens was measured. If we know that the BK 7 viewport
has 92.3% transmission and that ITO has 84% transmission at 532 nm, the net transmission coefficient is
calculated to be 56.7%. For all upcoming discussion and plots, the laser power referred to is the actual
amount of laser power incident upon the thermoelectric device, taking into account the net transmission

coefficient here.

An ideal perpendicular conduction device would be simply ITO-CNT-ITO. However, it is in practice
difficult to exfoliate a CNT forest from its substrate while maintaining its 3D shape. The original silicon
substrates are required for support. Initially, each ITO electrode was in contact with both the silicon and
CNT sidewall as shown in the left. In this configuration, CNTs were connected to the silicon substrate
electrically and thermally in parallel. However, it should be noted that when the silicon “chips” are diced
by a diamond scribe, the cleaved edge is not a clean cut, but rather a macroscopically rough edge. The thin
film catalyst located at the edges of the cleaved silicon chip can potentially be damaged in the process.

Therefore, when CNTSs are grown vertically upwards by CVD, the CNT forest is not truly grown right on
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the edges. In this configuration, we cannot be certain that we were making sufficient contact with CNTSs,

but we do contact the silicon since it is a rigid boundary.

In the second configuration (shown on the right side of the figure), the ITO electrodes were lifted by
500 um (thickness of silicon), rested on the silicon substrate, and brought towards one another. In this
configuration, the ITO electrodes compressed CNT forest sidewalls inwards and we can be fully certain we

were making electrical and thermal contact with the CNTSs.

+ — + -

T TR e TR PR AT RRENPEOIONILY

Figure 32: Experimental schematic for perpendicular conduction with symmetric ITO electrodes in contact with (left) silicon-
CNT junction and (right) with only the compressed CNT sidewall, where the green ellipse represents the shape of the focused
laser beam

A set of laser power sweeps up to 115 mW was conducted on the same CNT sample before and after
the compression for the second configuration. Part (a) of Figure 33 below shows the laser sweeps for
electrical contact with both the silicon and CNT sidewall and part (c) shows the same laser sweeps for
electrical contact only with the compressed CNT sidewall. Rather than having a very slow temporal
response, the thermoelectric device constructed with symmetric ITO electrodes stabilized at an open-circuit
voltage value within 5 seconds. To confirm the steady-state value, each laser power was allowed to heat
the sample and stabilize for 2 minutes. Between the two, the second electrode configuration showed more
than doubling of the output voltage at the same laser powers. This was most likely due to better electrical

and thermal contact with the CNT forest and an overall lower internal resistance of the device.

Decreasing the power in the same increments and time intervals showed slight hysteresis, as shown in
parts (b) and (d) of Figure 33 below for the two configurations. Interestingly, the voltage hysteresis was
towards smaller values when cooling in the first configuration, while it was towards larger values when
cooling in the second configuration. Since silicon has a larger thermal conductivity than carbon nanotubes
(especially compared to that in the perpendicular direction), this suggests that when ITO was in contact
with both silicon and CNTs and the laser was reduced in power, heat was drawn away into the silicon

thermal pathway more rapidly than into the CNT pathway alone.
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Figure 33: (left) Steady-state induced voltage and (right) hysteresis of induced voltage as functions of incident laser power for
(top) ITO-SI/CNT-ITO and (bottom) ITO-CNT-ITO devices

In order to quantify the output electrical power of this thermoelectric device, the open-circuit voltage,
current flow, and internal resistance were all measured at each step in the laser power sweep and shown in
parts (a), (b), and (c) of Figure 34 below respectively. These measurements were performed only on the
latter electrode configuration where ITO was in contact with only the CNT sidewalls. As expected, voltage
increased steadily with more laser power and current flow in the pA range was seen to increase in nearly

an identical shape. At around 60 mW of laser power, there was a slight jump in voltage and current.

Under ambient pressure, the internal resistance of the device was 245 Q, which steadily dropped to 198
Q at rough milliTorr pressure. After the crossover to the turbo-pump, the resistance further dropped to 181
Q at 5x10° Tor and ultimately settled at around 139 Q at 1.3x10® Torr. As the vacuum chamber was
pumped down, more and oxygen molecules were desorbed from the surface of CNTs and this potentially
had an effect of decreasing the internal resistance of the thermoelectric device. We observed a slight
decrease in internal resistance between experiments 1 through 3 performed in chronological order while the

vacuum was further pumped down.
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A similar observation was reported on the study of SWCNT mats, where the four-probe resistance of
the mat decreased with increasing pumping time [93]. The resistance of the mat would first increase by 2-
10% with the addition of oxygen, nitrogen, or helium, followed by a decrease with the removal of those
species. It was understood that these increases in resistance were due to an increased scattering rate from
the dynamic defect states of the temporarily adsorbed gases, or due to the generation of collisions between
the gases and the CNT walls causing localized phonons. Although oxygen is a dopant and reduces the
resistance of a CNT (the opposing effect), this suggests that the dynamic scattering effects dominate the
effects of doping.

Output power shown in part (d) can finally be calculated given all the electrical parameters. Electrical
power in the tens of nanoWatts range was seen to increase with increasing laser power. Power conversion
efficiency as a function of laser power was seen to be in the low 10° %, as shown below in Figure 35, and
increasing with increasing laser power. While the efficiency of a photovoltaic cell is determined by its
external quantum efficiency, which remains relatively constant and falls off above a certain temperature,
the fact that power conversion efficiency increased with increasing laser power here helps prove that this
is the thermoelectric effect, rather than the photovoltaic effect. At higher temperatures, the exponential
Boltzmann tail is enlarged and there is a higher probability for electrons to surmount the potential energy
barrier and travel from the material in which they have lower energy and into the material in which they
have higher energy. As well, the thermal conductivity of CNTSs falls off with increasing temperature (from
higher incident laser powers), resulting in a higher temperature gradient, a higher induced voltage, and a

higher power conversion efficiency.
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Figure 34: (a) Output voltage, (b) output current, (c) internal resistance, (d) output electrical power of an ITO-CNT-ITO
thermoelectric device as functions of incident laser power
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Figure 35: Power conversion efficiency as a function of incident laser power, assuming 56.7% optical transmission
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45.  Summary

In this chapter, we have shown in two proof-of-concept devices that both longitudinal and perpendicular
conduction was feasible, whereby the sidewall of a CNT forest was irradiated by a 532 nm laser. In the case
of longitudinal conduction, high laser powers were required to induce “Heat Trap” conditions and sustain
an open-circuit voltage. Below a threshold incident laser power of 67.5 mW, the temperature gradient across
the silicon was believed to be similar to that across the CNT forests, so a very low net voltage could be
induced. Beyond the threshold power, the thermal conductivity of CNTSs fell with increasing temperature,
thus promoting a net positive voltage. In the case of perpendicular conduction, much lower laser powers
were needed to sustain a similar temperature gradient, owing to the anisotropic thermal conductivity of

CNTs. As much as 2x10°° % device efficiency was achieved at the highest incident laser power.
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Chapter 5 — Simulation Study

5.1. Introduction

In order to study the thermoelectric effect using simulations, we chose finite-element analysis using
COMSOL Multiphysics [121], where the relevant physics modules must be incorporated. The Heat
Transfer in Solids physics within the Heat Transfer module solves Fourier’s Law in a conservation of
heat energy (heat in = heat out) to study the temperature of a body, given the volumetric mass density, heat
capacity, and thermal conductivity [122]. The Electric Currents physics within the AC/DC module uses
the electric potential as a dependent variable to study the electric field, potential, and current distributions
of a body [123]. Together, these can be coupled in a “multiphysics” scheme to study the Seebeck and Peltier

thermoelectric effects, where temperature (T) is the coupling variable.

5.1.1. Heat Transfer Module Definitions

Heat transfer is the study of the flow of energy due to a temperature difference and is characterized by
three mechanisms. Heat transfer by conduction involves the transfer of the internal energy of particles
(molecules, electrons, atoms, phonons, etc.) by diffusion and collisions within a body due to a temperature
gradient. Heat flux is due to thermal conduction and is proportional to the temperature gradient, but opposite
to it in sign. It is described by Fourier’s Law of Heat Conduction, shown in Equation (5-2). Heat transfer
by convection involves the mass displacement of a fluid (e.g. air or water), which carries the heated fluid
away from the source of heat using the fluid’s velocity. Heat transfer by radiation involves the emission of
electromagnetic radiation from a body, where the energy flux depends on the body’s temperature and

surface (emissivity).

In COMSOL, the fundamental law of heat transfer is implemented using the first law of
thermodynamics. Since internal energy (U) is inconvenient for software to work with, COMSOL uses a
modified form of the first law of thermodynamics in terms of absolute temperature (T). The full governing

equation [122] is:

oT
[pdcp E] + pacpu-VT +V-q=0Q (5-1)

, Where pq is the volumetric mass density, ¢, is the specific heat capacity at constant pressure, t is time, u is
the velocity vector, g is the conductive heat flux, and Q is a heat source (or heat sink). The expression in
square brackets denotes the term for the time-dependent case. Fourier’s law is of the form shown in
Equation (5-2), where « is the thermal conductivity. If thermal conductivity is a tensor (5-3), as in the case

for anisotropic materials (carbon nanotubes for example), then heat flux by conduction is of the form (5-4).

56



The equation for Fourier’s law (with isotropic or anisotropic thermal conductivity) can be inserted back
into the conductive heat flux g in Equation (5-1) above.

