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Chapter 1

Literature Review

The study of one-dimensional (1-D) nanostructures is of fundamental scientific
interest. Nanostructures, which include nanotubes, nanorods, nanowires, nanoribbons,
and other geometries of different materials, could possess unique thermal, mechanical,
and electrical properties when compared to their bulk counterparts. This is due to
classical and quantum confinement effects. These unique properties of nanostructures
could have profound impacts on energy conversion devices, as well as thermal
management of microelectronic, optoelectronic, and photonic devices. Because of the
vast potential that these novel materials hold, nanostructures have attracted a great
amount of attention over the past two decades, particularly since the discovery of carbon
nanotubes (CNTSs) in 1991 (lijima, 1991). Experimental measurements of the thermal
properties of individual 1-D nanostructures pose significant challenges because of their
extremely small size, which leads to difficulties in sample preparation, measurement, and
classification.

This thesis seeks to shed some light on two difficult questions related to
nanostructures. The first involves the state of industrially produced multi-walled carbon
nanotubes (MWCNTSs). While the research community still disagrees on what the
maximum thermal conductivity of a perfect MWCNT would be, it is important to know
the thermal properties of MWCNTSs produced by commercial vendors, especially as more
vendors enter the market and advertise high quality MWCNTSs. The second issue involves

the thermal contact resistance between two nanostructures. Metallic nanowires could



have high thermal conductivity, but when they form a point contact the thermal resistance
at this point can be significant. This thesis seeks to analyze that thermal resistance. In the
introduction section, we first briefly review the past research work that has been done in

regards to thermal transport through 1-D carbon and metallic nanostructures.

1.1 Phonon Transport in Carbon Nanotubes

In determining the thermal properties of MWCNTS it is important to understand
the underlying physical mechanism that allows thermal energy to be transported through
a MWCNT. In MWCNTSs, the dominant heat carrier is phonons, which are quantized
lattice vibrations that play an important role in material heat capacity and thermal
conductivity. Phonon transport in MWCNTSs leads to thermal conduction, and thermal
conductivity is determined by the total number of phonons available for transport, their
velocities, and how much scattering phonons experience during their transport.

CNTs are expected to possess very high thermal conductivities due to their unique
structures which almost eliminate the boundary scattering effect. Using molecular
dynamics simulations with the Tersoff potential, Berber et al. (Berber, 2000) predicted
that the thermal conductivity for a single (10, 10) nanotube could reach 6,600 W/m-K at
300 K. This is much higher than the thermal conductivity of diamond (2,200 W/m-K),
which has the highest known thermal conductivity of any solid at room temperature. The
prediction of the record high thermal conductivity of CNTs inspired efforts to
experimentally measure the thermal conductivity of CNTs and the first experimental
study of thermal transport through an individual MWCNT was conducted by Kim et al
(Kim, 2001). They developed a suspended microfabricated device that utilized e-beam

lithography to create two suspended heater and thermometer pads. Using probe



manipulation, a MWCNT was selected and measured. They demonstrated that a 14 nm-
diameter MWCNT has a thermal conductivity of more than 3,000 W/m-K at 300 K,
which is one order of magnitude greater than previous results from CNT mat samples.

Yu et al. (Yu, 2005) experimentally measured the thermal conductance of a ~1-2
nm-diameter single-walled CNT (SWCNT) with a suspended length of 2.76 um. They
compared their results to the calculated ballistic thermal conductance of a 1 nm-diameter
SWCNT and found that the two results were very close. Signatures of phonon-phonon
Umklapp scattering were not observed at temperatures between 110 K and 300 K. Pop et
al. (Pop, 2006) extracted the thermal properties of an individual SWCNT and their results
indicated a thermal conductivity of nearly 3,500 W/m-K at room temperature for a 2.6
pm suspended length sample with a diameter of 1.7 nm. They then heuristically
calculated the length dependence of thermal conductivity as shown in Figure 1.1. They
showed that at temperatures above the peak thermal conductivity, the thermal

conductivity decreases at a rate close to 1/T.
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Figure 1.1 - Thermal conductivity of SWCNTs of different suspended lengths and 1.7
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Brown et al. (Brown, 2005) mechanically attached an arc-grown bundle of
MWCNTSs to a thermal probe. A temperature sensing scanning microscope probe was
then used to obtain thermal measurements on individual MWCNTSs by flowing energy
down a MWCNT and recording the energy flow as a function of the temperature
difference across it. This method demonstrates both ballistic phonon heat transport as
well as electrical transport in MWCNTS.

Fujii et al. (Fujii 2005) measured the thermal conductivity of a single suspended
CNT using a T-type nanosensor that is attached to the sample. The experimental results
showed that the thermal conductivity of a CNT increases as its diameter decreases. The
results also showed that the thermal conductivity can reach approximately 2,070 W/m-K
for a CNT with a diameter of 9.8 nm. They also claimed that for a CNT having a
diameter of 16.1 nm, the thermal conductivity approaches an asymptote at about 320 K,
which was the highest temperature that they reached using their measurement setup. Chiu
et al. (Chiu, 2005) determined that the thermal conductivity for a free-standing MWCNT
to be approximately 600 W/m-K by fitting the measured electrical power to the inverse of
the suspended length of the MWCNT. Three different lengths of MWCNTS ranging from
0.74 to 1.66 pum were measured and the tube diameters are approximately 10 nm. Choi et
al. (Choi, 2006) used a four-point 3w method to measure thermal properties of individual
MWCNTs of 45 nm in diameter and 1 um suspended length. The measured room
temperature value of thermal conductivity was 300 + 20 W/m-K.

Mingo et al. (Mingo, 2005) answered two important questions about thermal
transport through CNTSs. Fist, the ballistic lattice thermal conductance was quantized, and

second the maximum length of a CNT for which phonon transport remains ballistic was



calculated. Both of these questions were answered by calculating the upper bounds of the
lattice thermal conductance of SWCNTSs, graphene, and graphite. These results showed
that ballistic phonon transport in CNTs can be on the order of um length below room
temperature, and that the thermal conductance is much smaller than previously reported.
The calculated theoretical ballistic conductance of graphite agreed well with the
experimental results of MWCNTSs below 200 K by a factor of 0.4, which suggests that
MWCNTs and graphite have similar thermal conduction properties below 200 K. The
thermal conductivity reduction of MWCNTSs when compared with SWCNTSs is most
likely due to interactions between different layers and structural defects.

A hot wire probe for use inside a transmission electron microscope (TEM) that
measures the thermal resistance of individual nanostructures was used by Dames et al.
(Dames, 2007) to measure the thermal conductivity of a 30 nm-diameter MWCNT. The
results yielded 17 W/m-K, which is significantly lower than other measurements. This
small thermal conductivity was attributed to high contact thermal resistance at each end
of the tube and the short length of the tube (0.38 pm).

It is worth noting that in many of the above-discussed measurements, the derived
thermal conductivity is an effective one because an accurate estimation of the contact
thermal resistance between the CNTs and the heat source/sink is not included. Therefore,
the reported thermal conductivity tends to be lower than the intrinsic thermal conductivity
of the CNTs.

One method that has been used to characterize MWCNTSs and their quality is
Raman spectroscopy. Raman spectroscopy is a spectroscopic technique used to observe

rotational, vibrational, and other low-frequency modes in a system. It relies on inelastic



scattering, also called Raman scattering, of monochromatic light (usually 514 nm). The
light interacts with the system and due to excitations in the system the energy of the laser
photons is shifted up or down. Li et al. (Li, W. 1997) performed Raman characterization
on aligned CNTs that were produced by chemical vapor deposition (CVD). They found
that MWCNTSs have a strong sharp peak at about 1,581 cm™ which is called the G-peak.
The MWCNTSs also exhibited strong peaks at 2,687 cm™ (G’ peak) and 1,348 cm™ (D
peak). The origin of the G’ and D peaks are explained as disorder-induced features due to
the finite particle size effect or lattice distortion. In other words, the relative intensity of
the D peak to the G peak is related to the crystal planar domain. If this ratio is low then
the MWCNT is composed of well-aligned cylindrical tubes. If this ratio is high then there
are many defects present and thus the thermal conductivity will most likely be low.

This section of literature review is relevant to the work presented in this thesis
because this thesis seeks to report on the quality (from a heat transfer point of view) of
MWCNTSs currently produced by commercial vendors. Therefore we seek to compare the
experimentally and numerically derived values of thermal conductivity in literature to
that of real samples that can be readily purchased at large volume at this time. One tool

that is used in this thesis to help characterize MWCNT quality is Raman spectroscopy.

1.2 Thermal Transport in Metallic Nanostructures

Even though metal nanowires do not receive as much attention as semiconducting
nanomaterials or CNTs, they are important components in nanorobotics and nanocircuits.
While the dominant energy carriers in semiconducting materials and CNTs are phonons,

metals are fundamentally different. In pure metals electrons carry more of the heat
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current than phonons at every temperature (Kittel, 2005). The thermal conductivity of a
metal is derived as

m? nkiTt
Ko = 3 T

11

where n is the electron concentration, kg is Boltzmann’s constant, T is temperature, 7 is
the collision time, and m is the mass of an electron.