_ oT (5-2)
Kxx Kxy Kxz
K= ["yx Kyy "yZI (5-3)
Kzx sz Kzz
B aT
qi = —Z Kija_xj (5-4)

J
A surface-to-ambient radiation boundary condition using the Stefan-Boltzmann law was applied to all
boundaries. In Equation (5-5), ¢ is the surface emissivity, osg is the Stefan-Boltzmann constant, and Tamp iS
the ambient temperature. A material with an emissivity of 0 is one that emits no radiation off the surface,

and one with an emissivity of 1, as is approximately the case for carbon nanotubes, indicates a perfect
blackbody.

—n - (kVT) = eosp(Tamy, — T*) (5-5)

Lastly, a thermal insulation boundary condition was applied only to the bottom face (copper in the first
device, silicon in the second device), which was resting on a vacuum-compatible electrical and thermal

insulator in experiments. The boundary condition was simply an inward heat flux of 0.

—n-(kVT) =0 (5-6)

5.1.2. AC/DC Module Definitions
Simulation of AC/DC electromagnetics in COMSOL involves solving Maxwell’s equations given a
specified set of boundary conditions. In differential form, they are Maxwell-Ampere’s law (5-7), Faraday’s
law (5-8), and Gauss’s laws for electricity (5-9) and magnetism (5-10), respectively. Additionally, the

continuity equation (5-11) is used in this module. Thus, we have:

aD
H = — 5-7
V x J+ 5% (5-7)
0B
E=—— 5-8
V X o (5-8)
V-D=p (5-9)
V-B=0 (5-10)
dp
g =__F 5-11
V= (5-11)
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, where H is the magnetic field intensity, J is the current density, D is the electric displacement or electric
flux density, E is the electric field intensity, B is the magnetic flux intensity, and p is the electric charge
density. In COMSOL, the Electric Currents physics module uses the following equations, where Qj is a
distributed current source, o is the electrical conductivity, E is the electric field, Je is an external current
density, and V is the electric potential. The expression in square brackets denotes the term for the time-

dependent case.

v-j=0q (5-12)
J=0E+], + [(z)—f (5-13)
E=-pv (5-14)

All boundaries were given an initial electric potential condition of V = 0. Electric insulation, n-J = 0,
was applied to all boundaries. The hot electrode (bottom copper in the first device, front ITO in the second

device) was set to a ground reference, V = 0.

5.1.3. Thermoelectric Multiphysics Coupling Definitions

The thermoelectric effect is the conversion of a temperature difference into a potential difference
(Seebeck Effect) or the conversion of a potential difference into a temperature difference (Peltier Effect).
Therefore, the Heat Transfer and AC/DC COMSOL modules must be coupled together with the appropriate
and relevant physical relations. Starting with the heat and electric current flux equations from before, they

are now modified to be:
q=—kVT +1J (5-15)
] = —o(VV + aVT) (5-16)

, where a is the Seebeck coefficient, I1 is the Peltier coefficient, ¢ is the electrical conductivity, and « is the
thermal conductivity. Finally, the stationary [and time-dependent] equation for the thermoelectric effect
modelled in COMSOL is:

T
[pde E] + paCyuu- VT + V- (—kVT + 1)) = Q (5-17)

5.2.  Material Parameters Definitions
In order to simulate heating of a solid by laser in COMSOL, a few assumptions were first be made to
simplify the model. The electromagnetics of the laser beam were not simulated. Instead, the beam was

assumed to be a simple Gaussian-shaped heat source. Also, the effect of the complex refractive index was
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modelled using the absorption and reflection coefficients. The following equation (5-27) below has been
adapted for use in this model from [124, 125]:

_|2Ge=x0)?  2(y=y0)*
7z 5 | g=Acz—20) (5-18)

Cc
e
TTTyTy

Qin(x'ylz) = QO(1 - RC) '

, where Qin is the net volumetric heat input, Qo is the total (net) incident laser, R. is the reflection
coefficient, and Ac is the absorption coefficient. From the previous discussion on the radii of focused the
laser beam spot size, ry = ro = 1.125 mm [115], and from the calculations in Chapter 4.2, ry = 0.0375 mm.
The last term is an exponential decay to account for the heat absorption into the material. The beam was
incident upon the lower silicon-CNT junction in the first device and upon the front ITO-CNT junction in
the second device. The beam spot is the xy-plane, where zo is the coordinate of the junction surface. Table

7 below shows the room temperature input parameters gathered from references and from experiments.

Table 7: Room temperature material parameters, where [ ] denotes from a reference, [*] denotes from COMSOL built-in, and ()
denotes from experiment

Parameter Copper Silicon CNT Forest |CNT Forest
(Literature) |(This Work)
a (uV-K?) 1.83 [82, 84] 300 [84] 24 (1) [85] 16.5 (1)
278 (Ch. 3.3.2) 11 (1) [85] [8.0 (L) (approx.)
(Ch. 3.3.2-3.3.3)
o (S'm?) 5.79x107 [84] 4.00x10* (pm = 0.0025 Q-cm) | 1800 (Il) [85] |352.2 (Il)
5.998x107 [*] 4.36x10* (Ch. 3.4.1) 120 (L) [85] |97.1(L)
6.21x107 (Ch. 3.4.1) (Ch. 3.4.1)
K (W-m™-K?1) (400 [*] 148 [*] 0.5 (II) [85]
401 [84] 148 [84] 0.06 (1) [85]
cp (J-kg™-K?1) 1385 [*] 712 [*] 730 [126]
p (kg'm?®) 8700 [*] 2300 [*] 60 [85] (2.6 % volume density)
er (permittivity) | 1 [*] 11.7 [*] 65 [127]
¢ (emissivity) |0.017 [128] 0.7 (n = 2x10%° cm®) 1
Ac (cm?) 1x10* [129] 0.09x10* [130]
Re 0.374 (n = 4.15 at 532 nm) 0
[131]

The 2D Gaussian exponential from Equation (5-18) is plotted below in the left of Figure 36. The net
power transmission coefficient (Tp) was 67.5% for the longitudinal conduction device (Chapters 4.2-4.3)
and 56.7% for the perpendicular conduction device (Chapter 4.4). For convenience, Qo is defined as the

setpoint laser power set at the laser control panel (Qsp) multiplied by the transmission coefficient (Teg).

Qo = Qsp *Tp (5-19)
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The right of the same figure shows a surface temperature plot when 405 mW of laser power was incident
upon the longitudinal conduction device from Chapter 4.3. It can be seen that under a temperature gradient

of 2.6 K was maintained at steady state.

2D Gaussian Distribution Surface: Temperature (K)
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Figure 36: (left) 2D Gaussian plot approximation of laser beam shape, (right) surface temperature plot under incident laser
power of Qo =405 mW

5.3.  Longitudinal Conduction Device Model

Based on the experiments described in the previous chapter, the thermoelectric device geometry was
drawn in COMSOL to scale, and is shown below in Figure 37 with the following dimensions: copper (A =
25x25 mm?, t, = 1.5 mm), silicon (A = 6x6 mm?, t, = 0.5mm), and CNT (A = 6x6 mm?, t, = 0.7 mm).

10 0 10 Y
%
0 L—»x
a1
i,

Figure 37: Perpendicular conduction device schematic sketched in 3D

To study the longitudinal conduction device in COMSOL, four models were constructed with
increasing levels of complexity. The differences between the models are summarized below in Table 8.
Model 1 assumed all material properties were those measured at room temperature as reported in the
literature. The electrical conductivity of silicon was calculated from the median wafer resistivity reported
by the manufacturer. Model 2 replaced all the material property values with the room temperature
experimental measurements if available, which were the Seebeck coefficient of silicon and CNTSs, and the
electrical conductivity of all three materials. Model 3 was almost identical to Model 2 with the exception
that a constant thermal conductivity of CNTs was used as a fitting parameter for each laser power (it was
varied at each laser power until the simulated value of the induced voltage matched the value measured
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experimentally). It was assumed to be an order of magnitude larger in the longitudinal direction compared
to the perpendicular directions. The thermal conductivity was tuned so that the simulated steady-state
induced voltage difference equaled the experimental steady-state induced voltage difference to within a
precision of £1 pV. Lastly, Model 4 introduced the temperature-dependent material parameters, where the
Seebeck coefficients of silicon and CNTs were measured as functions of temperature in this work. Again,
thermal conductivity of CNTs was a fitting parameter. Tables of the CNT thermal conductivity, hot and
cold junction temperatures, temperature difference, maximum temperature, and voltage difference are

shown in Appendix B for reference.

Table 8: Comparison of COMSOL model material properties

Parameter | Model 1 (RT ref.) | Model 2 (RT exp.) | Model 3 (RT, exp.) |Model 4 (f(T))

oy Constant Constant (ref) Constant (ref) a(T) (ref)

ocu Constant Constant Constant o(T) (ref)

Kcu Constant Constant (ref) Constant (ref) k(T) (ref)

Osi Constant Constant Constant a(T) (exp)

Osi Constant Constant Constant o(T) (theoretical)

Ksi Constant Constant (ref) Constant (ref) k(T) (ref)

OCNT Constant Constant Constant a(T) (exp)

OCNT Constant Constant Constant o(T) (ref)

KCNT Constant Constant (ref) K, tuning parameter | k(T), tuning parameter

5.3.1. Model 1: Room Temperature Reference Material Parameters

For the first model, room temperature material parameters from Table 7 were inputted into the
COMSOL model. The incident laser power was swept in the range of 6.8 - 472.5 mW as was performed in
the experiments. The steady-state results are plotted below in Figure 38. In part (2), the simulated voltage
as a function of setpoint laser power is shown in red X’s and the experimental voltage is shown in blue O’s.

It can be seen that the simulated voltage was in a similar order of magnitude as the experimental voltage.

However, in experiments, there was a noticeable threshold laser power (67.5 mW) before a non-zero
steady-state voltage could be measured, whereas a voltage was induced at any laser power in this model.
We believe that in experiments at low laser powers (low temperatures), the thermal conductivity of CNTs
was much greater than the conductivity at higher temperatures, indicative of a fall-off with temperature. At
low temperatures, the lower silicon and the CNT forest were believed to have similar, but opposite in sign,
induced voltage contributions, so a very small net voltage was induced. However, this first model assumed
a constant CNT thermal conductivity, as shown in part (d) as a function of average temperature, so it is

quite unrealistic and therefore needs to be refined.

As previously discussed in Chapter 3.3.1, because the thermal conductivity of CNTSs in general is much

lower than that of copper or silicon, its Seebeck coefficient will dominate the effective coefficient of the
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entire device, shown in part (c) as a function of average temperature. If the CNT Seebeck coefficient is too
small, then the simulated induced voltage difference can be underestimated and this could explain why the
slope of AV vs. Qsp is shallower in simulation. The effective Seebeck coefficient was a constant 24 pV/K
and equal to that of the CNT Seebeck coefficient. Alternatively, an overestimated inputted thermal
conductivity, shown in part (d), can result in an underestimated temperature difference, shown in the bottom

of part (b) as a function of laser power. This also has the effect of an underestimated voltage difference.

Since all material parameters were assumed to be constant with temperature, increases in the junction
temperature difference resulted in proportional increases in induced voltage difference across the two
junctions. In part (b), it may be initially intuitive from this simple model that the hot and cold junction
temperatures, as well as the average and maximum temperature, should increase proportionally with
increasing laser power. However, all open-facing boundaries underwent surface-to-ambient radiation with

a T* dependence, so this is why those temperatures were tapering off with increasing setpoint laser power.
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Figure 38: Model 1 (a) induced voltage difference from simulation (red X’s) and experiment (blue O’s), (b) (top) hot junction
(red X’s), cold junction (blue o’s), maximum temperature (black O’s), (bottom) temperature difference as functions of incident
laser power, (c) effective Seebeck coefficient, (d) inputted longitudinal (red X’s) and perpendicular (bl/ue O’s) CNT thermal
conductivity as functions of average temperature
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5.3.2. Model 2: Room Temperature Experimental Material Parameters

The second model was nearly identical to the first model, but with experimental room temperature
material parameters inputted when available. Therefore, we shouldn’t expect much of a difference in the
results, which are shown below in Figure 39. In part (a), the induced voltage difference from the simulations
was now smaller in magnitude and further away to that from experiment. This is because the Seebeck
coefficient of CNTs measured experimentally (shown in part (c) as an effective 16.5 pV/K) was smaller
than those reported in the literature (24 pV/K from before). Because the inputted CNT thermal conductivity
in part (d) was unchanged from Model 1, the thermal behaviour of the system was also unchanged.
Therefore, the temperature behaviour shown in part (b) was unchanged. If the effective a is smaller and AT
is unchanged, then AV must decrease accordingly. Since we know that this was the actual Seebeck
coefficient of our device, rather than one assumed from literature, we can conclude that the temperature

gradient in this model was underestimated due to an overestimated thermal conductivity of CNTSs.
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Figure 39: Model 2 (a) induced voltage difference fiom simulation (red X'’s) and experiment (blue O'’s), (b) (top) hot junction
(red X’s), cold junction (blue o’s), maximum temperature (black O’s), (bottom) temperature difference as functions of incident
laser power, (c) effective Seebeck coefficient, (d) inputted longitudinal (red X’s) and perpendicular (bl/ue O’s) CNT thermal
conductivity as functions of average temperature
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5.3.3. Model 3: Room Temperature Experimental Material Parameters, Tuned kcnT

In Model 3, the same experimental material parameters were inputted when available. This time, the
longitudinal thermal conductivity of CNTs was tuned so that the simulated steady-state induced voltage
difference equaled the experimental value to a precision of +1 pV. The perpendicular CNT thermal
conductivity was assumed to be an order of magnitude smaller, which is similar to what is reported in the
literature [85, 107]. From the previous model, the simulated voltage difference below 200 mW of incident
laser power was too large given a longitudinal CNT thermal conductivity of 0.5 W-m™-K1. The thermal
conductivity was underestimated, which resulted in a higher temperature gradient between the two junctions
and therefore a higher than desired voltage difference. On the other hand, the simulated voltage difference
beyond 200 mW of incident laser power was too small, so the thermal conductivity was overestimated in
that range.

Since non-zero steady-state voltages were measured only above 67.5 mW of incident laser power, the
6.8-47.3 mW laser powers were not simulated for this model and the next one. In part (c) of Figure 40
below, we can see that the effective Seebeck coefficient of the device was unchanged since the CNT
Seebeck coefficient was also unchanged. As mentioned before, at each value of laser power, the thermal
conductivity of nanotubes was varied until the simulated voltage closely matched the value measured
experimentally. The tuned thermal conductivity shown in part (d) as a function of average temperature
exhibited a fall-off with increasing temperature. At around 360 K and corresponding to an incident laser
power of 67.5 mW, the thermal conductivity obtained in this manner was high. At a value of 5 W-m*-K,
the AT was sufficiently small so that the AV was also sufficiently small (< 1.5 uV) to match the
experimental result. However, beyond 200 mW of incident laser power, the thermal conductivity had to fall
below 0.5 W-m*-K-, which was the conductivity used in the previous models. Compared to before, AT in
part (b) was larger, so AV in part (a) was also larger and now matched with the experiment. The original
explanation for the “Heat Trap” effect was partially based on a decrease in thermal conductivity with
increase in temperature [30, 132]. Therefore, the behaviour obtained here is very significant, in that it

represents an independent confirmation of that mechanism for the “Heat Trap” effect.
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Figure 40: Model 3 (a) induced voltage difference firom simulation (red X’s) and experiment (blue O’s), (b) (top) hot junction
(red Xs), cold junction (blue o’s), maximum temperature (black O’s), (bottom) temperature difference as functions of incident
laser power, (c) effective Seebeck coefficient, (d) tuned longitudinal (red X’s) and perpendicular (blue O’s) CNT thermal
conductivity as functions of average temperature

5.3.4. Model 4: Temperature-Dependent Material Parameters, Tuned kcenT
Temperature-dependent model parameters from a mixture of experimental and reference data were used
with piecewise cubic interpolation functions. We assumed here that the Seebeck coefficient of CNTs does
not change significantly beyond around 400 K, as reported previously [87, 88], so extrapolation was set to
a constant. Although the experimental measurement of the temperature-dependent Seebeck coefficient of
silicon was not performed to very high temperatures, we can safely assume a continuous linear relationship,
as reported previously [86]. All other extrapolation was performed using a nearest function approximation,

where COMSOL automatically numerically fits a polynomial for information beyond the inputted data.

Similar to Model 3, tuning of the CNT thermal conductivity was performed assuming an order of
magnitude greater conduction longitudinally. The steady-state voltage and temperature results are shown
below in Figure 41. In part (c), the effective Seebeck coefficient was much higher now due to the

temperature-dependent CNT coefficient increasing up to a constant 54 uV/K at 400 K and higher. With a
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higher Seebeck coefficient compared to Model 3, a smaller temperature gradient in part (b) was required to
induce the same voltage in part (a). Therefore, CNT thermal conductivity in part (d) was higher than in
Model 3, but with the same fall-off behaviour with increasing temperature. In this final model, the cold
junction temperatures shown in blue o’s of part (b) reached a maximum of 518 K (245 °C) at the highest
incident laser power. In experiments, the bottom face of the bottom copper electrode was in direct contact
with the PEEK insulator, which, at steady-state, would be at the same temperature as the cold junction.
Since these simulated temperatures were much below the melting point of PEEK (334-350 °C [83]) and the

insulator was not observed to be melting in the experiments, we believe the simulations to be realistic.
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Figure 41: Model 4 (a) induced voltage difference firom simulation (red X’s) and experiment (blue O’s), (b) (top) hot junction
(red X’s), cold junction (blue o’s), maximum temperature (black O’s), (bottom) temperature difference as functions of incident
laser power, (c) effective Seebeck coefficient, (d) tuned longitudinal (red X’s) and perpendicular (biue O’s) CNT thermal
conductivity as functions of average temperature

The voltage and temperature difference can also be studied as a function of time, as shown below in
Figure 42. Upon 337.5 mW of incident laser power, the temperature gradients across copper shown in part
(a), and silicon and the CNT forest shown in part (b) were studied up to 3 seconds. As predicted earlier in
Chapter 4.3, the temperature gradient across the bottom copper was nearly instantaneously negative and

larger in magnitude compared to the upper copper electrode. In part (c), the induced voltage difference
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across copper contributed a negligibly small voltage to the net voltage, shown in black in part (d). In part
(b), we see that the bottom silicon and the CNT forest had nearly instantaneous, large temperature gradients
across them, while the gradient across the top silicon was negligibly small. The gradient across the CNTs
was growing over time and, as a result, the induced voltage across the CNT in part (d) was slightly larger
in magnitude than that of the bottom silicon. The net induced voltage in part (d) is the sum of each of the
contributions at each time point. Beyond 2.6 seconds, the positive contributions were larger than the

negative contributions, so a net positive voltage appeared.
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Figure 42: Time-dependent Model 4 temperature difference across (a) copper, (b) silicon, CNT, and entire device, induced
voltage difference across (c) copper, (d) silicon, CNT, and entire device under incident laser power of Qo = 337.5mW