Stewart and Norris (Stewart, 2000) studied the influence of radius on the thermal
conductivity of thin metallic wires. They solved the Boltzmann transport equation for
electrons and found that for metals commonly used in microelectronics such as Al, Ag,
and Au, the thermal conductivity is reduced in wires with diameters of roughly 0.5 pm or
less. They claim that when the diameter of the thin wire is on the same order of the
electron mean free path, the thermal conductivity drops by roughly half of the bulk
thermal conductivity. This work was done in simulations only and not in conjunction
with experiments.

Lu et al. (Lu, 2002) concluded that the thermal conductivity of a gold nanowire is
directly proportional to its size. An expression is presented for the reduction in
conductivity due to the increase in boundary scattering. Figure 1.2 shows the results that
are obtained from this work.

In the figure, the value of ¢ represents the probability that the carrier is
undergoing a specular scattering event at the interface and thus ranges from 0 to 1. D is
the proportionality constant defined as the side length of a square wire divided by the
average in-plane grain diameter. R is the reflection coefficient of the conduction

electrons, which strike the grain boundaries. Therefore R can have values between 0 and



1. The size of nanowires studied in this experiment range from 15-80 nm x 20 nm x 500

nm.
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Figure 1.2 - The thermal conductivity ratio of gold nanowires to the bulk material for

diffusive scattering surface with grain boundaries (Lu, 2002).

Bulk metal thermal conductivity follows the Wiedemann-Franz law which states
that the ratio of the electronic contribution of the thermal conductivity (x) to the electrical
conductivity (o) of a metal is proportional to temperature (T) as:

X = LT
o 1.2
where L is the Lorenz number and is equal to 2.44 x 10® W Q K? at temperatures above

the Debye Temperature.



Zhang et al. (Zhang, 2006) measured the electrical and thermal conductivities of
polycrystalline gold nanofilms by a direct current heating method. They found that both
the electrical and thermal conductivities are greatly reduced from the corresponding bulk
values. This reduction becomes more evident at lower temperatures because the electron
mean free path increases with decreasing temperature. Therefore the size effects become
strengthened as the nanofilm thickness is comparable to the electron mean free path at 37
nm. Both surface and grain boundary scatterings are credited with the reduction in

conductivities.
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Figure 1.3 - Thermal Conductivity of nickel nanowire showing both electronic

contributions as well as contributions from phonons (Ou, 2008).

Ou et al. (Ou, 2008) measured the thermal and electrical resistivity of nickel
nanowires that were 100 nm x 180 nm and 35 pum long. Once again the thermal
conductivity is significantly reduced from the bulk value. The reduction goes from

approximately one order of magnitude at 300 K to more than two orders of magnitude at



around 30 K. The Lorenz number for such small nanowires is slightly higher than the
normal Lorenz number of 2.44 x 10® W Q K. The Lorenz number of the nanowires
stayed constant from 75 K to 300 K. Below 75 K the mean free path of the electrons
becomes comparable to the grain size of the metal and the scattering is increased.

Figure 1.3 shows a plot of the thermal conductivity of a nickel nanowire vs.
temperature. The electronic contribution to the thermal conductivity is calculated using
the Wiedemann-Franz law and then the contribution to thermal conductivity from
phonons is calculated by subtracting the electronic contribution from the total thermal
conductivity. The higher value for the thermal conductivity due to electrons at low
temperatures indicates a violation of the Wiedemann-Franz law at these temperatures. At
all temperatures the contribution to heat conduction from phonons is less than 10% of the
total.

This thesis seeks to compare the thermal conductivity of gold nanowires to that
reported in the literature. It also seeks to analyze the thermal resistance of a point contact
in crossed gold nanowires. This work will deepen our understanding of nanoscale heat

transport through metallic nanowires.

1.3 Contact thermal resistance

In 1936, Kurti et al. (Kurti, 1936) expressed the idea that a thermal resistance
might exist at the interface between liquid helium and a solid. They stated that the
resistance was very small and therefore did not study it any further. Shortly thereafter
Keesom et al. (Keesom 1936) stated that the thermal resistance at this boundary was

“relatively very considerable”, but they also did not pay further attention to the
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phenomenon to obtain a deeper understanding. Finally, in 1941 Kapitza reported
measurements that he conducted related to a temperature drop near the boundary between
helium and a solid as heat crossed this boundary. Today this resistance is called the
Kapitza resistance (Swartz, 1989). The idea for boundary thermal resistance is quite
simple. In the presence of a heat flux J (W/m?) across a boundary, the boundary thermal
resistance creates a temperature discontinuity A7 at the boundary. The thermal boundary
resistance (TBR) is defined as Rg = A7/J.

The idea of TBR is quite intuitive. An interface represents a departure from the
regular crystalline lattice through which heat carriers propagate. For an interface between
dissimilar materials, the different densities, lattice constants, and therefore sound speeds
result in a mismatch in acoustic impedances, similar to the mismatch in the refractive
indices of two optically different materials.

Two commonly used models have been developed to model the boundary
scattering of phonons, and therefore the TBR. First, the diffuse mismatch model states
that when phonons strike a boundary they lose all “memory” of where they come from.
Therefore the probability of phonons being scattered to one side of the boundary or the
other is simply proportional to the phonon density of states of each material. In contrast,
the acoustic mismatch model (AMM) states that no scattering takes place at the interface.
The appropriate stress and boundary conditions are applied at the interface to solve for a
transmission coefficient, tag, for phonon energy in material A incident normal to the
interface with material B. In the AMM, the interface simply connects two different

materials, and all thermal resistance stems from the differences between these two
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materials. In the AMM, the fraction of energy transmitted is independent of the structure
of the interface itself (Cahill, 2003).

With the development of microelectronic industry, thermal management of
microelectronic devices poses significant challenges. With the aggressive miniaturization,
there are many interfaces in these devices and interface thermal resistance has attracted
tremendous attention in the past two decades. Many experimental studies have been
carried out to understand the effects of different parameters on the interface thermal
resistance.

For example, Swartz et al. (Swartz, 1987) measured the solid-solid thermal
boundary resistance between Rh:Fe and polished sapphire spanning a temperature range
from 1 to 300 K. Below 30 K the TBR was found to be in agreement with the prediction
of the AMM. Above 30 K the TBR was found to decrease less rapidly with increasing
temperature than predicted by theory. Ravi Prasher (Prasher, 2008) used the properties of
graphite to calculate the thermal boundary resistance between a MWCNT and the
measuring device and achieved results in very good agreement with the experimental data
of Kim et al. (Kim, 2001). The intrinsic mean free path of phonons in MWCNTS in the
temperature range of 10 to 100 K was found to be similar to that of graphite.

Recently contact thermal resistance between individual nanostructures attracted
much attention because of its important role in thermal properties of nanocomposite
materials. In fact, the early thermal measurements on CNTs were performed on mats or
ropes of CNTs and thus a “bulk™ thermal conductivity was derived, which is much
smaller than the intrinsic thermal conductivity of an individual MWCNT because of the

thermal resistance associated with numerous contacts. On this front Yang et al. (Yang,
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2010) have conducted experiments to derive the contact thermal resistance between two
individual MWCNTSs.

The authors measured the contact thermal resistance between two individual
MWCNTSs forming different contact morphologies. The first was a crossed contact with a
calculated contact area of 118 nm? and the second was an aligned contact with a

calculated contact area of 2.96 x 10* nm?.

18.8kV X10.8K S.e05m

Figure 1.4 - SEM micrographs of two individual CNTs forming a contact between two
suspended membranes. a) a cross contact, and b) an aligned contact with a 2.56 pum

overlap. The inset in a) is a TEM image of some sample batch CNTs (Yang, 2010).
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Figure 1.4 shows an SEM micrograph of the two different configurations of
nanotubes. The thermal conductivities of individual MWCNTs from the same batch
samples were measured separately with a single tube aligned across the two suspended

membranes.
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Figure 1.5 - The measured total contact thermal resistance as a function of temperature
of a) the cross contact; and b) the aligned contact. The insets show the dependence of the

contact thermal resistance per unit area. (Yang, 2010).
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Figure 1.5 shows the contact thermal resistance as a function of temperature for
the two samples measured. As the temperature drops towards about 120 K, the contact
thermal resistance increases slightly and then as temperature further drops below 120 K it
increases very rapidly.

The work presented in this thesis involves the contact resistance between gold
nanowires. Therefore, it is important to understand the previous work done in this area.
The method developed by Yang et al. (Yang, 2010) of determining the contact thermal

resistance between two nanostructures is utilized in this thesis.

1.4 Summary

In the past decade, studies of thermal transport in 1-D nanostructures have led to
an increase in understanding of nanoscale thermal transport phenomena. However,
contact thermal resistance remains an important and difficult problem in determining the
intrinsic thermal conductivity of individual nanostructures as well as the heat transport
characteristics of nanostructure-containing mixtures and composite materials. Also, the
wide range of reported thermal conductivity values of MWCNTS begs the question: what
is the current state of the industrial production of MWCNTSs?