The net temperature differences (T16) and induced voltage differences (Ve or Viet) can be studied as a
function of time on a longer time scale for the same incident laser power of 337.5 mW. This is shown below
in Figure 43 with a 10 second step size. In part (a), the temperature gradient across the bottom silicon (red)
is smaller than the gradient across the CNT forest (green), where the gradient across the top silicon (blue)
is almost negligible. The overall net temperature difference across the entire device, shown in black, was
slightly smaller than that across just the CNTSs. In part (b), we can see the effect of the temperature gradients

in the induced voltage differences across the same materials. Although the top silicon had a very small
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temperature gradient, the large Seebeck coefficient of silicon still meant there was a fair amount of positive
voltage contribution. The voltage across the bottom silicon was fairly large, negative, and growing in
magnitude. However, although the CNTs had a relatively lower Seebeck coefficient compared to silicon,
the larger temperature gradient across the CNTs meant there was a large, positive, and growing voltage
across them. We can see that the sum of the green and blue curves was larger than the red curve. Therefore

in black, we can clearly see that the net induced voltage across the device was positive.
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Figure 43: Time-dependent Model 4 (a) temperature difference across silicon, CNT, and entire device, (b) induced voltage
difference across silicon, CNT, and entire device under incident laser power of Qo = 337.5mW

Figure 44 below is the time-dependent net temperature difference and net induced voltage difference
behaviour of the entire device under varied setpoint laser powers. The time scale plotted below runs up to
0.5 second (a, ¢) with a 0.001 second step size, and up to 100 minute (b, d) with a 10 second step size. In
parts (a) and (b), the net temperature gradients were always positive, meaning the lower part of the device

was always warmer than the upper part.

In the 0.5 second time scale of the induced voltage in part (c), we observed the same initial rapid dip to
negative voltages that was previously seen in experiments The dip grew in magnitude with increasing laser
power in the same way as in experiments. It was unclear why there was an additional dip and spike in
voltage under irradiation from the highest two powers, but perhaps we can suggest that there was close
competition between the negative voltage contributions from the lower silicon with the positive voltage
contributions from the CNT forest. Nevertheless, we observed a turning point at 0.3 second where it was
clearly seen that the high laser powers induced a larger negative voltage. The voltage crossover point was
around 2.5-3 second for all laser powers, whereas 100-120 second was observed in experiments. From
before, we know that the thermal effects based on Equations (4-2) through (4-4) and observed in simulation
assumed Ohmic electrical contact and perfect thermal contact between materials. This discrepancy in the

crossover time suggests that electrical and thermal resistances were definitely present in the experimental
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device, which can be challenging to simulate. Nevertheless, the trend of a dip to negative voltages

increasing in magnitude with increasing laser power was observed both in experiments and in simulation.

Over a span of 100 minutes, the induced voltage shown in part (d) was seen to steadily increase towards
larger and larger values and eventually settle at a steady-state value beyond this time scale. The simulation
could be extended to an even longer time scale, but this comes at the expense of computation time. The
local maximum in output voltage in the 5-10 minute time mark was primarily due to the identical
fluctuations in the temperature, as shown in part (b). The local maxima in temperature differences and
subsequent dips beyond suggest that either the temperature gradient across the CNT forest decreased
slightly and/or the temperature gradient across the bottom silicon decreased. In both cases, the effect was a
decrease in net induced voltage. Nevertheless, the net temperature gradient increased again after 20-30

minutes for all laser powers, so voltage also increased.
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Figure 44: Time-dependent Model 4 (a, b) net temperature difference across entire device, (c, d) net induced voltage difference
across entire device with varying incident laser power Qo

While not performed in the experiment, the x and y position of the laser were also varied in simulation

to study the effects on the induced voltage. Shown below in the left and right of Figure 45 are the voltage
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changes when the centre of the laser was moved relative to the absolute centre of the CNT forest sidewall.
Intuitively, moving the laser along x showed symmetry with respect to the original position. As the laser
was moved either to the left or to the right, more and more of the heat spot spread to the peripheries. At

distances of x = £3 mm, only half of the laser spot was incident upon the CNT forest sidewall.

Moving the laser along y showed a similar symmetry trend. At the lowest end at y = -0.8 mm, the laser
essentially only irradiated the silicon, which, if performed in experiments, would reflect back most of the
laser light. Whatever marginal heat was absorbed was easily drawn away by the larger lower copper
electrode. A similar situation occurred at the highest end at y = 0.8 mm. As the laser was moved vertically
closer to the centre of the forest, a maximum voltage was induced at a distance of 0.3 mm away in either
direction. At this distance, the elliptical-shaped heat flux was entirely incident on only the CNT sidewall
(no beam spot on silicon) and the absolute furthest it can be away from the centre of the forest. In
experiments, a distance of approximately -0.35 mm was used, as indicated by the green star, as this was the
distance to which the beam spot was centred on the junction between silicon and CNTs. For future
experiments, the laser beam should be steered in a more careful and precise manner in order to maximize
the output voltage of the thermoelectric device.
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Figure 45: Steady-state Model 4 induced voltage difference under incident laser power of Qo = 337.5 mW
aimed at varying (left) x-coordinates and (right) y-coordinates, where the green star indicates the experimental coordinate

5.4. Perpendicular Conduction Device Model

Similar to the previous model, the perpendicular conduction device described in Chapter 4.4 was drawn
in COMSOL to scale and shown below in Figure 46 with the following material dimensions: ITO (A = 10x4
mm?, t, = 0.7 mm), silicon (A = 6x6 mm?, t, = 0.5mm), and CNT (A = 6x6 mm?, t, = 0.7 mm). The 2D
Gaussian exponentially-decaying heat flux from Equation (5-18) was also used in this model, and the zo
coordinate where the beam was incident was set to the location of the exact junction between the front ITO

electrode and the CNT forest sidewall. This coordinate was chosen since in experiments, the laser travels
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through the transparent ITO window and heats up the junction, rather than just the front ITO face. To take
the optical transmission losses off all experimental optical components and through the front ITO into
account, the transmission coefficient was set to 56.7 % (from Chapter 4.4). Table 9 below lists the relevant
material parameters, where the simulation model assumed the room temperature reference values of ITO
that were available. Similar to before, all surfaces have a surface-to-ambient radiation heat transfer
boundary condition, except for the bottom face, which was thermally insulated. The front ITO electrode

was set at a ground reference point and voltage was measured at the back ITO electrode.

Table 9: Indium tin oxide room temperature material parameters

Parameter ITO

o (uV-K?) 81.1[133]

o (S'm?) 4.63x10° (12 Q/sq, t = 180 nm)
K (W-m?t-K?) 10.2 [134]

cp (J-kgt-K?) 340 [135]

p (kg'm?) 6800 [136]

er (Permittivity) 9.3 [137]

¢ (Emissivity) 0.25[138]

Ac (cm™?) 664 [139]

Rc 0.104 (n = 1.95 at 532 nm) [140]

Figure 46: Perpendicular conduction device schematic sketched in 3D

5.4.1. Model 5: Perpendicular Conduction with ITO Electrodes

From the thermal conductivity of CNTSs as a function of average temperature in part (d) of Figure 41, a
piecewise cubic interpolation curve can be fit, alongside nearest function extrapolation for higher
temperatures. Therefore, temperature-dependent interpolation curves for the Seebeck coefficient, electrical
conductivity, and thermal conductivity for both silicon and CNTs were inputted into this model. Figure 47
below shows the surface temperature (left) and potential (right) plots upon 283.5 mW of incident laser
power irradiation, where the device dimensions are in units of mm. In the surface temperature plot, the hot
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spot on the CNT forest can be seen to extend longitudinally towards the top of the CNT forest and also in
the other directions perpendicularly, but to a lesser extent. By arranging the ITO contact electrodes in this
configuration, we have successfully taken advantage of the anisotropic thermal conductivity of CNTs and
created a large enough temperature difference (~24 K) between the two CNT-ITO junctions to induce a

thermoelectric voltage (~4.6 mV) at this laser power.

We would intuitively think that upon irradiance by such high laser powers that the “Heat Trap” effect
would arise and the temperature gradient should be much larger. However, we believe that the ITO, with a
thermal conductivity of 10.2 W-m™-K™ at room temperature [134], was acting like an undesirable heat sink
at the hot junction and drawing away much of the hot junction temperature. We believe this may be
dominating over or completely overshadowing any of the benefits of the “Heat Trap” effect. Perhaps a
different transparent conductive oxide thin film electrode with a lower thermal conductivity would be a
better choice for a future device, so that an even larger temperature gradient could be sustained.
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Figure 47: Model 5 (left) surface temperature and (right) surface potential under incident laser power of Qo = 283.5 mW

The laser was aimed at the absolute centre of the CNT forest sidewall both in experiments and in
simulation. Shown below in Figure 48 is the simulated steady-state temperature profile along the z-axis
starting from the front ITO electrode (solid red), into the CNT forest (dashed green), and lastly through the
back ITO electrode (dotted blue), again under an incident laser power of 283.5 mW. The exponential
absorption of heat into the CNT forest, shown as an exponential decrease in temperature into the depth the
CNT forest, can be seen in the dashed green line. Upon first glance, one would assume that the temperature
should be hottest at the exact junction between the front ITO and the CNT forest where the laser was
incident, or in other words, at the intersection of the red and green curves below. However, the location of
the highest temperature was actually about 0.25 mm deeper into the forest. Again, we believe that ITO was

acting like an undesirable heat sink at the hot junction and causing this effect.
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Figure 48: Model 5 temperature along z-axis through front ITO (solid red line), through the CNT forest (dashed green line), and
through back ITO (dotted blue line) under incident laser power of Qo = 283.5 mW aimed at absolute centre of CNT sidewall

A table of the steady-state hot and cold junction temperatures, temperature difference, maximum
temperature, and voltage difference for this model is shown in Appendix C. The average output voltage
from experiment is plotted in the blue O’s of part (a) of Figure 49 below. Using a combination of
experimental results from a different device, alongside Model 4 simulation results to determine the thermal
conductivity of CNTSs, the simulated steady-state voltage of this new device was modelled and shown in
red X’s in the same plot. Without tuning any parameters, the simulated voltage matched very well with the
experiment. This is a truly remarkable result that serves as a good confirmation of the parameters obtained
previously. Shown in part (b) on top are the hot junction, cold junction, and maximum temperature, and on
bottom is the temperature difference. Compared to the previous device, the junction temperatures in this
new device were larger. As discussed previously, the Seebeck coefficient and electrical conductivity of
CNT forests increased with temperature and the thermal conductivity decreased with temperature. All three
of these trends at higher temperatures are beneficial towards enhancing the figure-of-merit and therefore

the device efficiency.

In this configuration, we intentionally placed the ITO contact electrodes in such a manner that heat
must conduct in the perpendicular direction. Although the thermal conductivity of CNTs can be up to two
orders of magnitudes smaller in the perpendicular direction, this simulation was run with a more
conservative estimate of a one order of magnitude difference. As a result, this had an effect of a larger
temperature gradient, shown in the bottom of part (b), compared with the previous device. Lastly, the
effective Seebeck coefficient of the entire device, shown in part (c), was also larger compared to the
previous device and in the range of a few hundred uV/K. While ITO was electrically connected in series
with the CNT forest (perpendicularly), the forest was also connected to its silicon substrate. Therefore, ITO

was in series with the parallel combination of silicon and CNTs. Equations (3-1) through (3-6) are not
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immediately effective to predict the effective Seebeck coefficient. However, it is clear that the Seebeck
coefficient was not dominated solely by that of CNTs this time, but had some weighting from the silicon
and ITO, both of which have much higher coefficients than MWCNTSs.
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Figure 49: Model 5 (a) induced voltage difference firom simulation (red X’s) and experiment (blue O’s), (b) (top) hot junction
(red X’s), cold junction (blue o’s), maximum temperature (black O’s), (bottom) temperature difference as functions of incident
laser power, (c) effective Seebeck coefficient, (d) input longitudinal (red X’s) and perpendicular (blue O’s) CNT thermal
conductivity as functions of average temperature

While not performed in experiments, the x and y position of the laser was once again varied in
simulation to study the effects on the induced voltage. Shown below in the left and right of Figure 50 are
the steady-state induced voltage changes when the centre of the laser was moved relative to the absolute
centre of the CNT forest sidewall. Moving the laser along x showed symmetry around the centre position
at x = 0 mm. Just like before, as the laser was moved either to the left or to the right of the centre, more and
more of the heat was lost as it no longer irradiated the CNT forest. At distances of x = £3 mm, only half of

the laser spot was incident upon the CNT forest sidewall.

Moving the laser along y showed a different trend. At the lowest end at y = -0.3 mm, the laser was

mostly irradiating the silicon-CNT junction, whereby heat was more easily carried away by silicon with its
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high thermal conductivity (x = 148 W-m™-K™ at room temperature [84]). The temperature gradient was
lower and therefore the induced voltage was also lower relative to the original centre position. As the laser
was moved vertically upwards, more and more heat was retained by the CNT forest (k <2 W-mt-Klat T
> 400 K). Due to a larger temperature gradient, the voltage difference was also larger. Steady-state induced
voltage reached a maximum at a distance of 0.2 mm above the central position, and then decreased. We
believe that at the maximum, the laser was at an optimal position so that heat drawn away into the silicon
pathway and heat radiated away from the top CNT surface were both minimized, so the temperature
gradient was at a maximum. At the highest position at y = 0.3 mm, too much heat was radiated away from

the top surface. Thus, the temperature gradient and voltage difference were both low in comparison.
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Figure 50: Steady-state Model 5 induced voltage difference under incident laser power of Qo = 283.5 mW
aimed at varying (left) x-coordinates and (right) y-coordinates, where the green star indicates the experimental coordinate
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5.4.2. Model 5: Effect of Substrate and Material Properties

In the perpendicular conduction device, the underlying silicon substrate may be detrimental towards
the overall device efficiency. Intuitively, heat generated at the front ITO-CNT junction will be drawn
longitudinally along the length of the nearest nanotubes, more so than perpendicularly between adjacent
nanotubes. Heat reaching the exposed top of the forest will be dissipated by radiation. Heat reaching the
root of the forest will be drawn into the silicon pathway and, due to the high thermal conductivity of silicon,
the silicon will act as a thermal shunt and effectively reduce the temperature difference between the two
ITO-CNT junctions.

It is not immediately clear how much of the induced photo-thermovoltage in experiments was due to
the silicon substrate, which has a high Seebeck coefficient. In order to isolate the effects of the underlying
silicon substrate, it was removed from the simulation model completely, while all other materials and
parameters were held constant. The induced voltage as a function of incident laser power is shown in part

(a) of Figure 51 below, where the red X’s represent the simulated voltage with silicon and the blue O’s
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represent the simulated voltage without the silicon substrate. Without the substrate, the voltage was a few
mV higher than with silicon. As well, the shape and trend of the curve was not matched with that from
experiment (black 0’s). From this, we can conclude that the experimental voltages were indeed a
consequence of a combination of the thermal and electrical properties of both the CNT forest and its silicon

substrate.

Shown in part (d) of the same figure are the temperature profiles of the hot side, cold side, and maximum
temperatures on the top, and the temperature difference on the bottom as functions of incident laser power
without the underlying silicon substrate. Without the substrate, the low thermal conductivity of the CNT
forest in the perpendicular direction promoted a much higher temperature gradient than in the configuration

with the substrate, as shown in part (b) and, consequently, a slightly higher induced voltage.
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Figure 51: Model 5 (a) induced voltage difference from simulation with silicon substrate (red X’s), with quartz substrate (green
0’s), without a substrate (blue O’s), from experiment with silicon substrate (black O’s) as functions of incident laser power, (b-d)
(top) hot junction (red Xs), cold junction (blue o’s), maximum temperature (black O’s), (bottom) temperature difference as
functions of incident laser power with silicon substrate, with quartz substrate, and without a substrate
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Since it is apparent that the silicon substrate played a detrimental role in drawing away heat from the
hot junction, a wise choice would be to remove it from future thermoelectric devices completely. However,
in practice, it is relatively challenging to fabricate a device with a free-standing CNT forest. Not only is the
material very lightweight and prone to “flying away,” but due to the mostly empty space of the forest, it is
highly compressible and difficult to attach electrodes to. It is, however, feasible to deposit the thin film
catalyst (described in Chapter 2.2) onto an insulator, such as quartz. In simulation, the silicon substrate in
Model 5 was directly replaced with quartz, which was then excluded from the AC/DC physics module. The
room temperature material properties of quartz are as follows: pg = 2210 kg-m=3, ¢, = 730 J-kg-K?, x =
1.4 W-m-K? ¢£=0.93. The induced voltage as a function of incident laser power is shown in green o’s in
part (a) of the same figure. Rather than exponentially growing in magnitude with increasing incident laser
power, the voltage remained relatively linear in this range. Below around 180 mW of power, the voltage

was higher with quartz than with silicon, but beyond this value, the situation was reversed.

Comparing the temperature profiles between the device with silicon in part (b) and with quartz in part
(c), the hot side temperatures were similar. However, due to the much lower thermal conductivity of quartz,
the cold side temperatures for the device with quartz were much lower than with silicon. One would initially
assume that a high temperature gradient would result in a high induced voltage. However, quartz, being an
insulator, does not provide any voltage, whereas silicon, with its high Seebeck coefficient, did so. Therefore,
although quartz helped promote a high temperature gradient, the relatively small Seebeck coefficient of the
CNT forest in the perpendicular direction was not able to harness the temperature gradient to induce a
voltage to an appreciable amount. Compared with the device without a substrate in part (d), the temperature
gradient with quartz was smaller because, although it has a low thermal conductivity, the thermal
conductivity of quartz was still higher than the perpendicular CNT conductivity. Some incident heat was
shunted into the quartz pathway, although much less than if the substrate was silicon. From this, we can
conclude that if one wishes to maximize the induced voltage using the same MWCNT forests, not only does
the device have to be able to sustain a high effective temperature gradient (as it was with quartz in
simulation), but it is beneficial to have a high effective Seebeck coefficient (as it was with silicon). An
investigation into a more ideal substrate, i.e. one with a low thermal conductivity and high Seebeck
coefficient, would be necessary for future simulations and experiments. Alternatively, a very low thermal

conductivity insulator could be used as a support for CNT forests with an optimized Seebeck coefficient.

Shifting our focus back to the original configuration with the silicon substrate, we now observe the
thermal effects of the attached silicon and ITO pieces. Since both of these materials have relatively high
thermal conductivities, it was believed that they undesirably drew away heat from the hot side of the CNT

forest. Shown below in Figure 52 are the temperature cross-sections of the CNT forest along the x-direction
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in part (a) (from left to right on the hot face, centred vertically half way up the forest), along the y-direction
in part (b) (from bottom to top on the hot face, centred horizontally in the middle of the forest), and along
the z-direction in part (c) (from the hot face to the cold face, centred in the absolute middle of the forest).
The inset schematic in the same figure shows these directions as white arrows. In each of these directions,
a cross-sectional temperature slice was taken for various configurations: the original CNT configuration
with silicon and ITO (solid red lines), with only ITO (dotted green lines), with only silicon (dot-dashed
blue lines), and a bare CNT forest (dashed black lines).