In order to begin to address these important issues we conduct an extensive study
of the MWCNTSs currently available from a plethora of resources. We also try to extract
the thermal resistance of a point contact between two gold nanowires to gain a better
understanding of the impact of nanoscale constrictions on electron dominated heat

transport.
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Chapter 2

Measurement Setup

In order to measure the thermal conductivity of bulk materials, most measurement
techniques involve creating a temperature gradient within the sample that is measured by
strategically placed thermocouples. Bulk samples can also be characterized by comparing
the temperature gradient within a sample to the temperature gradient of a sample with a
known thermal conductivity. In order to measure the thermal conductivity of thin films,
several techniques have been developed (Mirmira, 1998). A temperature gradient can be
created within the film by either laser heating or Joule heating with electric current
flowing through a thin metal line. The induced temperature gradient can then be
measured by either resistance thermometers or the change in the film’s reflectivity. While
these techniques work well for bulk samples or thin films, they are not practical for
measuring the thermal conductivity of one dimensional (1-D) nanostructures due to the
small size of such nanostructures. Shi et al. (Shi, 2003) developed a suspended
microdevice that can be used to measure the thermal conductivity and thermoelectric
properties of individual 1-D nanostructures. The technique is essentially a thermal bridge
method in which the sample serves as a component in a thermal resistance network and
the thermal conductivity of the sample can be extracted from the derived thermal
resistance of the sample. This chapter outlines the design and working mechanism of this
device as well as the measurement technique utilized to obtain the results presented in

this thesis.
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2.1 Device Design

Figure 2.1- An SEM micrograph of the suspended microdevice with integrated resistance

heaters and thermometers.

Figure 2.1 shows a Scanning Electron Microscopy (SEM) image of the
microdevice that can be used for measuring electrical as well as thermal conductivities
and Seebeck coefficients. Each device consists of two adjacent 18.2 um x 27.1 pum low
stress silicon nitride (SiNx) membranes which are suspended using six 0.5 pum thick, 416
pm long and 2.2 um wide SiNx beams. Each membrane holds one platinum resistance
thermometer (PRT) that is composed of 30 nm thick and 500 nm wide platinum lines
arranged in a serpentine pattern. In order to prevent electrically conductive samples such
as multi-wall carbon nanotubes (MWCNTS) or gold nanowires from shorting the heater
coils and disturbing the measurement circuits, the PRT area is covered by a 200 nm thick
low temperature silicon oxide (LTO) layer. The PRT is connected via 1.2 pm wide
platinum leads on each SiNy beam to 400 um x 500 pum platinum contact pads that are

located on the substrate.
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2.2 Sample Preparation

In order to measure the thermal properties of nanostructures using the above
device, a 1-D nanostructure must be placed on the device so that the nanostructure spans
the two suspended membranes. This is often the most difficult step in the measurement
process, especially when attempting to arrange nanostructures in a crossed configuration
with a point contact. The process requires a deft touch and a significant amount of
practice and patience to become proficient at the manipulations.

The sample placement process is composed of two main steps. First, a very small
amount of 1-D nanostructures are suspended in a solution such as reagent alcohol or
isoproponal alcohol (IPA). Distilled water can also be used depending on the sample,
although it requires more time for evaporation. This mixture is then sonicated using a
Cole Parmer 8891 ultrasonic cleaner for a short amount of time in order to better disperse
the 1-D nanostructures and form a uniform suspension. Most nanostructures cannot be
sonicated for long periods of time because the input of sonic energy into the sample will
break the nanostructures into small pieces. Several drops of this solution are then casted
onto a small piece of polydimethylsiloxane (PDMS). After the alcohol has evaporated,
many 1-D nanostructures are laying on the edges of the PDMS. Because cured PDMS is
transparent, we can use this PDMS block with nanostructures resting on it to locate
single, undamaged nanostructures for measurement.

The second step in the sample preparation process is to use a sharp tip with a
radius of ~0.1 um to pick up single nanostructures and transfer them to the microdevice
for thermal transport measurement. The van der Waals interactions between the tip and

the nanostructures allow them to be picked up and transported.
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Figure 2.2— An in-house built manipulator in conjunction with a Nikon microscope used

to manipulate nanostructures.

Figure 2.2 shows an in-house built micromanipulator which can be used to move
nanostructures from a substrate to a measurement device. The device has very fine
adjustment screws in three dimensions that can be used to guide the tip to exact locations
and pick up a nanostructure via van der Waals force without damaging it. Another
advantage of casting the nanostructures onto PDMS is that PDMS is a rubber-like
substance which will deflect under pressure from the manipulator tip, meaning that the tip
IS not damaged every time a nanostructure is picked up.

Figure 2.3 shows a MWCNT sample placed between the two suspended
membranes using the micromanipulator. The whole process is performed under a 100x,
long working distance (6.5 mm) objective lens that is mounted on a Nikon optical

microscope.
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Figure 2.3- A MWCNT sample placed between the two suspended membranes.

2.3 Measurement Setup

Figure 2.4 shows the schematic diagram of the measurement setup. The
microdevice with a 1-D nanostructure between the two suspended membranes serving as
a heating and a sensing membrane, respectively is glued onto a dual in-line package
(DIP) and 1% Si/Al wire is used to electrically connect the microdevice to the DIP. The
entire DIP is then placed in a cryostat and the chamber pressure is pumped down to a
pressure below 10° Torr. The voltage change on the platinum resistance thermometers is
measured using two Stanford Research SR850 lock-in amplifiers. One amplifier is
connected to the heating side membrane and one is connected to the sensing side
membrane. A DC heating current is coupled with a small sinusoidal AC signal from the
heating side lock-in amplifier through an integrated differential amplifier (Analog
Devices SSM2141). This voltage is then passed through a 500 kQ resistor on the heating
side and a 1 MQ resistor on the sensing side. These large resistors enable us to assume a

constant current condition for each DC heating voltage.
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Figure 2.4- Schematic of the measurement setup.

The thermal circuit of the measurement setup is shown in Figure 2.5. A DC
current (I) passes through the left membrane serving as the heating side, which leads to
Joule heating (Qn = I°Ry, Where Ry, is the PRT’s electrical resistance) in the PRT on the
heating side. This heat is dissipated by conduction along the six supporting beams as well
as some heat conduction through the sample to the sensing side membrane on the right
side. If the measurement is performed at a high vacuum and the change in temperature of
the heating side is small AT, (ATp=Tp-To < 5 K), radiation as well as

conduction/convection through the residue air are negligible (Shi, 2003).
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Figure 2.5- Thermal circuit for the measurement setup.

Each membrane is connected to the contact pads by four 1.2 um wide Pt leads,
which allows for a four probe resistance measurement. The two leads through which the
DC current flows are also heated by Joule heating in the amount of 2Q, = 2I°R,. R, is the
resistance of each of the Pt leads, which is about half of Ry. Since the thermal resistance
of the long SiNk beams is much higher than the internal thermal resistance of the heating
and sensing membranes, using the lump capacitance method we can say that the
temperature of the heating membrane is raised to some uniform temperature T,. As heat
Q- is conducted through the sample the temperature of the sensing membrane is raised to
some uniform temperature Ts. The heat transferred to the sensing membrane is further

conducted through the six beams that support the sensing membrane to the substrate. The

22



remaining heat, i.e. Q; = Qn + 2Q. - Q>, is conducted to the environment through the
other six beams that suspend the heating membrane. The total Joule heat is therefore
Qror = Qn+ QL = I?(Ry + 2R)) 2.1
The six beams that support each membrane are identical. The total thermal
conductance of the six beams can then be written as G, = Ry™ = 6k/A/L, where ki, A, and L
are the thermal conductivity, cross sectional area, and length of each beam, respectively.
Using the thermal circuit shown in Figure 2.5 the heat conducted through the
nanostructure can be written as
Q2=Gp(Ts-To) =Gs (Tn-Ts) 2.2
where G is the total thermal conductance of the sample, which is what we want to
measure. This conductance includes both the intrinsic thermal conductance as well as the
contact thermal resistance between the nanostructure and the two suspended membranes.