In part (a), there was symmetry in the x-direction for all configurations. The temperature at x = 3 mm
was the exact centre of the hot side CNT sidewall or, in other words, the exact location at which the laser
was centred and therefore the point of maximum temperature. This was the same temperature at y = 0.35
mm in part (b) and z = 0 mm in part (c). Between the four configurations, the maximum temperature was
smallest when both silicon and ITO were in contact with the CNT forest, since both materials drew away
heat from the hot junction. With ITO and no silicon, the overall temperature was elevated by over 100 K.
This was because in the presence of silicon, heat applied at the front junction was easily drawn away into
the silicon pathway (high thermal conductivity) and distributed throughout the CNT forest. With silicon
and no ITO, the situation was similar to the original configuration. However, the low perpendicular thermal
conductivity of the CNTs maintained a high temperature gradient in this direction (the difference in
temperature between the centre and the peripheries). The temperature at the peripheries was much lower
than at the centre since it was not spread out and drawn into the ITO pathway. Finally, for a bare CNT
forest, the temperature gradient in this direction was the largest among the four configurations. Again, this
was due to the low perpendicular thermal conductivity of the CNTs causing the majority of the heat to be

confined within the heated region.

Along the y-direction in part (b), there was near-symmetry about the centre of the forest for the original
configuration. Since the longitudinal thermal conductivity of the CNTSs is higher in this direction compared
to the perpendicular direction, heat was drawn into the silicon pathway fairly easily, so the temperature at
the top of the forest at y = 0.7 mm was slightly higher. For the configuration with only ITO, there was also
near-symmetry, but the temperatures were naturally higher. This time, the temperature at the top of the
forest was colder than at the bottom. The top surface released heat by radiation, whereas the bottom of the
forest was thermally insulated. However, with only silicon, the bottom of the forest was over 50 K colder
than the top of the forest due to the underlying silicon drawing away heat from the bottom of the forest.
The CNT forest on its own was relatively constant in temperature along the y-direction with only 2 K higher
temperature at the middle of the forest; there was no material to release the incident heat into. Due to the

one order of magnitude larger longitudinal conductivity compared with the perpendicular conductivity, the
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majority of the incident heat conducted along this direction. The temperature gradient in the y-direction was
therefore much smaller than that in the x-direction shown in part (a).

Along the z-direction in part (c), naturally, all configurations were hotter at the side of the forest exposed
to laser irradiation than at the back of the forest. As discussed before, the hottest z-coordinate of the original
configuration was around 0.2 mm into the forest. This was explained by the fact that the front ITO electrode
served as an undesirable heat sink and lowered the temperature of the hot junction. With only ITO, there
was also a maximum in temperature into the forest; the temperature gradient was the highest of all the
configurations at around 300 K. With only silicon, the situation was similar to the original configuration,
but with a lower cold junction temperature. Lastly, for a CNT forest on its own, the temperature was greatest
at the front face of the forest and decayed exponentially, as expected from the model of the laser source
used in these simulations (Equation (5-18)). Its temperature gradient was not as high as in the configuration
with ITO electrodes. Although the front ITO reduced the hot junction temperature, the back ITO also
effectively reduced the cold junction temperature more than if the ITO was not in place. These results show

that there was definitely an effect of the underlying silicon substrate and of the attached ITO electrodes.
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Figure 52: Model 5 temperature along (a) X, (b) Y, (c) Z with CNT, silicon, and ITO (solid red line), CNT and ITO (dotted green
line), CNT and Si (dot-dashed blue line), no silicon and ITO (dashed black line) under incident laser power of Qo = 283.5 mW
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The longitudinal and perpendicular thermal conductivity of the forest were varied to a wide range of
values in order to gain insight into the sensitivity of the device to its material parameters. In Figure 53
below, the longitudinal thermal conductivity of the CNTs was varied between 0.01 - 100 W-m?*.K!
(constant with temperature), while the perpendicular conductivity was assumed to be an order of magnitude
smaller as before. Shown in black ¢’s is the average induced voltage from experiment. Naturally, at lower
and lower thermal conductivities, the nanotubes were able to prevent more heat from escaping upwards
towards the top of the forest and radiating, and downwards towards the silicon and away from the hot
junction. Higher temperature gradients were maintained at lower thermal conductivities, so the induced

voltage was enhanced.
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However, within a 3-order-of-magnitude variation in thermal conductivity, surprisingly there was not
much of a change in the induced voltage. To further study this, a cross-section of the temperature profile
along the z-direction was taken for the original configuration, with the silicon removed, and with the ITO
removed, shown as parts (a), (b), and (c) respectively in Figure 54 below. The longitudinal thermal
conductivity of the CNT forest was once again varied between 0.01 - 100 W-m*- K1, which was one order
of magnitude larger than the perpendicular conductivity. Consistent within all three configurations, there
was an observed maximum in temperature around z = 0.2 - 0.5 mm into the forest. The maximum increased
with decreasing CNT thermal conductivity. The temperature difference along z, i.e. the difference in
temperature between z = 0 mm and z = 4.6 mm, is shown in part (d) as a function of longitudinal CNT
thermal conductivity for the three configurations: the original CNT configuration with silicon and ITO (red
X’s), with only ITO (green o’s), and with only silicon (blue O’s). For the first case, the temperature
difference was relatively lower than the latter two. With just ITO, the temperature difference was much
higher, as discussed earlier. Only when the perpendicular thermal conductivity reached a similar order of

magnitude as that of ITO (10.2 W-m?®-K at room temperature [134]) did the temperature difference
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become quite small. In that case, incident heat easily spread through the CNT forest perpendicularly as it
did through the ITO. Lastly, with just silicon, although the temperature difference started off very high, it
also dropped rapidly. These results reveal that the current device schematic was not optimal. Thermal
contact with the silicon substrate and with the ITO electrodes has been shown to decrease the effective
junction temperature difference.
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Figure 54: Model 5 temperature along Z with (a) CNT, silicon, and ITO, (b) CNT and ITO, (c) CNT and Si under incident laser
power of Qo = 283.5 mW with varied xcnr, (d) temperature difference along Z as a function of xcnt for all three configurations

5.5. Future Model Improvements

The simulations presented in this chapter have shown that it is possible to model the effects of inducing
a photo-thermovoltage by laser irradiation on a forest of carbon nanotubes. However, as is the case with
any model, assumptions and simplifications were made. The purpose of this subchapter is to shed some

light on possible avenues for refinements and improvements to the existing models.

In the experimental measurement of conduction in the longitudinal conduction device, a height-
adjustable stainless steel screw served as the voltage probe in contact with the top copper electrode. The
screw was not included in the simulations as it was believed to be isothermal in experiments. Any voltage

that would appear across the screw would therefore be negligible. As an addendum, the device geometry in

81



Model 4 was further refined to study any potential heat-related effects of the stainless steel screw. A cylinder
(diameter = 2 mm, length = 25 mm) with a 0.5 mm long cone (diameter = 1 mm at the tip) was placed in
direct contact with the top surface of the top copper electrode. This body was given a surface-to-ambient
radiation heat transfer boundary condition on all its exposed boundaries. Room temperature material
properties of Type 304 stainless steel are as follows: pg = 7900 kg-m=[84], ¢, = 502 J-kg*-K? [141], x =
15 W-mt.K1 [84], £ = 0.27 [141].

Shown in parts (a) and (b) of Figure 55 below are the temperature difference and induced voltage
difference as functions of incident laser power, respectively. The red X’s represent the values from the bare
device as before and the green o’s represent the values with the additional probing screw. The thermal
conductivity of CNTs was not tuned, but was set to the curve that had been derived from Model 4. The
screw effectively acted as a heat sink, decreased the temperature at the cold junction and, therefore, helped
increase the temperature difference between the two junctions. There was as much as a 30% enhancement
in the induced voltage, as shown in green o’s in part (b). However, in experiments, the screw was not flat
and perfectly in contact with the top copper electrode, so there was most likely less of an enhancement in

the induced voltage with the presence of the screw.

While most thermal systems simulated in COMSOL assume the use of thermal insulation on boundaries
that do not radiate heat, in reality, devices are not free-floating and perfectly thermally insulated. The
previous models could be further improved by considering the effects of the sample holders the devices
were resting on. For example, in experiments, the longitudinal conduction device was resting on a slab of
a thermally-insulative polymer, PEEK. The perpendicular conduction device was resting on a slab of
Macor®, a high-temperature and vacuum-compatible ceramic insulator. Although both materials were

insulators, they still have some thermal conductivity.

Considering the first device again, the cross-sectional area of the insulator was identical to that of the
bottom copper electrode. As a test, a 2 mm thick slab of PEEK was added below the device in simulation
just like it was in experiments. The exposed surfaces of the PEEK were given a surface-to-ambient radiation
heat transfer boundary condition. The bottom surface, which was the surface in contact with the aluminum
sample holder and the UHV chamber, was set to thermal insulation. Room temperature material properties
of PEEK are as follows: pg = 1320 kg-m, ¢, = 1500 J-kg?-K?, k= 0.25 W-m?1-KL, £ = 0.95 [142]. Shown
is blue O’s in the same figure are the temperatures in part (2) and voltages in part (b) as functions of the
same incident laser powers. Again, the thermal conductivity of CNTs was set to the curve derived from
Model 4. With the presence of PEEK, in steady state, incident heat applied to the nanotubes was drawn into

the bottom silicon, then into the bottom copper, and finally into the PEEK. The temperature gradient across
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the two copper contact electrodes was smaller than the bare device and, therefore, the voltages were as
much as 70% smaller.

From here, a new CNT thermal conductivity curve will need to be derived based on these updated and
potentially more realistic device schematics. Shown below in Figure 56 is a surface temperature plot on the
left and a volume potential plot on the right of the device with both the attached screw and PEEK insulator.
From the temperature plot, it is clear that the screw desirably draws away heat from the cold junction, but
the insulator undesirably draws away some heat from the hot junction. A similar situation may be present

in the perpendicular conduction device.

(a) Model 4: Temperature
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Figure 55: Model 4 (a) temperature difference and (b) induced voltage difference as functions of incident laser power with bare
device (red X’s), with screw probe (green 0'’s), and with screw probe and PEEK support insulator (blue O’s)
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Figure 56: Model 4 (left) surface temperature and (right) volume potential plot under incident laser power of Qo = 405 mW with
screw probe and PEEK support insulator

However, the concept of thermal contact resistance has also been omitted from these simulations.

Materials touching one another were modelled to be in perfect, direct contact with one another. In reality,
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materials have a surface roughness that can be on the order of nanometers to microns. This roughness puts
many small gaps between the two materials. Heat flux is effectively reduced as the thermal resistance is
increased. If, for example, the sample was in ambient air, there would be surface-to-surface radiation

between the two materials trough the gap.

In COMSOL, thermal contact resistance can be modelled [122]. Constriction conductance using either
the Cooper-Mikic-Yovanovich or the Mikic elastic correlation requires gap conductance as an input. The
surface roughness average height and average slope must be inputted, alongside contact pressure and
microhardness inputs. Considering that the surface roughness of the materials may be on a similar order of
magnitude as the diameters of a bundle of MWCNTS, for example, thermal contact resistance can arguably
be quite relevant and important when simulating CNT-based thermoelectric devices. Careful investigation

of the thermal contact resistance parameters could be the focus of future work.

5.6.  Summary

In this chapter, a computer model was described in which the two thermoelectric devices (longitudinal
conduction and perpendicular conduction) were first drawn to scale in 3D. In the COMSOL Multiphysics
software, the Heat Transfer module was coupled together with the AC/DC module to simulate the
thermoelectric effect with temperature as a coupling variable. A 2D Gaussian heat flux profile was utilized
to take into effect the focused laser beam’s elliptical-shaped radial heat spread and subsequent exponential

absorption into the respective materials at the hot junction.

For the longitudinal conduction device, the first and second models assumed room temperature material
parameters derived from the literature and our experiments, respectively. The third model used
experimentally-measured parameters, but with a tuned CNT thermal conductivity to match the simulated
steady-state thermoelectric voltages with those measured in experiments. Lastly, the fourth model assumed
temperature-dependent material parameters from a mixture of literature and our experiments. The CNT

thermal conductivity was tuned in the same manner and it was seen to fall-off with increasing temperature.

For the perpendicular conduction device, the model was largely based on the method and results from
the fourth model of the previous device. The predicted thermoelectric voltage matched very well with
experimental results at the same setpoint laser powers. We can conclude that our model can accurately
simulate thermoelectric energy generation induced by the irradiated heat from a laser beam. Steering the
laser heat spot in simulation showed that movements in the x direction away from the middle of the sample
junction result in symmetric decreases. In the y direction for both the longitudinal and perpendicular

conduction devices, there existed an optimal position where the induced voltage can be maximized. A future
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work should pay more careful attention to the positioning of the laser beam if one wishes to maximize the

induced thermoelectric voltage.

From these results, the room-temperature dimensionless figure-of-merit of our CNT forest in the
longitudinal direction can be estimated from the following experimental results. If T =300 K, o = 16.5
uV-K* (Chapter 3.3.2), 6 =352.2 S'm™* (Chapter 3.4.1), and x = 15 W-m™-K™* (approximate extrapolation
from Chapter 5.3.4), ZT is therefore approximately 1.9x10° at room temperature. Similarly and in the
perpendicular direction, if T=300 K, a = 8.0 pV-K™* (Chapter 3.3.2), 6 = 97.1 S‘m™ (Chapter 3.4.1), and
x = 1.5 W-m1-K (approximate extrapolation from Chapter 5.3.4), ZT is approximately 1.2x10 at room

temperature.

While the ZT of our carbon nanotubes certainly is not high or, in other words, they are not a very
efficient thermoelectric material, we have performed no optimization towards the fabrication of the material
or on the devices it was coupled with. Moreover, a low ZT does not necessarily imply a poor choice. Carbon
nanotube forests certainly have the potential for use in thermoelectric energy generation if they are to be
used in thermoelectric devices operated at higher temperatures where the Seebeck coefficient and electrical
conductivity increase, the thermal conductivity decreases, and the ZT increases. If the perpendicular
conduction directions are to be taken advantage of, ZT can be further enhanced. CNTs can also be a good
choice of material if cost and low toxicity are concerns, since the CVD process is fairly inexpensive and
carbon-containing precursors are widely abundant. As well as this, CNTs have a high power-to-weight ratio
since carbon itself has a very low atomic mass and carbon nanotube forests are mostly empty space.
Moreover, by enabling the unusual “Heat Trap” heating mechanism, they allow for higher temperature
gradients to be maintained than regular bulk materials, under optical irradiation, which enables novel types

of thermoelectric devices for the conversion of light to heat to electricity.
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Chapter 6 — Summary, Conclusion, and Future Work

Prior to this work, there have only been a handful of reports in the literature on the photo-thermoelectric
effect in carbon nanotubes, i.e. the conversion of light to heat to electricity in the solid state. Most of the
work has focussed on sheets or films of SWCNTSs for UV, visible, or infrared photodetector applications.
The research on the photo-thermoelectric effect in MWCNT forests has been limited to thermal diffusivity
[51-53] and thermal conductivity [54] measurements. This thesis describes two novel photo-thermoelectric
devices capable of producing a thermoelectric voltage by visible laser irradiation on aligned or forests of
multi-walled carbon nanotubes, based on two intrinsic material properties described later in this chapter. A
summary of the contributions of this work, as well as some suggestions for future studies, are presented

here.

6.1. Contributions
The contributions of this thesis and their immediate applications are as follows:

1. Chapter 2 described the growth mechanism by which millimetre-long forests of multi-walled
carbon nanotubes were grown by catalytic chemical vapour deposition. The growth apparatus and
recipe was described, where the mass flow controllers were calibrated for improved growth
accuracy. A custom LabVIEW program capable of systematically and automatically controlling
the substrate growth temperature was presented. Optimization of the growth temperature revealed
a specific temperature at which carbon nanotube forests grew the tallest. This technique and
apparatus currently enables other students at UBC to pursue other applications, including

thermionic electron emission from CNTs and the growth of graphene.

2. Chapter 3 described the theory and custom experimental apparatuses behind how the Seebeck
coefficient and the electrical conductivity were measured. The temperature-dependence of the
Seebeck coefficient of our CNT forests and their silicon substrates were independently measured
in ambient conditions using copper contact electrodes, which showed a good agreement with
published data in the literature. The coefficient of CNTs was also briefly studied as a function of
oxygen desorption under vacuum and subsequent oxygen adsorption upon reintroduction to
atmospheric conditions. The room temperature electrical conductivities of copper, silicon, and our
CNT forests were also measured, which also showed excellent agreement with the literature.
Information on the material properties of CNTs can be very useful when predicting the thermal and

electrical behaviour of a designed thermoelectric device in simulations.
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3. Chapter 4 presented two novel photo-thermoelectric devices, where visible laser irradiation heated
the junction between the CNT forest and another electrode (copper and silicon, or indium tin oxide)
while the other junction was kept cool under high-vacuum conditions. In the first device, electrical
and thermal conduction were primarily in the longitudinal direction with respect to the CNT growth
direction. Utilizing the “Heat Trap” effect, the localization of light-induced heat, we showed that
an induced voltage could be sustained upon irradiation at higher laser powers. In the second device,
electrical and thermal conduction were primarily in the perpendicular direction. The highly
anisotropic thermal conductivity of CNTs meant a larger temperature gradient could be maintained
in the second device, which had the effect of a larger induced voltage. The power conversion

efficiency of the second device was measured to be in the 10° % range.

4. Chapter 5 showed the results from a finite element analysis simulation study. The Heat Transfer in
Solids and Electric Currents modules in the COMSOL Multiphysics software were coupled
together to study the Seebeck effect. In order to be as close to experiment as possible, a 2D Gaussian
profile was analytically modelled that approximated the focused beam shape, as well as the effects
of the absorption and reflection coefficients of the materials the laser was incident upon. For the
first device, four models were presented in order of increasing complexity and accuracy. In the
fourth model, the temperature-dependent Seebeck coefficients, electrical conductivities, and
thermal conductivities of all materials were inputted when available. By tuning the thermal
conductivity of the CNTSs at each incident laser power, the induced voltage from experiment was
matched with that in simulation to within 0.5 uV of precision. The temperature-dependent thermal
conductivity of CNTs was derived from this study, which was used as an input in a fifth model to
study the thermal and electrical behaviour of the second device. Without tuning any parameters,
the simulated induced voltage matched up with the experimental values to within 10% at the higher
incident laser powers. Results from these simulation models can be used to accurately predict the

behaviour of new thermoelectric or photo-thermoelectric devices based on MWCNT forests.