Therefore G can be written as

G == (éJrGLC)_l 2.3
where G, = kn,An/L, is the intrinsic thermal conductance of the nanostructure, k, is the
thermal conductivity, A, is the cross sectional area, and L, is the length of the sample that
is suspended between the two membranes. G is the contact thermal conductance between
the 1-D nanostructure and the two suspended membranes. Because the temperature rise
ATy is small at each measurement temperature point, Gs, G, and G are assumed to be
constant as ATy, is ramped up.
Likewise, from the heating membrane we have

Q1:Gb(Th-To) 2.4

Adding Eqg. 2.2 and 2.4 yields
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Qtot = Q1 + Q2 = Gp(UTh+4T5) 2.5

where AT = Ts — Tpand

G — Qtot _ Qn+ Q. 2.5
DT AT, + AT, ~ AT, + AT,
Therefore
AT,
Gy =——G 2.6
S T AT, — AT, °

Qn and Q. can be calculated readily from the measured current and voltage drops across
the heating PRT and the PT leads. AT, and ATs are calculated from the measured
resistances of the two PRTs and their temperature coefficient of resistance
(TCR=dR/dT)/R). The four-probe electrical resistance Rs of the sensing PRT is measured
using one of the SR850 lock-in amplifiers with a ~300 nA 637 Hz sinusoidal excitation
current. The rise in temperature of the sensing membrane AT is a function of the DC

current (1) of the heating PRT, and is related to Rs according to the equation

ARs(D) 2.7

ATS = m, ARS(I) = RS(I) - ARS(O)

Similarly, the temperature rise AT} of the heating membrane can be calculated by

ARy (1)

AT, = ——— 2 —;
" R,(D) xTCR’

AR, (I) = Ry(I) — AR, (0) 2.8

A 300-500 nA sinusoidal current, iy, with a frequency f can be coupled to the
much larger DC heating current. One of the SR850 lock-in amplifiers is used to measure
the first harmonic component (v,c) of the voltage drop across the heating PRT, yielding
Rnh = Vad/ iac. In order to obtain Ry, from this method, it can be shown that

AT (1) = ARll) g T << o0 2.9
38R,
dT
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and

1
AT (1) = Az;;'),for f>> 5 2.10
ARy
dT

where 7 is the thermal time constant of the suspended device, and is estimated to be on
the order of 10 ms. The first harmonic modulated heating component, i.e. 2i,cIRy, causes
the difference between these two solutions for different frequency ranges. At a very low
frequency compared to //(2zz), the modulated heating yields a nontrivial first harmonic
component in Tp. This further causes a nontrivial first harmonic oscillation in R,. At a
very high frequency compared to //(2zzt), the modulated heating yields a trivial first
harmonic component in T,. This effect gives rise to a factor of 3 differences in 4Ry
measured by the lock-in method. In addition, T is proportional to C/k, and Kk is
proportional to Cl. C is the heat capacity, k is thermal conductivity, and | is the phonon
mean free path which increases with decreasing temperature. Hence, = is proportional to
1/l and decreases with decreasing temperature. Therefore, the transition between the two
solutions in Egs. 2.9 and 2.10 occurs at an increased frequency as the temperature
decreases. In practice, we use f = 1400 Hz, for which Eq. 2.10 is valid in the temperature
range of 20 - 420 K. Since all results presented in this thesis are obtained between 150 K

and 320 K, this value of f is valid.

2.4 Measurements of Intrinsic Thermal Conductivity
Using the method outlined by Yang et al. (Yang, 2011) the intrinsic thermal
conductivity of an individual nanostructure and its contact thermal resistance with the

heat source/sink can be extracted with multiple measurements of the same sample with
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different suspended lengths between the heat source and heat sink. Assuming that the
contact thermal resistance does not change with different measurements the total

resistance can be written as
Riot = Rem + Renryr X Ly 2.11

where Ry is the total measured thermal resistance including the intrinsic thermal
resistance of the nanostructure segment as well as the contact thermal resistance with the
two membranes. Rcm is the sum of the contact thermal resistances with the two
membranes. Renr 1S the intrinsic thermal resistance of the nanostructure per unit length,
and Ly is the suspended length of the sample between the two membranes.
After two measurements with two different suspended lengths we can calculate
RentiL as
RCNT/L = (Rtotl - RtOtZ) / (LMZ - LMl) 2.12
and
Rem = (LmzReoer — L Reot2)/ (Lmz — L) 2.13
where Ry and Ry, are the measured total thermal resistances from the two different
measurements, and Ly, and Ly, are the corresponding nanostructure lengths between the
two membranes in each measurement.
Finally, using the fin heat transfer model, Rcyv can be written as

2\/ RCNT/L ) R'c

Renryt
Re

R =
R 214

tanh| L.

where L. is the length of the nanostructure segment in contact with the membrane and R,

is the contact thermal resistance per unit length. When L. is large enough so that the
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denominator in Eq 2.14 can be approximated as unity, R; is no longer a function of the
contact length. The function tanh (x) is very close to unity for x = 2 and approaches unity
slowly in an asymptotic manner for x > 2. Therefore, the minimum contact length L¢ min

can be estimated as

Lemin = 2/ |Renryu/Re 215
In this thesis, this methodology of extracting intrinsic thermal conductivities was
utilized for both MWCNTSs as well as gold nanowires. From an experimental standpoint
the most difficult part of this method was the successful manipulation of a sample to get

different suspended lengths between the heating and sensing membranes.
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Chapter 3

Thermal Conductivity of Multi-Walled Carbon Nanotubes

Carbon nanotubes (CNTSs) have been intensively studied for the past two decades
due to their excellent thermal, mechanical, and electrical properties. One of the effects of
this concentrated research has been the proliferation of startup companies producing
CNTs in order to make a profit. A quick Google search can turn up over a dozen
companies eager to sell CNTs of all varieties. This large amount of commercially
available CNTs begs the question: Are these tubes of high quality? While researchers still
debate the exact values of thermal properties of an ideal CNT, it is commonly believed
that high-quality CNTs should have high thermal conductivity. However, it is not clear
about the quality of the CNTSs for sale on the market today and a study of the thermal
conductivity of these CNTs is important for their applications related to thermal transport
such as for thermal interface materials (TIM) and CNT-based composites targeting high
thermal conductivities.

For example, a group of NASA researchers are working on a project using multi-
walled CNTs (MWCNTS) to enhance the thermal conductivity of NARIoy-Z (Cu-3%Ag-
0.5%Zr alloy), which is the state of the art material used to make the liner of the liquid
rocket engine combustion chamber. Based on the results of the NASA group, the CNT-
NARIloy-Z composites have a lower, instead of higher, thermal conductivity than
NARIloy-Z itself. It is intriguing to see this unexpected observation and we suspect that
one possible reason is that the MWCNTSs used are of low quality and do not have a high

thermal conductivity as expected.
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In response to the need of understanding the thermal conductivity of MWCNTS

that are available on the market, we have studied a total of 14 MWCNT samples from

different sources. Two samples (General Nano and Pyrograf) were donated through the

NASA group, and the sample from Pyrograf was used in CNT-NARIloy-Z composites.

Another sample was donated from a lab at Case Western University, while others were

either donated by or purchased from the companies. Table 3.1 gives general information

about each sample received.

Table 3.1- MWCNT vendors and general specifications

Vendor Claimed Diameter | Claimed Length | Raman | Measurement | TEM
Cheaptubes 50-80 nm 10-20 pm Yes No No
Cheaptubes Graphitized 50-80 nm 10-20 pm Yes Yes Yes
Na;JOSmF;f;ﬁz:ngC_ 30-50 nm 10-20 pm Yes No No
Xmﬁtﬁgﬁgtﬁ;i‘ 50-80 nm 10-20 um Yes Yes No
SES Research 40-60 nm 1-20 pm Yes No No
HE';L)I(Ui\i’(')ant:”a' 60-100 nm 0.4-40 pm Yes No No
loLiTec 40-60 nm 5-15 um Yes No No
NanoCS 40-60 nm 10-20 pm Yes No No
MKNano >50 nm 10-30 pm Yes No No
Sigma-Aldrich 110-170 nm 5-9 um Yes Yes Yes
Nanoshel 4-12 nm 5-15 um Yes Yes Yes
Nanoshel Arc-Discharged 60-100 nm 5-15 um Yes Yes Yes
Ted Pella 4-12 nm 5-15 um Yes No No
General Nano N/A N/A Yes No Yes
Pyrograf N/A N/A Yes Yes Yes
Case Western University N/A N/A Yes Yes Yes
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Each sample was first characterized using Raman spectroscopy. A small portion
of the sample was subjected to Raman spectroscopy studies and data were collected from
five different spots. Two examples of the Raman results are presented in Figure 3.1 (The
complete results of the Raman spectroscopy for all samples are included in Appendix A.)
The most relevant parameter from the Raman analysis of the CNT quality is the D/G
ratio. From Figure 3.1, it can be seen that the first prominent peak is the D peak, which
stands for dislocation or disorder, while the G peak represents the sp? bonds between
carbon atoms in graphitic layers. If the D/G ratio is small that usually means that the
MWCNTSs are of high quality with few defects. If the ratio is large then the MWCNTS are

most likely of low quality and will have a low thermal conductivity.
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Figure 3.1- Samples of Raman spectrograph for samples with a) the highest D/G ratio

(General Nano), as well as b) the lowest D/G ratio (Cheaptubes Graphitized).

Figure 3.1a presents the Raman results from spot 1 of the General Nano sample.

The average D/G ratio over 5 spots from the General Nano sample is 1.010, which is the
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highest among the MWCNTSs we have obtained. This sample is also not cylindrical and
appears to have poor structure. Figure 3.1b presents the Raman results from spot 1 of the
Cheaptubes Graphitized sample. The average D/G ratio from the Cheaptubes Graphitized
sample is 0.128, which is among the lowest ratio among all the samples we have
obtained. This sample has a thermal conductivity that ranks among the highest from the
samples that we have measured. Table 3.2 gives the ratio of D peak to G peak at each
spot from the Raman Analysis for all obtained MWCNT samples and the average based
on these five spots.