6.2. Conclusion and Future Work

The usefulness of a thermoelectric device is ultimately determined by the dimensionless figure-of-merit
ZT. From a literature survey, the room temperature ZT value for CNTs has been measured for a wide range
of morphologies. It has been measured to be in the 10 range for MWCNT pellets [88], in the 10 range
for SWCNT bundles [143], films [102], and MWCNT forests [87], and as high as 10~ for DWCNT bundles
[24], MWCNT powders [14], CNT sheets or papers [16, 25], or composites with polymers [26-28]. All of
these results are in fact quite small compared to commercially well-established thermoelectric materials

that have a ZT greater than 1. However, this should not disprove the usefulness of carbon nanotubes for
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thermoelectric applications. CNTs can be a good choice of material if low cost and low toxicity are
concerns, since the CVD process is fairly inexpensive and carbon-containing precursors are abundant. As
well as this, CNTs have a high power-to-weight ratio since carbon has a very low atomic mass and carbon

nanotube forests are mostly empty space.

Although the room temperature ZT measured in this work (10 range) was smaller compared to the
literature, we note that no optimization was performed on nanotube growth aside from the growth
temperature. This prompts future experiments on the effects of the annealing temperature and duration, the
carrier and carbon-containing precursor gas ratios, and perhaps the downstream gas pressures. Water-
assisted CVD, low-pressure CVD, and plasma-enhanced CVD could also be investigated, which may show
improvements or optimizations in the forest height, density, alignment, or purity, to name a few. The
chirality and number of nanotube walls can also be tuned. Depending on the chirality of a CNT, a single-
walled CNT can exhibit a mixture of metallic and semiconducting properties; semiconductors typically
have Seebeck coefficients an order of magnitude larger than metals. Through doping, B-doped and N-doped
MWCNTSs have shown simultaneous increases in the Seebeck coefficient and decreases in the thermal
conductivity, leading to large increases in the figure-of-merit [88]. After the CVD process, forests of
nanotubes can be further purified or densified through chemical means, which could result in further
enhancements to their thermoelectric properties. As well, composites with other materials could be used.
For example, a nanocomposite of CNTs and polyaniline (a conducting polymer) has shown improved

Seebeck coefficients and electrical conductivities [28, 144] compared to the individual materials.

If one desires to maximize the power conversion efficiency, CNT-based thermoelectric or photo-
thermoelectric devices can be operated at elevated temperatures, where the CNT Seebeck coefficient and
electrical conductivity increases, thermal conductivity decreases, and therefore ZT increases. If the
perpendicular conduction directions are to be taken advantage of, the temperature gradient and ZT can be

further enhanced due to a smaller CNT thermal conductivity in this direction.

CNTs exhibit the unusual “Heat Trap” heating mechanism under optical irradiation, allowing for higher
temperature gradients to be maintained compared with regular bulk materials. Although performed with a
single wavelength in this work, the effect of the laser wavelength and polarization could reveal interesting
phenomena that are not immediately apparent. The photo-thermoelectric effect in MWCNT forests thus
enables novel types of devices to detect light and harness electricity from light sources, whether it be from

a laser source, from collected and focused waste light, or from the sun as in remote or space applications.
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Appendix A

Effect of Compression

A side experiment was performed to observe if there would be any noticeable change in the induced
voltage upon compression of the CNT forest. The device used here was a symmetric silicon-CNT-silicon
sandwich. Shown in part (a) of Figure 57 below is the induced thermoelectric voltage as a function of
applied temperature difference performed three times on the same pristine sample. In part (b), the effective
Seebeck coefficient of the device was calculated as a function of average temperature. Upon compression
of the CNT forest to approximately half of its original height, we observed a nearly doubling of the induced
voltage at the same temperature difference, shown in part (c). Therefore, the effective Seebeck coefficient,
shown in part (d), was almost doubled. Since the Seebeck coefficient has no geometric factor involved, we
believe this voltage enhancement was simply due to better contact between the silicon contacts and the
CNT forest.
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Figure 57: Pristine Si-CNT-Si (a) potential difference vs. temperature gradient, (b) Seebeck coefficient vs. average temperature,
compressed Si-CNT-Si (c) potential difference vs. temperature gradient, (d) Seebeck coefficient vs. average temperature
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Appendix B

COMSOL Longitudinal Conduction Model — Data

Table 10: Model 1 (reference room temperature material properties)

Qo (MW) |1y (W-mt-K |1k, (W-m™-K?) | Th (K) | Tc (K) | AT (K) | Tmax (K) |AVsim (MV) | AVexp (MV)

6.75 0.5 0.06 302.04 | 301.96 | 0.08 302.09 |0.0018722 |0

20.25 0.5 0.06 317.79 | 317.56 | 0.23 317.94 10.0056136 |0

33.75 0.5 0.06 331.52 | 331.14 | 0.38 331.77 |0.0093511 |0

47.25 0.5 0.06 343.76 | 343.22 | 0.54 344.11 |0.013088 |0

67.5 0.5 0.06 360.00 | 359.23 | 0.77 360.50 |0.018679 |0

202.5 0.5 0.06 435.14 | 432.83 | 2.31 436.64 |0.055797 ]0.040

270.0 0.5 0.06 461.81 | 458.74 | 3.07 463.81 |0.074254 |0.071

337.5 0.5 0.06 484.68 | 480.85 | 3.83 487.17 0.092649 |0.096

405.0 0.5 0.06 504.84 | 500.25 | 4.59 507.83 ]0.11098 0.123

472.5 0.5 0.06 522.80 | 517.46 | 5.34 526.29 ]0.12929 0.148

Table 11: Model 2 (experimental room temperature material properties)

Qo (MW) iy W-mK) i, (W-mT-KD) [ Tu (K) | Te (K) [ AT (K) | Tmax (K) [AViim (MV) [AVexp (MV)

6.75 0.5 0.06 302.04 | 301.96 | 0.08 302.09 ]0.0012912 |0

20.25 0.5 0.06 317.79 | 317.56 | 0.23 317.94 10.0038714 |0

33.75 0.5 0.06 331.52 | 331.14 | 0.38 331.77 ]0.0064489 |0

47.25 0.5 0.06 343.76 | 343.22 | 0.54 344.11 |0.0090239 |0

67.5 0.5 0.06 360.00 | 359.23 | 0.77 360.50 0.012882 |0

202.5 0.5 0.06 435.14 | 432.83 | 2.31 436.64 0.038478 |0.040

270.0 0.5 0.06 461.81 | 458.74 | 3.07 463.81 ]0.051204 |0.071

337.5 0.5 0.06 484.68 | 480.85 | 3.83 487.17 |0.063887 |0.096

405.0 0.5 0.06 504.84 | 500.25 | 4.59 507.83 |0.076529 0.123

472.5 0.5 0.06 522.80 | 517.46 | 5.34 526.29 10.089148 0.148

Table 12: Model 3 (experimental room temperature material properties, tuned thermal conductivity)

Qo (MW) [y W-mK) i, (W-mLKD) [ Tu (K) | Te (K) | AT (K) | Tmax (K) [AVsim (MV) [AVexp (MV)

67.5 5 0.5 359.62 | 359.44 | 0.08 359.63 |0.0014358 |0

202.5 0.480 0.0480 435.22 | 432.82 [ 240 | 436.75 |0.040047 [0.040

270.0 0.355 0.0355 462.70 | 458.39 | 431 | 465.34 |0.071534 [0.071

337.5 0.328 0.0328 486.08 | 480.28 | 5.80 489.62 |0.096322 |0.096

405.0 0.307 0.0307 506.83 | 499.43 | 7.40 511.33 ]0.12292 0.123

472.5 0.296 0.0296 525.32 | 516.40 | 8.92 530.74 ]0.14817 0.148
Table 13: Model 4 (reference and experimental temperature-dependant material properties, tuned thermal conductivity)

Qo (MW) iy W-mK) i, (W-mT-KD) [ Tu (K) | Te (K) [ AT (K) | Tmax (K) [AViim (MV) [AVexp (MV)

67.5 8 0.8 359.50 | 359.45 | 0.05 359.61 |0.0016438 |0

202.5 1.082 0.1082 434.29 | 433.22 | 1.07 435.18 |0.040036 |0.040

270.0 0.806 0.0806 460.99 | 459.08 | 1.91 462.46 |0.071110 |0.071

337.5 0.744 0.0744 483.75 | 481.17 | 2.58 485.73 |0.096203 |0.096

405.0 0.695 0.0695 503.83 | 500.52 | 3.31 506.35 |0.12342 0.123

472.5 0.675 0.0675 521.82 | 517.84 | 3.98 524.84 10.14824 0.148
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Appendix C

COMSOL Perpendicular Conduction Model — Data

Table 14: Model 5 (reference room temperature 1TO material properties)

Qo (MW) Th (K) Tc (K) AT (K) Tiax (K) AVsim (MV) AVexp (MV)
28.4 365.18 363.32 1.86 365.19 0.16734 0.401
56.7 41141 407.07 4.34 411.60 0.43953 0.687
85.1 446.96 440.11 6.85 453.73 0.78423 1.122
1134 476.34 467.05 9.29 488.18 1.1887 1.668
141.8 501.70 489.95 11.75 518.36 1.6471 1.906
170.1 524.28 510.03 14.25 544.57 2.1563 2.441
198.5 544.71 527.96 16.75 565.86 2.7108 3.005
226.8 563.44 544.20 19.24 582.71 3.3077 3.554
255.2 580.73 559.03 21.70 596.59 3.9441 3.760
283.5 596.78 572.66 24.12 608.68 4.6164 4.285
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