Table 3.2- Raman analysis data for each vendor

Vendor Spot 1 Spot 2 Spot 3 Spot 4 Spot 5 Average
Cheaptubes 0.551 0.604 0.597 0.614 0.604 0.594
Cheaptubes Graphitized 0.114 0.118 0.164 0.131 0.114 0.128
Na;JOSmF;f;ﬁz:ngC_ 0.561 0.592 0.600 0.674 0.460 0.577
Xmﬁtﬁgﬁgtﬁ;i‘ 0.537 0.539 0.533 0.538 0.538 0.537
SES Research 0.481 0.524 0.521 0.498 0.487 0.502
HE';L)I(Ui\i’(')ant:”a' 0.792 0.475 0.597 0.487 0.758 0.620
loLiTec 0.787 0.405 0.639 0.507 0.617 0.591
NanoCS 0.714 0.767 0.758 0.770 0.820 0.766
MKNano 0.604 0.584 0.601 0.557 0.579 0.585
Sigma-Aldrich 0.080 0.081 0.076 0.102 0.096 0.087
Nanoshel 0.762 0.974 0.829 0.807 0.721 0.819
Ng;gcsﬁggﬁgc' 0.765 0.745 0.662 0.786 0.767 0.745
Ted Pella 0.898 0.898 0.853 0.857 0.833 0.858
General Nano 0.727 1.274 1.079 0.958 1.013 1.010
Pyrograf 0.205 0.237 0.062 0.167 0.165 0.167
Case Western University 0.447 0.483 0.408 0.493 0.522 0.470
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Seven MWCNTs from four different sources were subjected to thermal
conductivity measurements. These MWCNT samples include: one sample (from
Pyrograf) provided by NASA, and one sample provided by a research group at Case
Western University. All samples were measured in a temperature range between 150 K
and 320 K. Seven MWCNT samples were further examined by our collaborators at the
University of North Carolina at Charlotte using a Transmission Electron Microscope
(TEM). The results of the Raman spectroscopy study, the derived thermal conductivities
from the measurements, and TEM results of these samples with more detailed studies are
presented below. The first sample that is presented is a MWCNT from General Nano
which underwent a TEM study only. Next, the MWCNTs with low measured thermal
conductivities (below 25 W/m-K) are presented followed by the samples with relatively
high measured thermal conductivities. It is worth noting even the ‘“high” thermal
conductivities here are more than one order of magnitude lower than the expected values

for CNTs (~3000 W/m-K or higher).

3.1 Samples for TEM Study Only

We performed a TEM study of a sample from General Nano. The sample
underwent Raman spectroscopy that yield very high D/G ratio. The TEM study indicated
a poor structure, and it was therefore decided that a thermal conductivity measurement

was not required.
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Figure 3.2- A TEM micrograph of a General Nano sample. The MWCNT does not have

well defined diameter or wall thickness. The tube structure is not clear either.

Figure 3.2 shows a TEM image of a General Nano sample. It is easy to see that
the carbon layers are not well ordered, and in fact, it is difficult to discern a clear tube
structure. The diameter of the tube is not uniform and many defects are present. The wall
thickness cannot be determined from the TEM analysis, nor can the amorphous layer
thickness be calculated. Judging from the TEM pictures it was decided that a thermal
measurement was not necessary, because the thermal conductivity is expected to be low

based on the low quality of the tube structure.

3.2 Samples with Low Thermal Conductivities

3.2.1 MWCNTs from Sigma Aldrich
The first MWCNT that was found to have a very low thermal conductivity was

purchased from Sigma Aldrich. This sample provided the best D/G ratio and therefore it
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was assumed that the sample would have good thermal conductivity. Table 3.3 gives the

information gathered from the TEM study.

Table 3.3- TEM Results of a MWCNT from Sigma Aldrich

Position | Diameter (nm) | Wall Thickness (nm) | Amorphous Layer Thickness (nm)
1 ~156.31 ~76 ~0.84
2 ~170.68 N/A ~1.85
3 ~235.5 N/A ~1.20

Figure 3.3- TEM image of Sigma Aldrich sample.

Figure 3.3 shows a TEM image of the Sigma Aldrich sample, which indicates

clearly the aligned carbon tube layers. The tube is very thick and thus the wall thickness

is hard to determine. Together with the low D/G ratio from the Raman spectroscopy

analysis, we initially expected that the MWCNT sample could have a high thermal

conductivity and thus conducted thermal conductivity measurement on one of the Sigma

Aldrich sample.
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Figure 3.4- A Sigma Aldrich sample suspended on a measurement microdevice.

An SEM image of the measured sample on a measurement microdevice is shown
in Figure 3.4, and this image was used to calculate the length of the tube suspended
between the heating and sensing membranes. The suspended length was 6.45 pm, and
from a high magnification image, the average diameter was determined as 239 nm. The
large diameter of the sample in addition to the short contact length of the tube on each
membrane could possibly lead to that the contact thermal resistance between the tube and
the membranes significantly alter the derived thermal conductivity. However, the
measured thermal conductivity is below 10 W/m-K, which is very low even consider the
large diameter used to normalize the measured conductance. Therefore, no further study

is extended to the Sigma Aldrich sample.

3.2.2 MWCNTs from Nanoshel
The next sample that was measured and showed a low thermal conductivity was
produced by Nanoshel. This sample had a very poor D/G ratio; however it was claimed

that the MWCNTs had a thermal conductivity of 2,400 W/m-K so we conducted a
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thermal conductivity measurement. Table 3.4 shows the information gathered from a

TEM study.
Table 3.4- TEM Results of A CVD MWCNT from Nanoshel
Position Diameter (nm) Wall Thickness (nm)
1 ~96.82 ~39.5
2 ~95.70 ~41.56
3 ~103.93 ~47.60
4 ~105.10 ~49.35

Figure 3.5- TEM micrograph of a Nanoshel sample. Amorphous carbon and defects can

be clearly seen from the image, and the diameter is not well defined.

Figure 3.5 shows a TEM image of a Nanoshel MWCNT. It is apparent that there
are many defects and that the tube is not of uniform diameter. In addition, the carbon
layers seem not to form smooth concentric tubes, and in fact, it seems that the tube is

really a herringbone CNT.
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Figure 3.6- A Nanoshel CVD sample suspended on a microdevice.

Figure 3.6 depicts the suspended sample from Nanoshel. The suspended length
was 4.2 um. The diameter used in the thermal conductivity calculation was 131 nm. This
sample did not have a long contact length with each membrane so the contact thermal
resistance on each membrane may play a significant role in the measured thermal
conductivity, especially considering the large diameter of the sample. However, since the
measured thermal conductivity differed from the claimed thermal conductivity by two
orders of magnitude and the TEM and Raman results were unimpressive we determined
that these MWCNTSs from Nanoshel could not provide us with the desired high thermal

conductivities.

3.2.3 Nanoshel Arc Discharged

A sample grown by an arc-discharge method was acquired from Nanoshel and
measured. While it is well known that generally MWCNTS prepared by the arc discharge
method are of higher quality than samples grown by CVD, this was not the case for this

sample. Table 3.5 shows the results of the TEM study.
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Table 3.5- TEM Results of A Nanoshel Arc-Discharge Sample

Position Diameter (nm) Wall Thickness (nm)
1 ~62.9 ~21.9
2 ~52.4 ~18.1
3 ~49.8 ~17.3

Figure 3.7 shows a TEM image of a Nanoshel Arc-Discharged sample. The tube
is not of uniform diameter and there are many dislocations. The middle section is hollow;
however the sample just barely resembles a cylinder. The sample does not consist of

close packed cylinders of carbon that are necessary for good heat transfer characteristics.

Figure 3.7- TEM image of Nanoshel Arc-Discharged sample. The sample is not uniform.

Figure 3.8 shows the Nanoshel arc-discharged sample on a microdevice. The
suspended length is 3.17 um, which is quite short. However, the tubes prepared by arc-
discharge from Nanoshel did not have a long average length so to ensure that the contact
thermal resistance on each membrane plays only a small role in the total thermal
resistance, a microdevice with a small separation distance between the suspended

membranes was used. The diameter of the sample averaged 131 nm, which may
38



introduce issues of relatively large contact thermal resistance. It is apparent that there are
multiple surface defects and that the tube does not have a uniform cross section. This

simple observation helps explain the extremely low thermal conductivity of the sample.
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Figure 3.8- Nanoshel Arc-Discharged sample suspended on a microheater device.
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Figure 3.9- Thermal conductivity of samples with low thermal conductivities as a
function of temperature. It is worth noting that these thermal conductivities are effective
ones including the effects of contact thermal resistance between the MWCNT and the
suspended membranes, which could be an important factor leading to the very low

thermal conductivities.
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The thermal conductivities as a function of temperature for the Sigma Aldrich
sample, Nanoshel CVD sample, and the Nanoshel Arc-Discharged sample are shown in
Figure 3.9. The peak thermal conductivity of the Sigma Aldrich sample is 9.32 W/m-K
at 310 K. The peak thermal conductivity of the Nanoshel CVD sample is 13.01 W/m-K
and the highest measured thermal conductivity of the Nanoshel Arc-Discharged sample is
11.79 W/m-K, with both of those peaks occurring at 320 K. We would like to emphasize
that these extremely low thermal conductivities are likely due to that the contact thermal
resistance dominance in the measurements of samples with very large diameters.
However, the very low effective thermal conductivity suggests that even without the
contact issue, the thermal conductivity cannot be very high, and is two orders of

magnitude less than those values claimed in literature

3.3 Samples with Relatively High Thermal Conductivities

3.3.1 MWCNTs from Pyrograf

The first MWCNT sample that was measured for this study was a sample from
Pyrograf provided by NASA. The sample was characterized using Raman spectroscopy,
the thermal conductivity was measured, and a nanotube was studied using the TEM. The
information gathered from the TEM study is shown in Table 3.6.

Table 3.6- TEM Results of the MWCNTSs from Pyrograf

Position | Diameter (nm) | Wall Thickness (nm) | Amorphous Layer Thickness (nm)
1 ~90.56 ~25.06 ~2.0
2 N/A ~22.56 ~1.33
3 ~87.49 ~25.86 ~1.29

40




Figure 3.10- TEM image of a Pyrograf MWCNT sample.

Figure 3.10 shows a TEM image of a Pyrograf MWCNT. It is apparent that the
tube is not of high quality and has many defects, which leads to enhanced phonon

scattering and a low thermal conductivity.
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Figure 3.11- A Pyrograf MWCNT sample bridging the two suspended membranes on a

microdevice.

Figure 3.11 shows an SEM image of the sample suspended between two

membranes. The suspended length of this sample was 6.92 um, the diameter of this
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particular MWCNT was 80.6 nm as determined from an SEM image. The average D/G

ratio of the sample was 0.167. This was the second lowest D/G ratio of all of the samples

that we received.

3.3.2 Cheaptubes Graphitized

We received two samples from Cheaptubes. One sample was grown using

Combustion Chemical Vapor Deposition and had poor Raman results. The other sample

was produced using Catalyzed Chemical Vapor Deposition (CCVD) and Cheaptubes

calls these MWCNTs “Graphitized Nanotubes.” Cheaptubes claims that these MWCNTS

have an electrical conductivity similar to that of graphite. Table 3.7 shows the results of

the TEM study.

Table 3.7- TEM Results of the MWCNTSs from Cheaptubes

Position | Diameter (nm) | Wall Thickness (nm) | Amorphous Layer Thickness (nm)
1 ~109.89 ~43.62 ~0.93
2 ~116.43 N/A ~0.80
3 ~79.94 ~33.13 N/A

Figure 3.12- A TEM micrograph of a Cheaptubes Graphitized sample.
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Figure 3.12 shows a TEM micrograph of the MWCNT from Cheaptubes. It is
apparent that the tube is not perfectly cylindrical and has very little hollow space in the
middle. Once again we expect that these defects could lead to enhanced phonon

scattering, and hence a low thermal conductivity.
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Figure 3.13- A Cheaptubes Graphitized sample placed between two suspended

membranes on a measurement microdevice.

The sample that was measured is depicted in Figure 3.13. The suspended length
was determined to be 4.61 um and the average diameter was taken as 72 nm. The
MWCNT had a highly irregular diameter making an accurate measurement difficult. The
overall thermal transport characteristics of this sample were quite poor compared to
values claimed in literature despite the promising Raman results. The low thermal
conductivity most probably stems from the irregular diameter and poor structure of the
MWCNT. Also, the contact length on the left side membrane is quite short, which means

that the contact thermal resistance could be significant.
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3.3.3 MWCNTs from Nanostructured & Amorphous Materials

One sample from Nanostructured & Amorphous Materials (NanoAmor) was
measured because NanoAmor was established in 2001, making it one of the oldest
MWCNT producing companies in existence. Because NanoAmor is an industry leader,
we decided to perform a measurement on a sample from NanoAmor, despite the sample’s
average Raman results. No TEM study was performed; we simply measured the thermal

conductivity and used those results to characterize the MWCNT.

Figure 3.14- A NanoAmor MWCNT sample suspended on a microdevice

Figure 3.14 shows the sample placed on a microdevice. The suspended length
was 7.53 um, and the diameter was 52 nm. Because the MWCNT is in good contact with
each membrane and the MWCNT has a relatively small diameter, contact thermal

resistance should only play a small role in the measured thermal conductivity.
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3.3.4 MWCNTSs from the Case Western University
The final MWCNT that we analyzed came from a research group at Case Western
University. The MWCNTSs from this group had the best thermal properties. Table 3.8

shows the results of the TEM analysis.

Table 3.8- TEM Results of MWCNTSs from the Case Western University

Position Diameter (nm) Wall Thickness (nm)
1 ~34.3 ~9.1
2 ~32.1 ~10.2
3 ~34.4 ~10.1
4 ~34.3 ~8.2

Figure 3.15- TEM image of the sample from Case Western University. The MWCNT is

of very uniform diameter, with a few dislocations near the edges.

It is worth noting that for the Case Western sample the exact same MWCNT that
was measured was placed on the TEM grid for inspection. A TEM image of the MWCNT

is shown in Figure 3.15. The tube has a very uniform diameter and very little amorphous
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carbon at the surface. The layers of carbon are mostly straight and well ordered, with a
few dislocations present on the right side of the tube near the bottom. This particular
MWCNT underwent a thermal measurement twice. In between the measurements the
sample was manipulated to give a different suspended length between the membranes of
the microdevice. From these two measurements the intrinsic thermal conductivity of the

MWCNT could be extracted (Yang, 2011).

Figure 3.16- A MWCNT sample from Case Western University placed on a microdevice

with a) 6.83 um suspended length, and b) 8.37 um suspended length.

The sample was first measured with a 6.83 pum suspended length as depicted in
Figure 3.16a, and after the measurement, the sample was subjected to manipulation with
the micromanipulator to have a suspended length of 8.37 um between the two suspended
membranes, as shown in Figure 3.16b. The sample was then measured again. Using the
method outlined by Yang et al. (Yang, 2011), as briefly described in Chapter 2, the

intrinsic thermal conductivity of the sample was derived.
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Figure 3.17- Thermal Conductivity vs. Temperature for samples with high thermal

conductivities.

The thermal conductivities of the Pyrograf sample, the Cheaptubes Graphitized
sample, the sample from NanoAmor and both measurements of the Case Western sample
as well as the calculated intrinsic thermal conductivity are shown in Figure 3.17. The
Pyrograf sample has a peak thermal conductivity of 50.66 W/m-K and the sample from
NanoAmor has a peak thermal conductivity of 91.41 W/m-K. Both of those peak thermal
conductivities are observed at 310 K. The Cheaptubes Graphitized sample peaks at 49.69
W/m-K at 320 K.

As mentioned earlier, the sample from Case Western was measured twice. For the
first measurement the thermal conductivity ranged from 134.55 W/m-K at 150 K to
205.65 W/m-K at 310 K. The results from the second measurement when the suspended

length was 8.37 um were similar, however they were slightly higher. The results ranged
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from 137.08 W/m-K at 150 K to 212.27 W/m-K at 320 K. This indicates that the contact
thermal resistance on each membrane contributed to the thermal conductivity results. By
subtracting the measured total thermal resistance from the two measurements, an intrinsic
thermal conductivity was derived. The intrinsic thermal conductivity of the sample the
thermal conductivity rose to 149.59 W/m-K at 150 K and a peak value of 257.35 W/m-K
at 320 K. This is an increase of 9.1% at 150 K and 21.2% at 320 K. While this is a
significant increase it is still far from the results that we desired for the thermal

conductivity of a high quality MWCNT.

3.4 Summary

The study of structure quality and thermal conductivity of MWCNTSs from
different sources indicates that to have a high thermal conductivity, a good structure
quality is required. Even though quite a few MWCNTSs are examined, these CVD
synthesized MWCNTSs are in general of relatively low quality and their thermal
conductivities are at most on the order of a couple hundreds of W/m-K, which is one
order of magnitude lower than pristine SWCNTs or small diameter MWCNTSs
synthesized through arc discharged method. To better utilize the superior thermal
properties of CNTSs, high quality MWCNTSs produced with strict quality control have to

be readily available at large volume and low costs from the market.
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Chapter 4

Thermal Transport through Gold Nanowires and Their Contacts

To date most thermal property measurements of 1-D nanostructures have been
performed on samples in which phonons are the dominant energy carriers, such as carbon
nanotubes (CNTSs) and various semiconducting nanowires and nanoribbons. Much less
attention has been paid to metallic nanowires in which electrons serve as the dominant
energy carriers. In addition, metal nanoparticles and nanowires have been used to
enhance the composite thermal conductivity (Patel, 2003). Therefore, we tried to measure
the contact thermal resistance between individual gold nanowires using the approach

developed by Yang et al. (Yang, 2011).

4.1 Gold Nanowire Contact Thermal Resistance

We set out to measure the thermal resistance of a point contact between two gold
nanowires that are placed on a measurement microdevice in a crossed configuration.
These measurements would then be compared to the measurement of a single gold
nanowire to determine the thermal resistance of the point contact. A total of two
measurements were performed with gold nanowires in a crossed configuration, and four
more measurements were conducted with single nanowires.

Following the work done by Yang et al. as outlined in Chapter 1.3 of this thesis,

we treat the total thermal resistance of a single measured nanowire as

Riotar = RC—memb,l + Rwire/L * L+ RC—memb,r 4.1

where Rc-memb, and Re.-memb,r are the contact resistance with the left and right membranes,

respectively. Ryires 1S the thermal resistance of the suspended nanowire per unit length
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and L is the suspended length between the membranes. If we then perform a
measurement of nanowires in a crossed configuration the total thermal resistance can be

written as

Riotar = Re-memp, + Rwirel/L * L1+ Re—wires T RwireZ/L * L
4.2
+ RC—memb,r

where Ryirers 1S the thermal resistance of wire 1 per unit length and L; is the suspended
length of wire 1 from the edge of the suspended membrane to the contact point. Similarly
Ruwirezz 1S the thermal resistance of wire 2 per unit length and L, is the suspended length of
wire 2 from the contact point to the edge of the suspended membrane.

The contact thermal resistance between the two nanowires can be derived from
Eq. 4.1 and Eq. 4.2 based on several assumptions. First, the contact thermal resistance
between the wires and the membrane should be approximately the same for different
measurements. In addition, the thermal resistance of the nanowires can be properly
subtracted from the measured total thermal resistance.

Figure 4.1 shows the configuration of a sample with two gold nanowires forming
a cross contact between the two suspended membranes. Both nanowires are ~80 nm in
diameter and the total length of the heat transfer route between the two suspended
membranes is about 7.5 um. We conducted thermal measurement in a temperature range
from 250 K to 350 K. The total length of the contact between the gold nanowires and the
suspended membranes is 10.4 um, with 6.1 um of that contact occurring on the right side

and 4.3 um occurring on the left side.
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Figure 4.1 - A sample with two gold nanowires of ~80 nm diameter forming a cross

contact.
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Figure 4.2- Measured total thermal conductance and nominal thermal conductivity of the

sample with two ~80 nm diameter gold nanowires forming a cross contact.
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Figure 4.2 shows the measured total thermal conductance of this sample. It can
be seen that the total thermal conductance is approximately constant at about 170 nW/K.
If we neglect the resistance from all the contacts and calculate a nominal thermal
conductivity of the gold nanowire, a value of roughly 245 W/m-K is obtained, as shown
in the inset of Fig. 4.2. It is worth noting that because of all the contacts, the derived
nominal thermal conductivity should be less than the actual thermal conductivity of the
gold nanowire. For comparison, the textbook value of thermal conductivity for bulk gold
at 300 K is 318 W/m-K. As such, a value of 245 W/m-K represents 0.79 times the bulk
thermal conductivity of gold. It is interesting to point out that this is much higher than
that reported by Lu et al., which suggested a value of 0.35 for a gold nanowire of 80 nm
width. This is especially true considering that this value includes the effects of contacts
between the wire and the suspended membranes, as well as the small point contact
between the two gold nanowires. From the case of MWCNTSs, the resistance of the tiny
point contact between two MWCNTS could contribute up to 40% of the total measured
thermal resistance. However, for gold nanowires, the contact thermal resistance seems
much smaller because if the contact thermal resistance is as significant as that for
MWCNTS, then the thermal conductivity of the gold nanowires would be larger than that
of the bulk gold, which is impossible.

Figure 4.3 shows a TEM micrograph of a gold nanowire. It can be seen that a thin
amorphous layer exists on the outside of the gold nanowire. This amorphous layer ranges
from less than 1 nm to about 3 nm. It is not clear what this amorphous layer is composed
of and whether or not it was present on all of the wires. Gold is a noble metal and largely

unreactive so the presence of this amorphous layer is quite surprising. It is worth noting
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that there is a time gap of 7 months between the above discussed thermal measurement
and the measurements described below. The TEM micrograph is taken about eight
months after the samples were purchased and at this moment it is not clear whether this
amorphous layer is due to surface adsorption during the long time storage period and
whether it contributes to any difference between the measurements that were taken seven

months apart.

S0 nm

Figure 4.3 — A TEM micrograph of a gold nanowire.

Figure 4.4 depicts a sample with a cross contact between two gold nanowires of
~99 nm in diameter, which was subjected to thermal transport measurements. Based on
SEM characterization, one wire has a diameter of 99 nm while the other has a diameter of
97 nm. An average of 98 nm was used for calculations. The suspended length of the
crossed wires is 6.45 pum. The total contact length between the gold and the suspended
membranes for this sample is 5.6 um, with 2.2 um of that contact occurring on the left

side and 3.4 um of that contact on the right side.
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Figure 4.4 — A sample with two ~98 nm diameter gold nanowires forming a contact.
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Figure 4.5- Measured total thermal conductance and derived nominal thermal
conductivity of the sample with two ~98 nm diameter gold nanowires forming a cross

contact.
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Figure 4.5 shows the measured total thermal conductance and the derived
nominal thermal conductivity of the sample composed of two ~98 nm diameter gold
nanowires. The results show that the measured total thermal conductance is less than the
sample with two ~80 nm diameter wires, which is not expected because we anticipated
that larger diameter wire should have a higher thermal conductance. A couple of possible
reasons could be responsible for this lower measured total thermal conductance. First,
the contact length between the wire and the membrane is much smaller than that for the
sample of ~80 nm diameter wires (it is worth noting that the contact length will be even
smaller if the wire only makes good contact with the Pt on the suspended membranes but
not the SiNx at the edges). Secondly, the amorphous layer, which could contribute more
thermal resistance, might or might not exist on the ~80 nm diameter gold nanowires since
they were prepared right after the samples were purchased. As a result of the lower
measured thermal conductance, the derived nominal thermal conductivity is much lower
than the previous sample, peaking at 106 W/m-K at 320 K.

The next step in determining the thermal resistance of the point contact between
the two gold nanowires is to manipulate the nanowires to place one single gold nanowire
between the two suspended membranes, which should have approximately the same
suspended length as the heat transfer route in the sample with a cross contact. However,
the manipulation was not successful so a good sample was not obtained with the gold
nanowires in the cross-contact sample. It was therefore decided that a good solution was
to find nanowires from the same dispersion (on the same piece of PDMS) with a similar
diameter and determine the intrinsic thermal conductivity of those nanowires. The same

process that was used to find the intrinsic thermal conductivity of a MWCNT from Case
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Western University (Yang, 2011) was used for gold nanowires. This intrinsic thermal
conductivity could then be used to calculate Ry in both Eq. 4.1 and Eq. 4.2. With this,
if we can assume that the contact thermal resistances on each membrane are equal in
different measurements we can then find the thermal resistance at the point contact
between two gold nanowires. Two sets of measurements were carried out to find out the

intrinsic thermal conductivity of a gold nanowire of ~100 nm diameter.
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Figure 4.6 - First set of measurements of gold nanowire with different suspended lengths

a) 4.86 um b) 4.49 pm.

Figure 4.6 depicts the first two measurements carried out with the aim of finding
the intrinsic thermal conductivity of a gold nanowire. The first measurement was carried
out on a sample with a 4.86 pm suspended length and then the sample was manipulated
to form a bridge across the two membranes and have a 4.49 um suspended length. This
corresponds to a change in suspended length of 7.6%. The diameter of this particular
sample is 107 nm, which is 9.2% larger than the second crossed sample that was
measured. In the first measurement the contact on the left side is 2.42 um and the contact
on the right side is 3.60 um. The left and right contact lengths in the second measurement

are 2.81 um and 3.54 pum respectively.
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Figure 4.7- a) Measured thermal conductance and b) the extracted effective and intrinsic

thermal conductivity of the ~107 nm diameter gold nanowire.

Figure 4.7 presents the measured total thermal conductance and the derived
effective and intrinsic thermal conductivity utilizing the work of Yang, et al. (Yang,
2011). It can be seen that the total thermal conductance for the wire with shorter
suspended length is higher, which seems reasonable because the total thermal resistance
is lower. However, at temperatures higher than 170 K, the sample with the longer
suspended length has a lower effective thermal conductivity, which is contradictory to the
expectation. For the measurement scheme to be valid, the contact thermal resistance
between the nanowire and the two suspended membranes needs to be approximately the
same in different measurements. If this is the case, as the suspended segment becomes
longer, the percentage of contact thermal resistance in the total measured thermal
resistance gets smaller and the effective thermal conductivity should approach the
intrinsic one, i.e., becomes higher instead of lower. Now limited by the short length of the
gold nanowire, the contact length on the left side membrane in the first measurement is

only 2.42 um and in the second measurement it increases to 2.81 um. It is highly possible
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that this short contact length is not enough for the nanowire to become fully thermalized
with the suspended membrane. As a result, the contact thermal resistance varies in these
two measurements, which leads to the unreasonable results of a lower intrinsic thermal
conductivity than the effective one.

Another sample was prepared for measurements with longer contacts on each
membrane. The sample also had a smaller diameter and between measurements the
suspended length was changed by a larger amount. Because the gold nanowires are only a
maximum of ~10 pum in length a microheater with a separation of 3 pm between
membranes was used. The goal of using a device with such a small separation distance
was to maintain long contacts on each membrane while also having the freedom to

manipulate the gold nanowire and obtain significantly different suspended lengths.
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Figure 4.8 - Second set of measurements of gold nanowire with different suspended

lengths @) 4.07 um b) 3.00 pm.

Figure 4.8 shows the second measurement that was carried out in order to
determine the intrinsic thermal conductivity of a gold nanowire. The first measurement

was carried out on a sample with a 4.07 um suspended length and then the sample was
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manipulated to form a bridge across the two membranes and have a 3.00 pm suspended
length. This corresponds to a change in suspended length of 26%. This sample has a
diameter of ~103 nm, which is much closer to the diameter of the sample composed of
two ~98 nm diameter wires with a cross-contact that we measured. The contact lengths
were 2.7 pum on both sides for the first measurement, and the contact length was 2.5 um

on the left side and 4.0 um contact length on the right side for the second measurement.
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Figure 4.9- Measured thermal conductance of the ~103 nm diameter gold nanowire

sample.

The measured sample thermal conductance changed very little at each
temperature point between the two measurements, even though the suspended length
changed by 26%. Also, the change in measured thermal conductance does not follow a
consistent trend. At some temperatures the measured conductance of the sample with a

longer suspended length is higher, and at other temperatures it is lower. Most probably
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this is because when the sample is manipulated to have a shorter suspended length, the
wire is not fully in contact with the suspended membranes. Therefore the wire does not
actually have contact lengths of 2.5 um and 4.0 um, but much shorter contact lengths.
Instead of attempting to use the simple model that was used in an attempt to
analyze the last set of measurements, we used the fin model outlined in Yang et al.
(Yang, 2011) to try to calculate the contact thermal resistance per unit length between the
nanowire and the membranes. We hoped that this would allow us to determine the
intrinsic thermal resistance of the nanowire, even if the contact thermal resistance is
dominating the thermal measurement. Using this model with two measurements of the

same gold nanowire we can find that

Ryopay = — VR Re o o1 43

Totall = au/L * Ly .
o tanh(L¢q+/Rau/L/Rc) :

2 RAu/L'Rc 4.4

+ RauyL * L

Rrotaiz =
o tanh(L¢a/Raw/L/Rc)

where Ray IS the intrinsic thermal resistance per unit length, and Rc is the contact
thermal resistance per unit length. Lcy and Lc, are the contact lengths between the
nanowire and the membranes for the first measurement and the second measurement
respectively. L; and L, are the suspended lengths of the nanowire for the first
measurement and second measurement respectively. Using these two equations we have
two unknowns (Ray and R¢) and two equations. We attempt to solve these two equations
simultaneously using MATLAB software. This approach was first validated using data

gathered from the measurements of Case Western MWCNTSs. The MWCNTSs had a very

long contact length with each membrane, and therefore L¢\/Ryy,/./Rc >> 2. This method
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also proved valid because the sample from Case Western had such a small diameter. This
means that the percentage of the thermal resistance due to contacts with each membrane
is relatively small compared to the intrinsic thermal resistance of the tube. Using this
newly developed MATLAB code we obtained the same results for the intrinsic thermal
conductivity as discussed in Chapter 3.

However, when this method was applied to gold nanowires the results that we
obtained were very scattered and did not show a consistent trend, even yielding a
negative intrinsic thermal conductivity at some temperature points. The possible reason
for this failure could be as follows.

First, this model only takes into account the total contact length between the
nanowire and both membranes. However, if the nanowire has a much longer contact
length on one membrane then the contact thermal resistance between the nanowire and
the membrane with the shorter contact will dominate. For example, in one measurement
the nanowire had a contact length of 2.5 um on one side and 4.0 um on the other.

Another issue with the measurements is that the gold nanowires have relatively

large diameters (~100 nm) and short contact lengths (~2-4 um on each side). Because the

intrinsic thermal resistance of the nanowire scales with 1/r2 and the contact thermal

resistance approximately scales with 1/ p fora successful measurement smaller diameter

wires are needed and/or longer wires that can become fully thermalized with the
membranes. It appears that for the gold nanowire measurements that were conducted and
reported in this thesis the contact thermal resistance accounts for a very large percent of
the contact thermal resistance. In the measurements of the MWCNT from Case Western

University the contact thermal resistance accounted for about 55-65%. If longer and
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thinner wires can be obtained and placed on measurement devices so that the contact

thermal resistance accounts for only 40-50%, then good results can be obtained.

4.2 Summary

The study of contact thermal resistance between two individual gold nanowires as
well as single gold nanowires did not yield expected results because the contact thermal
resistance between the wires and the suspended membranes plays a significant role or
even dominate the total measured thermal resistance. Interestingly, the nominal thermal
conductivity of the ~80 nm diameter gold nanowires, even with effects of all the contact
thermal resistance, could be 245 W/m-K at 300 K, about 80% of the thermal conductivity

of bulk gold, which is different from theoretical prediction in the literature for metal.
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Chapter 5

Conclusions

The work that has been completed for this thesis has led to some interesting
results. In this chapter we summarize the results and discuss their implications. In
general, we have studied the thermal conductivity of multi-walled carbon nanotube
(MWCNT) samples from different sources as well as thermal transport through

individual single gold nanowires and gold nanowires with a cross contact.

5.1 Multi-walled Carbon Nanotubes

It seems to us from the majority of our thermal conductivity measurements that
most CVD MWCNTSs readily available in large volume are of relatively low quality.
Published literature claims that single-wall carbon nanotubes (SWCNTSs) can have a
thermal conductivity up to 6,600 W/m-K (Berber, 2000), and MWCNTSs can have a
thermal conductivity higher than 3,000 W/m-K (Kim, 2001; Pop, 2006). However, the
highest thermal conductivity that we obtained is merely 257.35 W/m-K from a sample
produced by Case Western University. The measured effective thermal conductivities of
commercially available MWCNTSs ranged from 9.32 W/m-K to 91.41 W/m-K. It is worth
noting that these low values are effective thermal conductivities including the effects of
contact thermal resistance in the measurements. However, we estimate that removing the
contact thermal resistance will only lead to thermal conductivities of a couple of
hundreds W/m-K, still far below the claimed very high thermal conductivities for
MWCNTSs. This study strongly suggest that in engineering practice such as using CNTs

to enhance the thermal conductivity of CNT-based composites, it cannot be blindly
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assumed that CNTs have very high thermal conductivity. This is because thermal
properties of MWCNTS are highly dependent on their physical structure and our Raman
spectroscopy examination and TEM characterization indicate that many bonding and
structural defects exist in these MWCNTS. In the future it may be helpful to study smaller
MWCNTs and MWCNTs produced by various methods, including more samples

produced by arc discharge method.

5.2 Gold Nanowires

We set out to extract the thermal resistance of a point contact between two gold
nanowires. Two measurements were made each with two gold nanowires forming a cross
contact. Interestingly, one measurement indicated a surprisingly high nominal thermal
conductivity even with the effects of all contact thermal resistance. However, the other
one did not, most probably due to the short contact length between the nanowire and the
two suspended membranes.

After these two measurements of gold nanowires with contacts, we attempted to
derive the intrinsic thermal conductivity of a single gold nanowire by measuring the same
wire twice with different suspended lengths. However, because the available nanowires
were relatively short and it turned out that the contact between the nanowires and the
suspended membranes could contribute significant thermal resistance if the contact length
was short, the attempts were not successful. As such, the contact thermal resistance
between two gold nanowires could not be derived. However, these attempts indicate that
in continuing this line of research, longer and thinner gold nanowires are needed to

reduce the percentage of the thermal resistance due to contact with the membranes.
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Appendix A

Raman Results
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A.2 Cheaptubes Graphitized
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A.3 US Research Nanomaterials Inc.
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A.4 Nanostructured & Amorphous Materials
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A.5 SES Research
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A.6 HELIX Material Solutions
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A.7 loLiTec
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A.8 Nano CS
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A.9 MKNano
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A.10 Sigma Aldrich
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A.11 Nanoshel
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A.12 Nanoshel Arc-Discharged

Intensity (Arb. Units)

Intensity (Arb Units)

Intensity (Arb. Units)

Nanoshel Arc Discharged Spot 1

.

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000

Nanoshel Arc Discharged Spot 3

Raman Shift (1/cm)

3
1000 1200 1400 1500 1800 2000 200 2400 2600 2000 2000
Raman Shift (1/cm)
Nanoshel Arc Discharged Spot 5
i
1<
20
ik
‘ i
j
1000 1500 2000 2500 3000
Raman Shift (1/cm)

Intensity (At Unita)

intensity (Arb Units)

Nanoshel Arc Discharged Spot 2

s A b

.

—J 3
100 1200 140G SO0 1800 2000 2200 MDD 2600 2800 3000
Raman Shift {Vem)

Nanoshel Arc Discharged Spot 4

1000 200 100 S00 1200 2000 200 2400 2600 2000 3000
Raman Shift (1/cm)

76



A.13 Ted Pella
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A.14 General Nano
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A.15 Pyrograf
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A.16 Case Western University
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